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PREFACE 

Control of the mesoscopic ordering of synthetic molecules for the creation of 

nanosized, complex arch itectures , by exploiting the principles of supramolecular 

chemistry and noncovalent synthesis is a topic of considerable importance. The 

cooperative effect of noncovalent forces such as H-bonding, 1t-stacking, dipolar and 

van der Waals interactions are the driving force behind the self-assembly of 

molecules leading to novel architectures with reversible functional properties. In the 

domain of molecular assemblies, utilization of 1t-conjugated systems have attracted 

considerable interest as active supramolecular organic materials for various 

electronic devices such as solar cells, field effect transistors and light emitting 

diodes. In addition, supra molecular ordering of conjugated molecules allows the 

tuning of the optoelectronic properties for contrOlling the energy and electron transfer 

process in artificial light harvesting assemblies. Recently, considerable research 

activities are focused to realize the concept of supramolecular electronics, where 

novel supramolecular assemblies of 7t-conjugated systems are targeted as active 

materials for the design of optoelectronic devices. 

Among the various classes of 1t-conjugated systems, oligo(phenylene­

vinylene)s (OPVs) are one of the well studied class of compounds due to their 

interesting optical and electronic properties. A challenging problem towards this end 

is the control on the self-assembly of 1t-conjugated oligomers to form supramolecular 

architectures of nanometer dimensions. In this context, gelation of low molecular 

weight organic molecules has attracted the widespread attention of supramolecular 

chemists, because these systems exhibit striking self-assembling properties leading 

to a variety of novel supramolecular architectures. Organogels prevent the flow of 

entrapped solvents by the formation of a continuous, three dimensional, entangled 

network held together by noncovalent forces such as dipole-dipole, van der Waals 

and hydrogen bonding interactions. Several examples of organic gels based on 

cholesterol derivatives, amides, ureas, carbohydrates, peptides and amphiphilic 

systems are known in the literature. However, organogels based on 1t-conjugated 



systems are relatively few despite the fact that gelation can significantly influence the 

optical properties of such systems. The present thesis entitled "Oligo(p­

phenylenevinylene) Derived Organogels: A Novel Class of Functional 

Supramolecular Materials" embodies the results of .our attempt to create functional 

chromophoric assemblies of 1t-conjugated oligomers through the formation of 

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

shape, thereby modulating their optical and electronic properties. 

The thesis is comprised of four chapters. In the first chapter, a review on 

functional supramolecular assemblies with special emphasis on functional H-bonded 

chromophoric assemblies and low molecular weight organogels is presented. 

Attention has been paid to discuss various chromophore derived self-assemblies and 

organogelators reported in the literature, which is relevant to the objective of the 

present study. 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 design, synthesis and 

properties of a novel class of oligo(p-phenylenevinylene} (OPV) derived 1t­

conjugated gels.1 The design strategy involves the functionalization of the rigid OPV 

backbone with H-bonding end groups and long hydrocarbon side chains. This 

strategy allowed a cooperative interaction of H-bonding, 1t-1t stacking and van der 

Waals forces to form a three-dimensional supramolecular entangled nanoscopic 

network which are able to hold large amount of appropriate solvent mo[ecules within 

the self-assemb[y, thereby forming the gel. In order to gain insight into the structure 

property relationship on gelation and morphology of the resultant gels, a variety of 

OPV derivatives having different end functional groups and hydrocarbon side chains 

have been synthesized. The length and position of the hydrocarbon side chains and 

the presence of the hydrogen bonding groups are crucial for the efficient gelation. 

Among the different OPV derivatives investigated, BH-OPV1a with hexadecyl side 

chains and two hydroxymethyl end groups showed maximum efficiency of gelation in 

dodecane. The gelation properties and the morphology of the gels are established 

from the DSC, 1H NMR, XRD, OPM, SEM, TEM and AFM analyses of the gels from 



different solvents. XRD analysis revealed a lamellar type packing of the molecules 

whereas the OPM showed the growth of birefringent fibers. Electron microscopic 

studies revealed the formation of twisted and entangled supramolecular tapes of an 

average of 50-200 nm in width and several micrometers in length. These fluorescent 

organogelators described in this chapter are examples of 1t-conjugated chromophore 

based gels and may find application as light harvesting and hybrid 

electroluminescent materials and in the emerging field of supramolecular electronics 

by virtue of the strong absorption and emission properties. 

The third chapter of the thesis deals with the self-assembly induced changes 

in the absorption and emission properties of a variety of tailor made OPV derivatives 

and their use as light harvesting gels.2 Gelation of OPVs is marked by significant 

thermoreversible changes in optical properties, characteristic of the 1t-electronic 

coupling between OPV molecules, which can be used as a probe for studying the 

self-assembly phenomena. Detailed photophysical studies revealed the co-existence 

of unassembled and self-assembled molecules, the ratio of which varies as a 

function of concentration, temperature, solvent and the structure of the OPV 

derivatives. In the presence of Rhodamine B as an acceptor, strong fluorescence 

resonance energy transfer quenching (FRET) of the emission, exclusively from the 

self-assembled species could be observed. The efficiency of FRET is considerably 

influenced by the ability of the OPV to form the self-assembled species and hence 

could be controlled by temperature. Amplification of the dye emission through energy 

transfer from OPV xerogel when compared to that by direct excitation is 

characteristic of through-space Forster type light harvesting. Interestingly, energy 

transfer was marginal in the case of OPVs, which failed to form gels. Detailed 

studies revealed that FRET occurs only to the dye molecules, which are entrapped 

between the polar channels of the OPV gel. This is a unique example for the 

remarkable changes in the emission properties as a result of self-assembly induced 

gelation where selective energy transfer is possible exclusively from the self­

assembled donor scaffold and not from the isotropic solution. 

In the fourth chapter, crafting of helical coiled-coil gel nanostructures via the 

self-assembly of structurally modified oligo(p-phenylenevinylene)s having remote 



chiral handles is described.3 Among the three derivatives, COPV1, COPV2 and 

COPV3, only COPV2 forms gel in apolar hydrocarbon solvents, revealing the crucial 

role of the nature of the side chains in the gelation of chiral OPVs. FE-SEM and AFM 

analyses of COPV2 dodecane gels revealed concentration dependent hierarchical 

self-assembly leading to the formation of left-handed helical fibers of 20-50 nm and 

coiled-coil ropes of ca. 100 nm in width. Solvent, concentration and temperature 

dependent UVNis, emission and CD measurements of COPV2 provided insight into 

the hierarchical self-assembly and helix formation during the gelation. In the initial 

levels, the molecules organize to form left-handed chiral aggregates, which are 

helical as indicated by the weak bisignated CD signal. At higher concentrations, 

these initial chiral assemblies grow further into helical fibers and coiled-coil ropes 

resulting in a strong exciton coupled CD signal. Moreover, using the 'sergeants and 

soldiers' experiments, with a mixture of chiral (COPV2-3) and achiral (BH-OPV1a-b) 

OPVs, it has been shown that the chirality of the molecules could be expressed as 

supramolecular helicity in the resulting co-assembled gel network. 

In summary, we have uncovered a novel property of OPVs, a class of 1t­

conjugated molecules, which are extensively studied in the literature. due to their 

novel optical properties and importance in electroluminescent display devices. This 

is the first extensive investigation on the gelation behavior of OPVs and the 

consequent changes in the physical and morphological properties. The remarkable 

control of morphologies, optical and chiroptical properties and the selective energy 

transfer derived as a result of gelation of the different OPVs described in this work 

highlight the power of noncovalent interactions in molecules, to the design of new 

and novel materials. 
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Chapter 1 

Functional Supramolecular Assemblies: On the 

Way to Novel Organic Materials 

Abstract 

Supramolecular chemistry is one of the most fascinating fields of 

chemistry. which is defined as (he 'chemistry beyond the molecule' or 

'chemistry of noncovalent interactions'. Inspired by the unrivalled 

imagination (?l nature, supramolecular chemists are pursuing the 

translation of the principles of supra molecular self:assembly into novel 

organic materials "'ith specific functions. In this chapter. a review £?l 

functional supramolecular assemblies is presented with :;pecial 

emphasis on H-honded chromophore assemblies and low molecular 

weight organ age Is. Finally, the aim and the outline £?f the thesis are 

presented. 

1.1. Supramolecular Chemistry 

In nature, large and complex biological systems such as the lipid bilayers, the 

DNA double helix, the collagen triple helix and the tertiary and quaternary structures 

of proteins are formed by defined supramolecular organization of natural building 

blocks with the help of various noncovalent interactions. This unrivalled complexity 

and elegance of natural assemblies through molecular recognition and the desire to 

understand and mimic the structure and functions of such architectures were the 

inspiration to chemists to the development of supramolecular chemistry. It is generally 

defined as the 'chemistry beyond the molecule' and deals with the design and 
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synthesis of novel supramolecular architectures via spontaneous self-assembly of 

molecules, governed by various noncovalent interactions between or within 

molecules.' The concept and tenus of supramolecular chemistry were coined by Lehn 

in 1978. According to him supramolecular chemistry may be divided into two broad 

and partially overlapping areas as supermolecuIes and supramolecular assemblies. 

Supermolecules are well-defined, discrete oligomolecular species formed by the 

intermolecular association of a few components based on the principles of molecular 

recognition. Supramolecular assemblies are polynuclear entities that result from the 

spontaneous self-assembly of a large undefined number of components into a specific 

phase having more or less well-defined microscopic organization and macroscopic 

characteristics depending upon its nature, as in the case of membranes, vesicles, 

micelles etc. 

Started only as a scientific curiosity nearly 30 years ago by the pioneers in this 

field Donald Cram, Jean-Marie Lehn and Charles Pedersen (Figure 1.1 ), 

supramolecular chemistry has emerged into one of the most fascinating and active 

fields of research of modern chemistry. The contributions of Cram, Lehn and Pedersen 

were recognized by conferring the Nobel prize for chemistry in the year 1987. The 

roots of the supramolecular chemistry lie on molecular recognition and host-guest 

interaction. However, the modern supramolecular chemistry stretches from molecular 

recognition in natural and artificial complexes to the design of functional 

supramolecular materials for applications in biology, medicine and material science. 

Therefore, supramolecular chemistry is an interdisciplinary area of research and plays 

a crucial role to the development of the emerging area of nanoscience and technology. 
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Figure t.1 . The pioneers of supramolecular Chemistry: Donald Cram (left). Jean·Marie lehn (middle) 
and Charles Pedersen (right). 

1.2. Noncovalent Interactions and Noncovalent SynthesIs 

One of the most important aspects of supramolecular chemistry is its ability to 

utilize noncovalent interactions for the controlled, reversible assemblies of functional 

building blocks. Noncovalent interactions can be of attractive and repulsive 

intermolecular forces, with interaction energies ranging from 4-400 kJmor\ as can be 

observed from Table 1.1. These are in the order of decreasing strength (a) electrostatic 

interactions (ion-ion, ion-dipole and dipole-dipole interactions) (b) hydrogen bonding 

(c) 1Ht stacking (d) solvent effects and (e) van der Waals interactions. 

Ion-ion, ion-dipole and dipole-dipole interactions are basically electrostatic 

(coulombic) interactions, which arise due to the de localization of charges on organic 

ions. Ion-ion interactions are the strongest noncovalent interaction, having strength 

comparable to the covalent bonding and are resulted from the attraction between 

opposite charges (Table l.l-entry I). The bonding of an ion, such as Na ~, with a polar 

molecule, such as water, due to the attraction of oxygen lone pairs to the cation 

positive charge is known as ion-dipole interactions. A typical example is the binding 

of cations by crown ethers (Table I . I-entry 2). Dipole-dipole interactions are resulted 

from the opposite alignment of two adjacent dipoles leading to an electrostatic 

attraction between the opposite poles (Table t . I-entl)' 4). 
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TabM 1.1. Average interaction energies of various noncovalenl interactions frequently used in 
sopramolecular chemistry-

Entry Interaction Energyl kJmor l 
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and guest (G). 
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A hydrogen bond, !rH"'A, is formed between a hydrogen atom attached to an

electronegative donor atom (D) and a neighboring acceptor atom with lone pair of

electrons (A), which will be discussed in detail in section 1.3 (Table 1.I-entry 3).

1t-1t Stacking interactions are the weak electrostatic interactions between

aromatic rings. There are two general types of It-stacking interactions: face-to-face

and edge-to-face. A well known example is the stacking ofnucleobases to stabilize the

DNA double helix (Table I. I-entry 5). Solvent effects in supramolecular chemistry

mainly consist of hydrophilic and hydrophobic interactions. Hydrophobic interactions

are generally the exclusion of large molecules or those that are weakly solvated from

polar solvents, particularly from water. This can produce attraction between organic

molecules and play a crucial role in the binding of organic guest molecules by

cyclodextrin or cyclophane host molecules in water (Table l.l-entry 6). Hydrophilic

interactions are the interaction between water and organic molecules so that the

molecules are attracted to water. This is an important reason for the good solvent

properties of water. van der Waals interactions arise from the temporary polarization

of an electron cloud by the proximity of an adjacent nucleus, resulting in a weak

electrostatic interaction. They are usually non-directional and can be of attractive or

repulsive in nature (Table 1.I-entry 7).

Despite the weakness of noncovalent interactions, the cooperative action of

several such interactions may lead to thermodynamically and kinetically stable

supramolecular assemblies under a variety of conditions. Moreover, the reversibility

of these noncovalent interactions will allow self-correction during the organization

process leading to well-defined supramolecular architectures. The term 'noncovalent

synthesis' refers to the use of noncovalent interactions to design macromolecular

architectures of reversibility and complexity? Noncovalent synthesis enables one to
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synthesize supramolecuJar entities having molecular mass of several kDa, that are 

extremely difficult to prepare by covalent synthesis. 

1.3. Hydrogen Bond - The Favorite in Supramolecular Chemistry 

Among different noncovalent interactions, hydrogen bonds are the most crucial 

and favorite glue to stick molecules together. The advantage of H-bonds is their 

tunable strength, directionality and specificity. Hydrogen bonds are attractive 

electrostatic interaction between a positively charged hydrogen atom bonded to an 

electronegative element (the donor: DO' - HO+), and a negatively charged atom with a 

lone pair of electrons (the acceptor: AO"). The strength of a single H-bond is related to 

the acidity of the hydrogen bonding donor group and the basicity of the hydrogen 

bonding acceptor group involved, which ranges from 10-65 kJmor l for neutral 

molecules, to 40-190 kJmor l for an ionic acid-base hydrogen bond. H-Bonds are 

responsible for the existence of H20 as a liquid and DNA as a double helix which 

means that they are vital for the existence of life. Apart from this fundamental 

significance of H-bonds, they in cooperation with other noncovalent forces can lead 

molecules to organize in different ways to form stable supramolecular architectures of 

definite shape and properties. Therefore, the study of H-bonds and its use in the 

creation of supramolecular architectures are of fundamental and technological 

importance, particularly in the area of advanced materials science. 

1.4. Hydrogen Bonded Chromophoric Assemblies - The Door to 

Functional Materials 

Highly organized arrays of It-conjugated chromophore and organic dyes are of 

great interest as mimics of natural photosynthetic systems. The beautiful examples 

found in nature, for example the photosynthetic light harvesting antenna complexes 



Functional Supramo/ecu/ar Assemblies 7 

and reaction centers in bacteria and green plants, contain highly organized self­

assemblies of chlorophyll molecules held together by protein scaffolds. The natural 

photosynthesis begins with the capture of sun light by light harvesting antenna 

complexes, which then excite the reaction centers indirectly via energy transfer. This 

is followed by a series of electron transfer events within the photoreaction centers. 

Inspired by these naturally occurring architectures, much attention is currently focused 

on the design of supramolecular chromophoric model systems and nanosized 

chromophoric assemblies which may find application in solar energy conversion 

devices. In addition chromophoric assemblies are also considered to be the key to 

introduce novel optical and electronic properties to organic materials for potential 

applications in molecular and supramolecular electronic devices. 3 

Learning lessons from the nature's self-assembly process, supramolecular 

chemists have succeeded to a small extent to create a variety of artificial 

nanoarchitectures of chromophoric molecules using noncovalent interactions such as 

H-bonding, 1t-1t stacking, electrostatic and van der Waals associations. These studies 

have generated a wealth of knowledge to the design of a variety of materials with 

intriguing properties. Among various noncovalent interactions, H-bonding plays a 

crucial role in controlling the supramolecular organization of the individual building 

blocks. In this section, an overview is given on H-bonded chromophoric and dye 

assemblies such as porphyrin, phthalocyanine, perylene and cyanine based assemblies 

and 1t-conjugated oligomeric assemblies. 

1.4.1. Porphyrin Assemblies 

Porphyrins represent an important class of dyes with promising application in 

many areas such as optoelectronics, chemosensors and catalysis. These dyes exhibit 
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strong absorption and emISSIOn In the visible region and show electrochemical 

activity. The self-assembly of porphyrins is mainly inspired by the photosynthetic 

systems in nature and is not only important to the better understanding of natural 

processes, but also valuable towards application in optoelectronic devices.4 

A variety of energy and electron donor or acceptor molecules have been used 

to create H-bonded complexes with porphyrins as mimics of photosynthetic systems. 

In a pioneering work, Hamilton and coworkers have designed porphyrin based 

multichromophoric hydrogen bonded dyads and triads comprised of various 

fluorescent or redox active naphthalene, ferrocene and dansyl chromophores and 

studied the energy and electron transfer processes.s The self-complementary 

interactions were based on the hexa-hydrogen bonding complementarity between 

barbiturate derivatives and two 2,6-diaminopyridine units linked through an 

isophthalate unit (Ka = 1.1 x 10,6 M'l) as shown in Figure 1.2. 

Figure 1.2. Porphyrin derived H-bonded donor-acceptor dyads developed by Hamilton. 

Later Sessler et al. exploited the Watson-Crick nucleobase pairing H-bonding 

interactions between guanosine and cytidine to design a trimeric array 1 of two zinc 

porphyrins and one free base porphyrin in CD2C12.
6 The protected ribosyl sugar 

groups present on the nucleobase act as solubilizing groups. The Zinc(II) and free base 

porphyrins act as the donor and acceptor molecules respectively and both singlet and 
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triplet energy transfer occurred within these porphyrin H-bonded arrays. More 

recently, many hydrogen bonded assemblies, where porphyrins are complexed with 

naphthalene bisimides7 and phenoxynaphthacenequinones8 are reported. In the I: I 

triple H-bonded supramolecular dimer 2 composed of a diacyl aminopyridine bearing 

zinc porphyrin and naphthalene tetracarboxyIic acid diimide, Osuka and Okada have 

studied in detail the electron transfer dynamics within the self-assembly.7 

Photoinduced electron transfer in the H-bonded assembly occurs in benzene with rates 

of charge separation and recombination ofkcs = 4.1 x 1010 
S·I and kR = 3.7 X 109 

S·I, 

respectively. 

J et 
"~ .:~-~~J-Q~:-t~ "":f00 ~l 

2 

Chart 1.1 

An interesting one-dimensional H-bonded porphyrin assembly in nonpolar 

solvents such as cycIohexane and chloroform, based on bis(imidazoI-4-yl)porphyrin 

(3) to mimic natural light harvesting antennae function was reported by Kobuke and 

coworkers.9 Even though the H-bond interactions are very weak, the cooperative 

effect of mUltiple H-bonding, hydrophobic and 1[-1[ interactions stabilize the one-
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dimensional assembly of 3 (Figure 1.3b). The resultant assembly showed an efficient 

excited state energy transfer followed by electron transfer to quenchers like chloranil . 

However, the bis(imidazoyl) porphyrin 4, in which alkoxy phenyl substituents of 3 is 

modified with carboxyl groups, was found to self-assemble in water to fonn 

liposomes. as a result of cooperative H-bond, 1t-stack and solvophobic forces (Figure 

1.3c). LO Detailed AFM and TEM studies revealed liposomes of an average diameter 

20-30 om. 

b) 

\,~\. 
l.~ .. 

... .... :t·· \ 
'~" ",", t..~ ... '\ 

'\ It ... ...... 

3 • 
Figure 1.3. a) Structures of bis{imidazoyl) porphyrins, b) self·assembly of 3 to one-dimensional 

assemblies and c) self-assembly of 4 in water to form liposomes. 

The self-assembly of monopyrazolylporphyrins (5) to fonn a dimer and 

tetramer in chloroform due to the intermolecular H-bonding interactions between 

pyrazole units have been reported (Figure 1.4a).1I The association constants of the 

dimer [5h and the tetramer [5]4 were found to be 39 M'1 and 9.3 x 10) M-l 

respectively, which are relatively low. However, more stable and interesting cyclic 

porphyrin H·bonded architectures have been reported by functionalizing the porphyrin 

with multiple H·bonding motifs. A cyclic porphyrin rosette (6) composed of three 

triaminotriazine units bearing two appended tetraphenyl porphyrins or their zinc 

complexes and three complementary dialkylbarbituric acid derivatives (BBA) was 

reported by Lehn, which closely resembles B850 chlorophylls architectures present in 

the light harvesting complexes of photosynthetic bacteria (Figure l.4b).12 
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.) 

Figure 1.4. a) Self-assembly of monopyrazolylporphyrins and b) lehn's cyclic porphyrin rosette. 

A large variety of multi porphyrin H-bonded arrays with different spatial 

relationships in predefined geometries, such as discrete squares and linear tapes, have 

been reported. When two porphyrins substituted with complementary H-bonding 

groups of uracil and diacetamido pyridyl in a 900 topology, are mixed in a 1: 1 

stoichiometry, a tetrameric supramolecular square (7) was formed by triple H-bonding 

hetero-complementary interactions. 13 On the other hand 1800 topology of the 

complementary H-bonding groups, each on a different porphyrin, results in the self-

assembly of linear porphyrin tapes in toluene. Another series of self-assembled 

discrete squares of porphyrins (8) are formed by the self-complementary quadruple H­

bonding interactions between diacetamido pyridyl groups rigidly linked to the 

chromophores. 14 Ka values of the order 109 and 1012 have been reported for the 

tetrameric squares 7 and 8, respectively. 
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Recently. Aida and coworkers have reported the fullerene triggered 

unidirectional suprarnolecular association of acyclic zinc porphyrin dimer (9) having 

six carboxylic acid functionality, resulting in the so-<alled 'supramolecular peapods'. 

with high aspect ratio and good thermal stability (Figure 1.5).15 The porphyrin 

derivative 9 also bears large (G4)·poly(benzyl ether) dendritic wedges, which provide 

solubility to the zinc porphyrin. 

Figure 1.5. Self-assembly in porphyrin derived supramolecular peapods. 

Recently, Shinkai et a/. have reported the one-dimensional self-assembly of 

sugar. urea or amide-appended porphyrins leading to the gelation of solvents. These 

studies will be discussed in detail under the section of porphyrin derived organogels 

(section \.7.3), 
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1.4.2. Phthalocyanine Assemblies

H-Bonded self-organization of amphiphilic copper phthalocyanine molecules

substituted with eight diol groups into nanoscale fibrous assemblies, have been

reported by Kimura et al.16 Both the racemic (10) and the optically active (11)

phthalocyanine complexes produce fibrous assemblies from aqueous solution through

two noncovalent interactions, n-n interaction among phthalocyanine rings and

hydrogen bonding among diol units. However the detailed CD, XRD and TEM studies

have revealed different types of long range ordering of molecules for the two

phthalocyanine derivatives within the fibrous assemblies as shown in Figure 1.6. The

racemic copper phthalocyanine 10 forms columnar stacks, which then self-assembles

spontaneously to the two-dimensional hexagonal lattice. On the other hand, the chiral

phthalocyanine molecules (11) are arranged in a left-handed helical sense within the

column, which then self-assembles into a lamellar structure as the chirality of the side

chains affect the intercolumnar structure.

F,brous Assembly

Hexagonal Lattice ~
:t - 11 Interaction

and
Hydrogen Bonding

_: _~1
Left-handed Helix Lamellar structure

10

11

Figure 1.6. Schematic representation of the self-assembly inKimura's phthalocyanine molecules.
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Temperature dependent self-organization of hydrogen bonded dimers of 

Zinc(lJ) phthalocyanines (12) decorated with six optically active side chains and one 

chiral dial groups resulted in the fonnation of two different supramolecular 

structures. I? At room temperature, the polymeric H·bond among the dial groups 

allowed the construction of a lamellar sheet. However, the cleavage of the H·bond 

network at 130 °C caused the structure to change to a hexagonal columnar phase, in 

which zinc phthalocyanine molecules are arranged in a left-handed helical manner 

(Figure 1.7). 

• 

• 

2.e4nm • • 

Figure 1.7. Schematic representation of tile self-assembly in phthaklcyanine hydrogen bonded diners. 

1.4.3. Perylene Blslmlde Assemblies 

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

optoelectronic functional applications because of their promising optical properties 

such as the strong absorption in the visible range, fluorescence quantum yields of 

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 char2e rWffir rellctinno;: Rp .. ",,,,,, .. ,,( .h .. ;~ ~.~;J.; __ 
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properties. they have been extensively used in various optoelectronic applications 

such as field effect transistors, photovoltaic devices and light emitting devices. A 

variety of H-bonded functional supramolecular architectures. incorporating perylene 

imides as the functional building blocks, have been reported. This section focuses on 

some of these interesting examples. 

WOrthner et al. have extensively studied the hierarchical self-organization of 

perylene based complementary building blocks to nano- and mesoscopic 

superstructures. which are expected to show supramolecular functional properties such 

as light harvesting and long range vectorial transport of excitation energy within the 

superstructures. lI Hierarchical self-organization of the perylene bisimide (13) and the 

melamine (14) by multiple orthogonal intennolecular interactions lead to fluorescent 

mesoscopic structures as shown in Figure 1.8.19 The complementary H-bonding 

between perylene bisimides and melamines initially fonn linear polymeric chains that 

subsequently aggregate to extended supramo!ecular systems as a result of cooperative 

7t-7t stacking and alkyl chain interactions. 

figure 1.8. formation of functional perylene superstructures by hierarchical self-organizalion. 
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The chiral molecule IS, having long side chains consisting of octadecyl esters 

of alanine and phenylalanine. when mixed with the ditopic perylene bisimides (13), 

gave extended superstructures.20 The perylene chromophores are arranged in a helical 

manner, whose helicity is determined by the stereoisomerism of the corresponding 

melamines (Figure 1.9). Circular dichroism (CD) experiments, which showed an 

excitoR coupled CD signal for peryiene absorption, characteristic of its helical 

arrangement, revealed that (S,S) melamines lead to a left-handed helical and (R.R) 

enanliomers lead to a right-handed helical arrangement of the chromophores. 

13 0 : 0 

FtsJurt1.9. Helical organization of perylene chrornophores with chirat melamine molecules. 

1.4.4. Cyanlne Assemblies 

Cyanines are a class of dyes containing heterocyclic rings such as imidazole, 

pyridine, pyrrole, quinoline and thiazole. They are commonly used as sensitizers in 

silver halide photography, as infrared absorbers and as photorefractive materials. 

WUrthner and coworkers have explored the imide functional groups of merocyanine 

dyes, to fonn a variety of supramolecular assemblies such as double rosettes as well as 

mesoscopic and liquid crystalline materials by complementary triple hydrogen 

bonding interactions with a variety of melamine derivatives.21
.
n Reinhoudt and 
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worthner have shown that six merocyanine chromophores can be arranged in a helical 

sense by incorporating them into well-defined double rosette assemblies (Figure 

1.10).21 These cyclic rosette assemblies, consist of two stacked rosettes, are formed by 

the self-assembly of three calixarene dimelamine (16) and six merocyanine (17) (a 

chromogenic barbiturate derivative) chromophores via 36 H-bonds. The two stacked 

rosettes are held together by the calixarene molecules. The helical arrangement of the 

merocyanine dye molecules into double rosette is controlled by the chiral 

configuration of the calixarene dimelamines. In addition, as a result of the strong 

dipole-dipole interactions between the chromophores, exciton coupling is observed 

giving rise to strong Cotton effects whose sign depends on its helical packing. 

,. ,. ,. 

Figure 1.10. Double rosette assemblies containing merocyanine dyes. 

Wurthner el al. have reported the formation of H-bonded columnar liquid 

crystalline merocyanine-melamine assemblies.22 The trialkoxy functionalized ditopic 

melamine derivative 18, bearing long alkyl chains, and the merocyanine dye (19) 

together ronn linear extended tapes through triple H-bonding interactions. Dipole 

assisted Tt-Tt stacking of these tapes leads to ribbons which finally assemble into a 
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columnar structure by microphase segregation and steric effects as shown in Figure 

1.11 . The columnar mesophase is characterized by OPM, XRD and DSC. 

36' 

---... 

Figure 1.11. Proposed self-assembly in the merocyanine-melamine liquid crystalline phase. 

A variety of merocyanines with strong electron donor groups, with the 

objective of increasing the electron density at the imide carbonyl groups for achieving 

stable merocyanine-melamine assemblies even in dilute solutions, have also been 

reported.23 However, despite the pronounced differences of the charge transfer 

properties within the dyes, identical binding constants of K. = 120 M' I were observed 

for the H-bonding interactions with the melamine derivatives in chlorofonn. UVNis 

spectral changes observed in methy!cyclohexane indicate the formation of colloidal 

assemblies through a cooperative effect of H-bonding and dipolar aggregation 

between merocyanine dyes. 

1.4.5. Azo Dye Derived Assemblies 

Azo dyes contain at least one axo group that can be in the Irons or cis fonn, the 

switching between these two isomeric forms is possible with light. Surprisingly, 

hydrogen bond interactions have been rarely applied in tuning the properties of these 
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lementary hydrogen bonding. In water, helical superstructures were formed 
by cemp 

and the aggregation process could be controlled by photoisomerization of the 

azobenzene dye resulting in segregation of the two components. 

Recently, Vagai and Kitamura et al. reported the photoswitching properties of 

trans-azobenzene incorporated melamine 20 and barbiturate 21 H-bonded assemblies 

(Figure 1.12).17 Photoisomeri7...ation of azobenzene units on melamine en hances the 

thermodynam ic stability of the rosette assembly in ch loroform solution and suppress 

its transfonnation into insoluble tape·like polymers. Interestingly, the resulting stable 

rosette su pramolecu lar structure could be retained in the solid state when the solvent is 

removed. 

"',,'" ~~~ ~1~ ;,.\,. 

~.--~ = tt <57fi 
R_ R_ 
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Figure 1.12. Schematic representation of the photoswitchable aggregation process of melamine. 
barbiturate H-bonded assembly. 

In another report, carboxylic acids have been used to self·assemble azo dyes, 

which could be controlled by photoisomerization of the a.zo moiety.21 The trans· 

azobenzene isomer 22 of this dye associates into infinitely hydrogen bonded linear 

tapes, whil e the cis-a7.obenO!ene 23 yie lds hydrogen bonded self·assembled tetramers 

that fonn rod-like aggregates by additional n-n stacking interactions (Figure 1.13). 
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Figure 1.13. Control of organization of hydrogen bonded azo dyes by photoirradlation. 

1.5. Low Molecular Weight Organogels - The World of Soft Materials 

Certain organic molecules spontaneously self-assemble to fonn soft solid-like 

mass called 'gel' by entrapping a large volume of the solvent between the self­

assembled structures. Even though gel-like materials are familiar in everyday life in 

the fonn of food or cosmetics, a proper definition of a gel is difficult as stated by 

Jordan L1oyd, "gel is easier to recognize than to define".29 Flory's definition of gels as 

two component, colloidal dispersion with a continuous structure of macroscopic 

dimensions that is pennanent on the time scale of the experiment and is solid-like in 

its rheological behavior, is the most accepted one, despite the difficulty of applying it 

on a routine basis.3o However, it seems more appropriate to define gels as pervasive 

materials that are composed of a fibrous three-dimensional network whose interstitial 

spaces are filled with solvents and hence behave like soft solids. Historically, most 

gels are composed of covalently crosslinked polymers having very high molecular 
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. hts 31 These gels can be swollen or shrunk by the addition or removal of the welg . 

I nt and by temperature. However, the formation of these gels is irreversible. 
SO ve , 

More recently there has been an enormous increase of interest in the design of low 

molecular weight organogelators, which immobilize various organic fluids as a result 

of three-dimensional suprarnolecular network fonnation. 32 This novel class of 

supramolecular materials exhibit striking properties with respect to self-assembly 

phenomena leading to diverse suprarnolecular architectures. The diversity of 

nanostructures provided by organogels makes them promising candidates for several 

potential applications ranging from cosmetics, photography, food, petroleum 

industries and catalysis to optoelectronics and related areas. 

In contrast to the macromolecular gels, low molecular weight organogel 

network is held together solely by noncovalent interactions such as H-bonding, 7t-

stacking, solvophobic effects and donor-acceptor interactions rendering the gelation 

process completely reversible. The directional nature of intermolecular interactions 

allows gelator molecules to self-organize in one-dimensional arrays producing 

elongated fibrous structures. Entanglement of the fibers subsequently produces a 

three-dimensional network capable of trapping the solvent and yielding the gel (Figure 

1.14). Usually, low molecular weight organogels are formed by dissolving a small 

amount of the gelator in hot solvents and the subsequent cooling below gel transition 

temperature (T gel). The gelation of organic molecules can be visualized by the 

formation of a thick non-flowing mass, even when turned upside down. Organogels 

are usually characterized by a variety of analytical techniques, particularly 

spectroscopic and microscopic techniques. 
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Figure 1.14. Schematic representation of the self-assembly of low molecular weight organogelators 
(LMOG) into one-dimensional stacks and the subsequent fonnation of an entangled networ1<. 

Even though there are numerous approaches towards the design of 

organogelators, most gelators are found rather by serendipity than by design. 

However, the following features are considered to be of importance in the design of 

organogelators: (I) formation of one-dimensional aggregates via anisotropic growth 

process, (2) intertwining of these one-dimensional aggregates to form three­

dimensional network and (3) the prevention of crystallization or precipitation of the 

self-assembled aggregate through a delicate balance between order and disorder. 

Therefore, the designing of new gelling agents have to account for all these aspects 

and hence continues to be a challenging task. 

The huge library of low molecular weight organogelators known to date can be 

classified into two broad categories according to the difference in the mode of self-

organization, namely, non-hydrogen bonded gelators and hydrogen bonded gelators. 

Organogels formed by van der Waals, 1t-1t stacking, dipole-dipole and donor-acceptor 

interactions are classified in to the first category. Cholesterol based gelators are 

typical examples of this category. Hydrogen bonding interactions are well exploited 

for the designing of gels, which mainly include amide, urea, sugar, amino acid and 

nucleobase derivatives constitutinl! the second catel!orv of I!els. 
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Among various non-hydrogen bonded gelators cholesterol based gelators are 

the most extensively studied molecules.32
•
33 In cholesterol based gelators, the C-3 

hydroxyl group of the steroid molecule is appropriately functionalized with a variety 

of aromatic moieties through linkers. The driving force for the self-assembly of such 

molecules is the aggregation of the cholesterol skeleton, as a result of dipole-dipole 

and van der Waals interactions, which is assisted by the 1t-1t interactions between the 

aromatic moieties. A schematic representation of the cholesterol based gel assemblies 

are shown in Figure 1.15, in which the cholesterol groups are stacked in a helical 

manner to form the central core thereby directing the aromatic groups outwards to 

form a spiral staircase assembly. A large variety offunctional aromatic groups such as 

anthracene, azobenzene, squaraine, porphyrin and stilbene, have been appended to the 

cholesterol for designing new gelator molecules, which will be discussed in detail in 

the following section on chromophore derived organogels. 

cholesterol 

-------10 
chromophore 

Dipole-dipole~ 
slllcking of 
cllolesterols 

r"f'~~--

Figure 1.15. Schematic representation of the self-assembly of cholesterol derived organogelators. 

Other non-hydrogen bonded gelators include anthracene34 (24) and 

anthraquinone3s (25) derivatives, the self-assembly of which is directed by the dipolar 

and 1t-1t stacking interactions. Surprisingly, simple organogelators such as long linear 

hydrocarbons (C24, C26, C32 and C38) are known to form organogels through 
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London dispersion forces, which are the weakest of all noncovalent interactions.36 In 

addition, simple gelators such as semifluorinated alkanes37 (26) and alkanes 

containing one heteroatom,38 including quaternary ammonium salts with long aliphatic 

chains39 (27-30) are also known. Charge transfer interactions have also been exploited 

by Maitra40 and Shinkai,41 for the creation of donor-acceptor two component 

organogels. 
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Many of the H-bonded organogelators reported in literature contain functional 

groups such as urea and amide. It was established that multiple urea and amide groups 

are essential to drive the self-assembly to a completion. The urea-urea H-bonding 

interactions, which are known to have high directionality and less confonnational 

flexibility, have been extensively exploited in the laboratories of Feringa42 and 

Hanabusa43 to design one-dimensional gel assemblies (Figure 1.16). It has been shown 

that two urea groups in one molecule are sufficient enough to enforce aggregation in 

dilute solutions of a range of organic solvents. Organogelators comprised of 

acyclic42a.42c,43 (31), cyclic42d (32, 33), geminal42e (34) and tripodal urea44 (35) groups 

have been reported. Hamilton and coworkers have reported the gelation behavior of 

bisurea-dicarboxylic acid45 (36) and monourea serine46 (37) derivatives. 
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Figure 1.16. Schematic representation of the self-assembly of cyclohexyl urea derivative 33. by 

directional urea-urea interactions. 10 one-dimensional fibers and entangled network , which causes the 

gelation. 

Cha rl I .... 

Hanabusa and co\\'orkers haw shown that amide-amide I I-bonding interactions 
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Reinhoudt and Shinkai have synthesized a library of methyl-4,6-0-benzylidine 

monosaccharide derived organogelators (44-47) and carried out their detailed 

structural studies.52 Aldopyranoside amphiphilic hydrogelators (48) from Shimizu's 

group53 and gluconamide based aminosugars (49) from Nolte's group 54 are also 

present in the literature. More recently, Shinkai and coworkers reported a series of 

sugar-appended porphyrin and azobenzene based gelators which will be reviewed later 

in this chapter. 

Chart 1.6 
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In addition, a large variety of amino acidss and nuc1eobases6 based H-bonded 

gelators are also present in literature. However, detailed discussion of all classes of 

organogels is not the objective of the present review. Instead a short description on 

some of the applications of organogels is given followed by a detailed discussion on 

functional dyes and chromophore based organogels. 

1.6. Application of Organogels - As Templates in Materials Synthesis 

In recent years, there has been considerable interests in the design of 

organogels for specific application in the field of advanced materials, apart from their 

well known traditional applications in industry, food and cosmetics, which rely mainly 

on polymeric gels. Thus, various organogel derivatives have been successfully used in 

molecular imprinting/7 lasing,s8 electrolytes for solar cellss9 and electrochemical 

cells,60 drug delivery,61 humidity sensing62 and enantioselective separation.63 For 

example, organogelators 50 and 51 have been used to gel the electrolytic solutions of 

solar cells and electrochemical cells, respectively, thereby avoiding the potential 

danger of leakage of electrolyte solution.s9.60 Measurements have shown that, for the 

gel electrolytes, virtually the same ion mobility and conductivity are obtained as in the 

normal liquid phase. Organogelators, 52 and 53, that gel supercritical CO2 have been 

used to construct pressure and thennoreversible aerogels.64 Molecular imprinting of 

organogels has been reported, by gelling methyl methacrylate or styrenes with 29, 49 

and 54, followed by polymerization and removal of the gelator molecules.s7 This will 

give a rigid polymer matrix whose pores are one order of magnitude larger than the 

cross sections of the gel nanostructures. Kato et al. have gelled liquid crystalline 

molecules such as 4'-octyl-4-bipheny1carbonitrile, by a variety of organogelators such 

as 24, 38, 49 and 51, to give anisotropic gels, which are a novel class of functional 



28 Chapter J 

materials.65 These liquid crystalline gels are proved to be potential candidates for 

electrooptical switching devices. 

n HO OH h 
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Shinkai and coworkers have succeeded in using organogels as templates for the 

growth of a variety of inorganic nanostructures. This was achieved by the gelation of 

liquid tetraethyl orthosilicate (TEOS), with cholesterol derived gelators and the 

subsequent sol-gel polymerization of TEOS.66 During the polymerization, the gel 

fibrils transcribe its nanostructures to the polymerized silica, which will retain the 

'imprint' even after the removal of the gelator by calcination. Strong electrostatic 

attraction or H-bonding interactions between gelator functional groups and TEOS is 

required for the silica transcription. Most remarkably, even the chirality of the gelator 

component could be transferred successfully to the resulting silica superstructures. 

Using this approach, a variety of novel silica architectures such as multilayered 
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. ulor silica chiral spiral silica, multilayered rolled paper· like silica, and helical veslC • 

ribbons could be obtained (Figure 1.17). 

F~ure 1.17. Schematic representation of the mechanism of silica transcription from organogel fibrils 
and TEM inages of various transcribed s~ica nanostructures. 

There are several exc iting reports from the group of Stupp at the Northwestern 

University on the use of gel fonning rod-coil and peptide molecules as templates for 

the synthesis of inorgan ic nanostructured materials.67
-69 They have shown that. 

'dendron rod·coil' triblock molecule (SS) can self-assemble through hydrogen bonds 

between the hydroxyl and carbonyl groups of the hydrophilic dendron segments and 

the 1Ht stacking interactions of the aromatic rod segment resulting in supramolecular 

twisted nanoribbons. causing the gelation of organ ic solvents .67 The rod-<:oil dendron 

nanoribbons have been further used as templates for the mineralization ofCdS to fonn 

coiled-coil helices, as a result of preferential growth of CdS along one face of the 

twisted ribbon template (Figure 1.18).68 

:~OH 
o--A 0 

~
o _ ~j-o-O}o-o-o"--\, 0 

nBu '& o~o b-OH .. ...y., 
HO 

55 

Charl 1.8 



30 

a) 

"",. -H,S(,) 

Chap/er I 

b) 

Figure 1.18. a) Schematic representation of the growth of CdS coiled helices on the surface of dendron 

ribbons and b) TEM image of the resultant CdS coiled helical nanostrucrures. 

Stupp and coworkers have used the pH-induced self-assembly of a peptide 

amphiphile (56) to make a nanostructured fibrous gel scaffold reminiscent of 

extracellular matrix (Figure 1.19).6'1 The design of this peptide amphiphile facilitates 

the direct mineralization of hydroxy appetite to ronn a composite materi al which is 

aligned the same way as collagen fibrils and hydroxy appetite crystals in bone . 

. ) ,,,= 
Figure 1.19. a) Self-assembly of the peptide arnphiphile 56 into nanofibefs. b) TEM image of the 
nanofiber and c) TEM image of the mineralized hydroxy appetite crystals on the surface of peptide 
nano1lbers. 

In addition to the above mentioned applications. in recent years there has been 

considerable interest in the supra molecular organization of chromophores (see section 

1.7) through gelation which has potential optical and electronic applications. 
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Gels based on functional chromophores and dyes have attracted immense 

interest as novel functional materials for optoelectronic applications. Supramolecular 

alignment of functional molecules constructed through the gelation process, can 

provide novel chromophoric assemblies with tunable optoelectronic properties which 

have potential applications in molecular and supramolecular electronic devices. In 

addition, the highly organized arrays of electron conducting molecules can be used for 

the formation of conducting supramolecular wires. This section presents a detailed 

review on the chromophore and dye based gels reported in literature so far. 

1.7.1. Anthracene Derived Organogels 

Control of the molecular organization of [n]acenes such as anthracene, 

tetracene and pentacene has attracted much attention, because of their significant 

charge mobility, intense absorption and emission, and photochromism which have 

potential applications in the fields of organic electronics and photovoltaic devices.70 

Keeping this in mind, the groups of Weiss and Desvergne have contributed 

extensively to the self-assembly and gelation of anthracene derivatives. 

The serendipitical observation of the gel formation of 3-fi-cholesteyl-4-(2-

anthryloxy)butanoate (57, CAB) in a variety of organic liquids has led to a novel class 

of steroid based gelators.71 They consist of an aromatic group (A), connected to a 

steroidal moiety (S) via a linking group (L) and hence are called ALS gelators (Figure 

1.20). The kinetics of gel formation and the gel melting temperature (T gel) have been 

determined from the fluorescence and CD spectral changes. Detailed studies indicated 

a helical face-to-face stacked arrangement of CAB molecules within the gel 

aggregates. Electron microscopic studies of the CAB gels revealed that they consist of 
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molecular domains of helicaUy twisted fibrous bundles having several micrometers ill 

length. A series of ALS gelators have been synthesized by modifying the structural 

features of each part of the ALS moiecules.n In the case of the 2-substituted-9,IO_ 

anthraquinone (58, CAQ) the gelation ability is favored by a (S)-<:hirality at the C-3 

position of the steroidal part, while changes at C-17 does not have much influence. 

Figure 1.20. a) SlructIJres of CAB (57) and CAQ (58) AlS g~alo" and b) TEM image of !he helical 
flbers of the propanot gels of CAB. 

Desvergne and coworkers have reported that 2,3-bis-n-decyloxyanthracene (24, 

DDOA) can fonn fluorescent gels in various alkanes, alcohols, aliphatic amines and 

nitriles, through dipole-dipole interactions, van der Waals forces and lHt stacking." 

DDOA showed a ground state dipole moment of 1.9 Debye showing the presence of 

dipolar forces in the resulting gels. Gel fonnation is accompanied by significant 

changes in the absorption and emission properties of the anthracene chromophores, 

which suggested an anti·parallel head-tail arrangement for the aromatic rings with 

partial overlap between them. Furthennore. freeze-fracture electron micrographs of 

ODOA gels showed a dense three-dimensional random network of fibrous rigid 

bundles (Figure 1.21b). Detailed studies have shown that slight structural variations 

on DDOA, such as shortening the length of the alkyl side chains, removing the oxygen 

atom, mismatching the alkyl side chains or truncating the aromatic part to naphthyl 
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chromophores considerably reduce the gelation properties. However, hydrogenation of 

one of the anthryl rings73 (59 and 60) or replacement of it by a phenazine74 
(61) or an 

anthraquinone)' (25) produced efficient organogelators and are studied in detail . 2,3-

Oi_n_alkoxyphenazine organogels (61) showed reversible acid sensitive properties, at 

ambient temperatures in acetonitrile. Terech et al. synthesized a new class of 2,3-di-n­

dccyloxy-6,7-dichloroanthracene derivatives (62) with a higher dipole moment (3 .4 

0).7' Recently. Pozzo and coworkers have shown that highly oriented DDOA gel 

fibers showing strong anisotropic features can be obtained by applying a mechanical 

stress during the cooling of hot isotropic solutions, which is evident from the optical 

polarizing microscopy (OPM) and TEM images (Figures l.21e and d).76 These 

anisotropic organic materials are expected to show enhanced mechanical, photonic, 

magnetic and electronic properties along a given direction . 
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Flgurol.2t. a) Structures of var'oos anlhraceoe gelators, b) TEM "'age of the gel fibers of DDOA. c) 
DFM and d) TEM "'ages of al~ned DDOA gel fibers. 

1.7.2. Azobenzene Derived Organogels 

A new class of gelators containing substituted azobenzenes as the aromatic part 

has been studied extensively by Shinkai and coworkers. In their first report, two types 

of gelators, with either a natural (S)-configuration (63) or the inverted (Rr 
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configuration (64) at the C-3 position of the steroidal part have been reported.n 

Among them, the gelators bearing a p-alkoxyazobenzene moiety are found to be the 

most efficient and they can specifically gel either nonpolar solvents (S derivatives, 63) 

or polar solvents (R derivatives, 64). Interestingly. it is possible to 'read-out' the sol­

gel phase transition as well as the chirality of the supramolecular stacks using CD 

spectroscopy. For example, 63 showed a positive excitoR coupling and 64 showed a 

negative exciton coupled band characteristic of the clockwise and anticlockwise 

orientation of the azobenzene dipoles in the gel state, respectively. Thi s is supported 

by the observation of right- and left-handed helical fibers through SEM pictures. In 

this case, the sol-gel transition could be controlled by the eis-to-Irons isomerization of 

azobenzene, leading to photoresponsive organogels (Figure 1.22b) 

-) .) 
'0 -O--I.--Q-

0 Uans in '''~ 
g~1 sla/~ 

.,If" uv 1 ... ~ I .d .. V IS 1 ... ~ I .,Io. 

63 (5) 

cls In Ihe 
solution slale 

.,.0"-' .. (R) 

figure 1.22. al Structures of azobenzene-apper<!e<l getato", and b) fnlns-!o<:is isom_1ion of 63. 

Detailed studies of a variety of azacrown substituted azobenzene-cholesterol 

gelators, have revealed the fonnation of different supramolecular architectures such as 

vesicles?l (65, Figure 1.23a) layered tubules?l (66, Figure 1.23b), curved lamel1as79 

(67, Figure 1.23c), cy lindrical tubules79 (68, Figure 1.23d) and helical ribbons80 (69, 

Figure 1.23e). 
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Figure 1.23. Azobenzene-appended organogelators and TEM images of resultant gel nanostructures. 

The chiral azobenzene (70) containing a cyclic syn-carbonate moiety, reported 

by Kato and coworkers self-assembles via dipole-dipole interactions to fonn a 

photoswitchable organogelator (Figure 1.24),'1 

Figure 1.24. Structure and dipo{e-dipole assisted self-assembly of an azo containing organogelator 70. 

A new family of hydrogelators based on azobenzene-appended sugar 

bolaamphiphiles (71-74) has been reported jointly by Shinkai and Reinhoudt.'2 These 

bolaamphiphiles consist of two solvophilic aminophenyl sugar skeleton, such as P-D­

glucopyranoside (71), a-D-glucopyranoside (72), a-D-galactopyranoside (73) or a-D­

mannopyranoside (74), as chiral-aggregate fonning site and one solvophobic 

8ZObenzene moiety as a 1t-1t stacking site. Compound 71 is found to be a 'super' 

hydrogelator, as it can form gels even at concentrations as low as O.OS wt%, whereas 
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compound 72 could gelate only I: I (v/v) DMSO-waler solvent mixtures. On the other 

hand, 73 and 74 could not gelate any of the solvents investigated. The chiral sugar 

derivatives 71 and 72 are found to form right-handed helical aggregates in 50 vo l% 

DMSO, whereas 73 and 74 form left-handed helical aggregates as evident from the 

corresponding excitoD coupled CD spectra. TEM studies revealed right-handed helical 

fibrillar structures for the aggregates of 71 and 72, reflecting the microscopic one· 

dimensional columnar orientation of azobenzene chromophores. However 73 and 74 

tend to aggregate into vesicular structures as a result of their two-d imensional 

aggregation mode, which prevent them from gelation (Figure 1.25). 

~-v}-O-.~--0-0~ 
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Figure 1.25. Structures of sugar-appended azobenzene OI'ganogelators and the TEM images of n (A) 
and 73 (8) in 1:1 (vtv) DMSO-water mixtures. 

Feringa and coworkers reported chiral recognition in hybrid gel assemblies of 

1.2-bis(uriedocyclohexane) derivative 75 and the azobenzene incorporated derivative 

76. Both (R)-76 and (S)-76 isomers showed concentration independent exciton 

coupled CD spectra corresponding to the azobenzene absorption as a result of the 

intramolecular stacking of the azobenzene chromophores, the sign of which depends 

on the absolute configuration of the molecule.421 Incorporation of (R)-76 into a gel of 

(S)-75 or (R)-75 resulted in di stinctly different chiral gels, in which azobenzene 
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chromophores are stacked in different orientations depending on the chirality of 75

(Figure 1.26). The CD spectra of (R)-76 in I-butanol gel of (S)-75 showed a slightly

more intense bisignated CD signal at room temperature, indicating that the

environment of (R)-76 is less polar when it is incorporated into the (S)-75 gel than in

I-butanol itself as shown in Figure 1.26b. However, incorporation of (R)-76 in a gel of

(R)-75 resuIts in a strong positive Cotton effect, which is not exciton coupled,

indicating that the azobenzene groups are no longer stacked but incorporated between

the closely packed alkyl chains of (R)-75 as shown in Figure I.26a. In both the cases

intramolecular exciton coupled CD signal of (R)-76 reappears upon the melting of the

gel. In addition, the more exposed "solvent like' environment of (R)-76 in the (S)-75

gel results in its slow isomerization when incorporated into the former gel.

Figure 1.26. Structures ofthe 1,2-bis(uriedocyclohexane) derivatives, Schematic representation forthe

incorporation of (R)-76 in a) an aggregate of (R)- 75 orb)an aggregate of (5)- 75 showing the different

environments for the azobenzene groups.

van Esch and coworkers have studied the gelation behavior of the bisurea­

appended azobenzene derived organoge1ators 77 and 78.83 4,4'-Disubstituted

derivative (77) is found to be a poor gelator, whereas the 2, 2'-disubstituted derivative

(78) is an excellent gelator of a variety of organic solvents at concentrations as low as

0.2 mM. Interestingly, 78 showed remarkable polymorphism in their gel state leading

to two different types of supramolecular aggregates, which differ in the stacking of

chromophore moiety as well as in their H-bonding patterns, as evident from the
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differences in the UV Nis absorption and IR spectra. This novel observation of 

polymorphism in organogels was found to depend on the solvent polarity and kinetic 

factors. 

Chart 1.9 

1.7.3. Porphyrin Derived Organogels 

Terech et al. have shown that a long chained ester of meso-tetrakis(p­

carboxyphenyl)porphyrin (79), can form thixotropic gel-like materials in hydrocarbon 

solvents.84 The presence of both metal ion and acidic group is found to be crucial for 

gelation. The gelator network consists of molecular rods with moderate length with 

one molecule per cross section as repeating unit. Later Shinkai and coworkers have 

reported a novel gelator by linking the porphyrin part to the cholesterol moiety (80).8S 

Both cyclohexane and methylcyclohexane are gelled by 80, but not by its structural 

epimer with (R)-configuration at the C-3 of the cholesterol group. Subsequently, the 

gelation ability of Zinc(II) porphyrin-appended cholesterol gelators could be enhanced 

by intermolecular interactions with fullerenes through the formation of a 2: 1 Zinc(II) 

porphyrinlC60 sandwich complex (Figure 1.27).86 The direct bathochromic shift of the 

Soret absorption band and the enhancement in the negative exciton coupled CD signal 

in the presence of C60 established that intermolecular interactions do exist between 

Zinc(I1) porphyrin and the fullerenes in the gel phase. 
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Figure 1.27. Structures of the porphyrin-appended organogelalors and the schematic representation of 

the salldwich complex between porphyrin and fullerene in the gel neMof1l;. 

A variety of H-bonded one-dimensional gel assemblies, by substituting the 

periphery of the porphyrin chromophores with sugar, urea or amide hydrogen bonding 

groups, have been reported by Shinkai and coworkers.17090 An amphiphilic porphyrin 

bearing four ,8-0-galactopyranoside groups (81) was shown to form left-handed 

helical coiled-coil gel nanostructures in DMF/aJcohol solvent mixtures." One­

dimensional assemblies of porphyrin chromophores are stabilized by the synergistic 

effect of the 1t-n; stacking interaction among the porphyrin aromatic cores and the H­

bonding interactions between sugar moieties, as shown in Figure 1.28 . 

. )~ 
b) 

.. -

Flgure 1.28. a) Schematic picture of the one-dimensional stacking of sugar-appended porphyrin 
organogelators and b) the SEM image of the helical gel nanostructures of 81. 
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The stability of the porphyrin based gel assemblies has been significantly 

increased when the peripheral sugar moieties are replaced with urea groups." The 

urea~appended porphyrin (82) can fonn stable organogels in anisole with sol-gel phase 

transition temperature greatcrthan 140 DC, even at 0.125 wt/vol%.lnterestingly, chiral 

urea derivatives such as (R)- and (S)-enantiomers of N-( I-phenyJcthyl)-N'-dodecyl 

urea (R)-83 and (S)-83, respectively could bound to the one-dimensional porphyrin 

stacks to twist them in a helical sense, which is evident from the resultant excitoD 

coupled CD spectra (Figure 1.29). 

, . .., ,,,.. 
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Figure 1.29. SchematiC picture of the helical twisting of one-dimensional stacking of sugar-appended 
porphyrin organogelatOlS upon addition of chiral urea guests and the corresponding CD spectra. 

Shinkai and coworkers have synthesized the amide-appended porphyrin 

organogelators 84 and 8S which showed competition between 'H' vs. ' J' aggregation 

mode of the porphyrin in the gel assemblies.89 Appropriate positioning of the 

peripheral H·bonding amide motifs could facilitate the fonnation of one of the 

aggregates preferentially. The gelators 84 and 8S are substituted with amide groups at 

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

analysis of the single crystals established that the porphyrins in 84 adopt the ' H'· 

aggregation mode resulting in columnar stacks, whereas those in 8S adopt the 'J'. 

aggregation mode resulting in two-dimensional planar assemblies. UVNis absorption. 

XRD and SEM measurements established that the organization modes of porphyrins 

in the gel state of 84 and 8S are similar to that in the corresponding single crystals. 
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SEM analysis of the cyclohexane ge ls of 84 and 85 revea led one-dimensional fib rillar 

and two-dimensional sheet like structures, respective ly indicating that the difference 

in the microscopic H-bonded organization of the porphyrin chromophores are 

expressed even at the macroscopic morphology (Figure 1.30) . 
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FJgure 1.30. a) Structures of amide-appended porphyrin gelators and the SEM images of the xerogels 
of bl 84 and cl 85 from cyclohexane. 

The porphyrin derivative 8S can self-assemble to one-dimensional 

mUlticapsular structures in the presence of C6Q as a cooperative effect of strong C60-

porphyrin interactions and 'inter- and intracapsular' H-bonding interactions between 

the amide groups, which is entirely different from that of the two dimensional 'J'-type 

aggregates in the absence of C6Q (Figure 1.31 ).90 Detailed UVIVis absorption, 

elemental analysis, XRD. ATR-JR and computer modeling studies have shown that 

four amide groups from two adjacent porphyrins fonn a circular H-bonding array, 

which can easily encapsulate a C60 molecule to give a 1:2 complex. These 'capsules' 

will further grow into a one-dimensional assembly through ' intercapsular' H-bonding 

interactions 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 the CM! from O-O.S equivalents. which 

clearly support the one-dimensional aggregation mode. The complete quenching of 
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the fluorescence of one-dimensional multicapsular sttucture indicated a novel e lectron 

transfer phenomena between porphyrin 'walls' and encapsulated C60. 
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Figure 1.31. a) Aggregation modes of 85, b) side view of the energy minimized structure of (C60)3,(85~ 

and c) the SEM images showing the morphological changes in the benzene gels of 85 on adding the 
ful1erenes. 

1.7.4. Pyrene Derived Organogelo 

Pyrene, due to its strong fluorescence and ex.cimer formation is a useful probe for 

photophysical and photobiological studies. Pyrene can also be used as a probe to study 

the self·assembly properties of organic molecules. In this context, the two component 

system consisting of bile acid based molecular tweezers (86 and 87) and 2,4,7-

trinitrofluorenone (TNF, 88) acceptor molecules are shown to form organogels in a 

variety of hydroxyl and hydrocarbon solvents through charge transfer interactions 

(Chart 1.10).40 Recently, a new class of pyrene derived organogelators in which the 

bile acid part is replaced by alkyl chains connecting to pyrene chromophores through 

a variety of linkers have been reported .9 1 Compounds with ester (89) or ether (90) 

linkages are shown to fonn gels only in the presence of TNF through charge-transfer 

interactions, which can be monitored by a substantial color change and the appearance 

of the charge transfer band (Chart 1.10). However, the compounds with amide (91 ), 
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urea (92) an ureathane (93) tinkers can self-assemble into one-dimensional gels 

through H-bond and 1t-stack interactions (Chart 1.11).91.92 The chiral pyre ne 

organogelator (94), substituted with a (R)-( -)-2-octyl urethane group self-assemble 

into p-helical aggregates. 
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Chart 1.10 

Chart 1.11 

The groups ofIhara and Sagawa have prepared fibrous gel assemblies of porphyrin 

95 and pyrene 96 substituted by L-glutamic acid.93 By amide hydrogen bonding, both 

chromophores self-assemble co-facially into chiral fibers of several micrometers in 

length which can be controlled by temperature. The porphyrin 95 fonns a physical gel 

and optical studies confinn the presence of highly ordered aggregates even below the 

critical gel fonning concentration. Though the pyrene 96 did not produce a gel state at 

room temperature, it does fonn aggregate in solution. Preliminary results indicate 

energy transfer within mixed assemblies in solution from pyrene excimers to 

POrphyrin traps. Moreover, the L-glutamic acid induces helicity into the fibers, as can 
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be concluded from the observed Cotton effects for both the porphyrin and the pyrel1e 

systems. 

96 

Chart 1.12 

1.7.5. Miscellaneous Chromophore Based Gelators 

The stilbene-appended cholesterol derivative 97, is reported to form organogels 

in appropriate solvents.94 Time dependent evolution of the gel nanostructures of 97 

has been studied using AFM technique, in order to get a direct observation on the role 

of solvent during the gel formation (Figure 1.32).95 Detailed IH NMR investigation on 

the composition, structure and dynamics of the stilbene-cholesterol gels were also 

reported.96 The cholesterol-appended squaraine derivative 98, form a gel in butanol, 

which is marked by the blue shift in the absorption spectra, loss of fluorescence and 

the appearance of exciton coupled CD spectra, indicating that the dye molecules are 

arranged in a helical 'H'-aggregate fashion.94 However, detailed studies of 98 at the 

air-water interface and in Langmuir-Blodgett films showed an unusual folded type 

conformation in which there are attractive noncovalent interactions between the 

squaraine chromophores and cholesterol.97 
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Figure 1.32. Structures of stilbene- and sQuaraine-appended cholesterol gelators and time dependent 

AFM images of the formation of gel fibers of 97. 

Shinkai and coworkers have designed proton sensitive. highly fluorescent 1.10· 

phemmthroline-appended cholesterol based gelator (99). which a!.:ts as an cllicicnI 

energy transfer system (Figure 1. 33).<,j~ Even in the presence of two equivalents of 

TFA. the purple emission (360 nm) of the gel phase of 99 is quenched complete ly. 

with the appearance of the yellow emission (530 nm) corresponding to the protonated 

foml of 99. due to an efficient energy transfer from the neutral to the protonated fonn 

of 99. However, when the gel was converted into the solution phase at 90 °C in the 

presence of TFA. a blue emission with bimodal emission maxima was obtained 

indicating the absence of energy transfer. 

Figure 1.33. Emission changes in the phenanlhroline-appended cholesterol based gelator 99 upon 
protonation. 
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In an attempt to design self-assembling molecular wires, tetrath iaful valene 

(TTF) molecules were attached to bis-arborols. to provide the compound lOO, which is 

found to be an efficient organogelator.99 Phase contrast microscopy revealed string 

like superstructures of several micrometers in length and diameter ranging from about 

30 to several hundred nanometers (Figure 1.34). Absorption spectroscopy indicated 

the presence of stacked ITF molecules in the gel phase, which could act as a 

conducting supramolecular wire. 

Figure 1.34. Phase contrast microscopic picture of the lTF gels. 

The triphenylene derivatives (101 and 102) substituted with six amide groups 

and six hydrocarbon side chains are found to fann fluorescent organogels with 

unusual emission properties in nonpolar solvents as a result of highly directional 

columnar self-assembl ies through a cooperative effect of1t-1t, H-bonding and van der 

Waals interactions. 100 Detailed fluorescence measurements have shown that the 

triphcnylenes in the gel of 102 are arranged in a staggered manner, similar to the 

packing in triphenylene based LCs. However, in 101 the aromatic cores are arranged 

in an eclipsed manner leading to an unusual observation of excimer emission in 

triphcnylene based assemblies, at 525 nm (Figure 1.35). Furthermore, XRD analysis 

of the xerogels revealed a lateral rectangular and hexagonal columnar arrangement for 

101 and 102, respectively indicating the crucial role of alkyl chains in controlling the 

packing mode. 
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Figure 1.35. Structure of triphenylene derived organogelators. Eclipsed and staggered modes of 
packing of triphenylene chromophore in the gels of 101 and 102, respectively are also shown. 

Recently, novel photoresponsive chiral organogels, based on the 

dithienylethene photochromic unit functionalized with (R)-l-phenylethylamine 

derived amides, have been reported from Feringa's group. lOt The dithienylethene 103 

exists as two antiparallel interconvertible open forms with P- and M-helicity, which 

cyclize in a fully reversible manner upon irradiation with UV light to form two 

diastereomers of the ring closed product 104 (Figure 1.36). The open form 103 is 

found to be an efficient organogelator of nonpolar solvents such as toluene, benzene 

and hexane. CD and TEM studies of the toluene gels revealed that the molecule 103 

self-assemble to helical fibers, owing to the expression of the M- or P-chirality of the 

open form at the supramolecular level (Figure 1.3 7). 

oy~~.~~ 
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Figure 1.36. Open and closed forms of dithienylethene organogelators. 



48 Chapter I -
Interestingly, the photocyclization of 103 in the gel state showed nearly 

absolute stereocontrol though there is no stereoselectivity in the non·gelled solution. 

Both the open 103 and closed 104 forms can exist in two different chiTal gel state~ 

denoted as (X and P. leading to a four·state chiroprical supramolecular switch, s ince 

these four states can be cycled by a sequence of photochemical reactions as shown in 

Figure 1.37. A stable gel of (a)-IO) (P·helicity) is obtained on cooling the isotropic 

solution of the open fonn 103. Photocyclization results in the formation of the 

metastable gel (a)-l04 which will convert into the thennodynamically stable gel (Il} 

104 (M-helicity) upon the heating.-cooling cycles. Irradiation of the gel «(3)-104 with 

visible light results in the metastable gel «(3)-103, which wi ll then change into the 

original stable gel (a}-103 via an isotropic solution of 103, after a heating-cooling 

cycle. The optical switching between different supramolecular chiral aggregates and 

the interplay of molecular and supramolecular chirality in these systems is attractive 

for des ign ing molecular memory systems and smart functional materials. 

a) b) Gel (a) 103. 6. I ScH 103...A... Gel (I) 103 

n * lJ 
Gel la) 104 (PSSr-A--SoI104 (PSS). * . Gel (~) 104 (PSS) 

& 

Figure 1.37. a) TEM image of the helical fibers of a toluene gel of 103. b) Four different chiral 
aggregated states and the switching processes of the chiroptical supramolecular switch consisting of 
the open form 103 and the closed form of 104. 

Recently, a highly fluorescent organogel was reported by the intennolecular H· 

bonding interactions between the non-emissive oxadiazole based benzene·] ,3,5 · 

tricarboxamide molecule (105, Figure 1.38).102 Detailed studies have shown that the 

intermolecular face·to·face H·bonding interactions in the columnar gel aggregates 
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play a key role in the enhancement of fluorescence upon gelation. by providing 

. nifieanl singlet-triplet splining to reduce the rate of ISC. sog 

Figure 1.38. a) An oxadiazole based gel under UV irradiation and b) the TEM image. 

Wilrthner and coworkers have reported the hierarchical self-organization of the 

merocyanine dye molecules (106-107), which are tethered to tris(n-dodecyloxy)xylene 

unit to fonn supramoJecular polymers and organogels. through dipolar aggregation,lIB 

AFM and cl)'o-TEM studies of the gels revealed long and stiff rod-type assemblies. 

whereas. the X-ray diffraction studies revealed columnar mesomorphism. Based on 

these observations. a structural model is proposed in which six helically preorganized 

strands of the initially formed supra molecular polymer intenwined to form a rod with 

a diameter of about 5 nm (Figure 1.39). 
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Figure 1,39. Structural model for the hierarchical self-organization of merocyanine gelators. 
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In addition, organogelators based on the cholesterol-appended perylenelO4 (108) 

and phthalocyanine105 (109) chromophores have also been reported, the details of 

which will be discussed in various chapters of the thesis . 

. ~a_~.o .~~ 
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Chart 1.13 

1.7.6. 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 

1.40). Gel forming diacetylenes are particularly interesting because the gel network 

which is stabilized by the noncovalent interaction can be permanently supported by 

strong covalent bonds under photolytic conditions, thereby retaining the 

morphological characteristics with increased thermal stability. Since polydiacetylenes 

are attractive candidates as conducting nanowires having potential applications in 

molecular electronic devices, covalent fixation of the organized assembly has great 

significance. 
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Figure 1.40. Pholopolymerization of diacetylenes 10 poIydiacetylenes and the schematic representation 

of the concept of covalent fixation of diacetylene derived self-assemblies. 

Masuda et al. reported diacetylene-I-glucosamide bolaamphiphiles 110 and 

11 1, which se lf-assemble to fonn nanofibers leading to the gelation of organic 

solvents. 106 The self-assembly of 110 is directed by the linear amide H-bonding 

interactions, whereas in 111, the self-assembly is supported by the H-bonding 

interactions among the sugar groups (Figure 1.41). Photopolymerization of the 

nanofibers of 110 fonn a relatively low molecular weight soluble polymer (13-mer), 

whereas 111 produced relatively higher molecular weight polymer (64-mer), due to 

the higher molecular packing order in the latter. 

Figure 1.41. Schematic representation of the photopolymerization of 110 and 111 gels. 

Diacetylene dicholesteryl ester derivatives having urethane linkages (112) have 

been polymerized in the organogel state to fonn colored gels containin.'!, 
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polydiacetylene nanowires. 107 Gels before irradiation was stabilized by H-bonding 

interactions between the urethane groups which are further stabilized by van de, 

Waals interaction between the cholesterol groups. The polymerization is accompanied 

by a color change from white to blue. Electron microscopy revealed that the fibrillar 

gel morphology was not basically changed after polymerization. A series of 10,12. 

pentacosadiynoic acid derived organogelators with conjugated diyene units (113) and 

their photopolymerization was reported by Weiss and coworkers.101 

1, 2-Aminocyclohexyl derivatives have also been polymerized in the gel network, by 

incorporating diacetylene linkages to the alkyl side chains (l14).42b 

H 

R-C=C-C=C-R' ~ V"'N 
113 ~ 

114 

Chart 1.14 

1.7.7. Organogels Derived from Extended Aromatic x-Conjugated 

Systems 

The bisurea-appended oligo(thiophene)s (115-116) have been reported to self-

assemble into elongated fibers resulting in the fonnation of organogels in solvents 

such as tetralin and 1,2-dichloroethane.109 Electron microscopy and X-ray diffraction I 

I 

studies revealed that the fibers have a lamellar structure, in which the molecules are : 

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

other (Figure 1.42). Moreover, it was shown by pulse-radiolysis time resolved 

microwave conductivity (PR-TRMC) experiments that the good electronic overlao 



IM/~~I;S"~p'~a~m~o~k~c~"~I"'~A='~~m~bl~k~' ____________________________________ ~'~3 
~ 

between the thiophene rings due to the H-bond assisted 1t-stacking of adjacent 

oligorners results in high charge carrier mobility of at least 0.00 I cm
2 
N s for liS and 

0.005 cm2/Vs for 116. These values are relatively high when compared to that of 

simple thiophene oligomers. 

c"-i~~J..~£,,",, 
115(n-1, 
118("-2) 

b) 

Flgu", 1.42. Structure of bisureHjlpended lhiopheM ~igome",. a) Electron m~rog,.p/ls of the 
-., fibe", of 115 (A) and 116 (6). Possible arrangement of 116 in the lam~la: b) view of a 
hydrogen bonded ribbon, and c) a tilted stack of ribbons that form a lamella. 

Tour and coworkers reported that the well known Tt-stacking forces between 

shape persistent cyclophanes could be enhanced through hydrogen bonding 

interactions by incorporating multiple H-bonding sites at the periphery of the 

cyclopbane ring,lIO The H-bond assisted stacking interaction in 117 results in the 

formation of cyclophane dimers and gels at moderate concentrations in solvents such 

as CH2Ch and CHCh. Very recently, a strong fluorescent gel comprising fibrillar self· 

assembly of a trifluoromethyl-based cyanostilbene derivative (118) has been 

reported. III The gelation of 118 is attributed to the cooperative effect of the strong 11:-11: 

stacking interactions of the rigid rod-like aromatic segments and supplementary 

intennolecular interactions induced by the four CF) units. 
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R R 

OH 

R 117 R 

Chart 1.15 

1.8. Origin, Objectives and Approach to the Thesis 

Despite the interesting optical and electron transport properties of linear rt-

conjugated systems, which are important in the design of a variety of molecular and 

supramolecular devices, not much attention is given to the self-assembly induced 

gelation and the resultant modulation of the optical properties except in a very few 

recent reports (Section 1.7.7).109-112 Gel formation in the case of certain rt-conjugated 

polymers as a result of the unwanted crosslinking and chain branching reactions, as in 

the case of a few phenyleneethynylenes has been noticed earlier. 112 Later, gelation is 

observed in the case of 0Iigo(thiophene),109 cyanostilbene lll and phenylacetylene llO 

based cyclophane derivatives. However, the importance of rt-conjugated molecules in 

advanced applications demands self-assembly induced gelation and the consequent 

changes in the morphology and optical properties. Therefore, the main objective of the 

present study is to have a detailed investigation on the gelation properties, 

morphology and optical properties of small rt-conjugated oligomers. For this purpose 

we have chosen oligo(p-phenylenevinylene)s (OPVs), a class of molecules which 

have received considerable attention due to their unique optical and electronic 

properties. Though a large number of reports are available in the literature on the self-
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assembly properties of tailor made OPVs, none of them pertain to the design of 

nanostructures based on organogels. In view of this, we aimed at the creation of 

functional chromophoric assemblies of It-conjugated OPVs 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 

OPVs with appropriate structural variations were planned. The design principle 

involves the derivatization of OPVs with weak H-bonding hydroxymethyl end groups 

and with long aliphatic hydrocarbon side chains. The noncovalent interactions in these 

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

hydrocarbon solvents. In such an event, detailed study of gelation and extensive 

analysis of the morphology of the gel structures were planned using advanced 

microscopic techniques. Since OPVs are strongly fluorescent molecules, gelation is 

expected to perturb the optical properties. Therefore, detailed study on the gelation 

induced optical properties as a way to probe the nature and stability of the self­

assembly was planned. Apart from this, the potential use of the modulation of the 

optical properties for the purpose of light harvesting was aimed. The approach to this 

problem was to entrap an appropriate energy trap to the OPV gel matrix which may 

lead to the efficient energy transfer from the OPV gel based donor to the entrapped 

acceptor. The final question that we wanted to address in this investigation was the 

creation of helical nanostructures through proper modification of the OPV backbone 

With chiral handles. The present thesis is a detailed and systematic approach to the 

realization of the above objectives which are presented in different chapters of the 

thesis. 
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Chapter 2 

1t-Conjugated Organogels: A Novel Class of 

Supramolecular Materials Derived from Self­

Assembled Oligo(p-pbenylenevinylene)s 

Abstract 

A new class of n-conjugated organogels based on oligo(p­

phenylenevinylene) (OPV) derivatives are reported. A variety of all­

trans OPVs containing hydroxymethyl groups and hydrocarhon side 

chains were prepared and shown to form organ age Is in apolar 

hydrocarhon solvents. A cooperative interaction hetween H-bonding, n­

stacking and van der Waals forces leads to the self-assembly and 

gelation which are strongly influenced hy the structure of the gelator 

and the nature of the solvent. The length and position of the 

hydrocarhon side chains and the presence of the hydrogen bonding 

groups are crucial for the efficient gelation. The gelation properties and 

the morphology of the gels are established .tram the DSC. I H NMR, 

XRD. OPM, SEM, TEM and AFM analyses of (he gels from different 

solvents. Variahle temperature 'H NMR :,pectral studies revealed the 

thermoreversible se(f~assembly of the molecules in the gel state. DSC 

analysis provided the gel melting temperatures and gel stability under 

different conditions. XRD analysis revealed a lamellar type packing of 

the molecules whereas the OPM showed the grol1·th of hirejringent 

fibers. Electron microscopic studies revealed the formation of twisted 

and entangled supramolecular tapes of an average of 50-200 nm in 

width and several micrometers in length which are in agreement with 
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the AFM analysis. The organogels reported herein are the first 

examples of GP V based organogels derived from extended Jr-corijugated 

aromatic molecules. 

2.1. Introduction 

Control of the self-assembly of synthetic molecules in the creation of nanosized 

architectures, using the principles of supramolecular chemistry is a topic of 

considerable importance. I The cooperative effect of non covalent forces such as H­

bonding, 1t-stacking, dipolar and van der Waals interactions are the driving force 

behind the self-assembly of molecules, leading to a variety of novel supramolecular 

architectures with reversible functional properties. Nature has the ability to control the 

architecture and function of supramolecular assemblies such as DNA double helix, 

collagen triple helix, ion channels and photosynthetic reaction centers which has been 

the major source of inspiration to scientists to mimic natural systems with the help of 

synthetic molecules.2
-
6 In the domain of functional molecular assemblies and 

nanoarchitectures, supramolecular control of chromophore-linked molecular systems 

is a challenging task, particularly in the fabrication of nanoscale devices since 

chromophore orientation has tremendous influence on the optoelectronic properties.7 

Organic 1t-conjugated systems play a crucial role as an integral component of 

supramolecular devices due to their interesting optical and electronic properties that 

are associated with the delocalized 1t-electrons, which can be modulated by 

intermolecular interactionsY Therefore, self-organization of such systems with the 

aid of weak non covalent associations are of extreme importance. 

Even though the conjugated polymers are easy to synthesize and process into a 

device structure, the energetic and positional disorder of its chromophores induced by 
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the structural defects and entanglement of extended side chains affect the device 

perfonnance. A solution to this problem is to build well-defined supramolecular 

structures through the self-assembly of 1!-conjugated oligomers, thus combining the 

high molecular order with ease of processing. Hence in recent years, considerable 

efforts are being focused to realize the concept of 'supramolecular electronics', where 

supramolecular assemblies of 10-100 nm lengths, from functional 1t-conjugated 

oligomers are targeted as active organic materials for the electrooptical devices.9 

Among various 1!-conjugated systems, phenylenevinylenes (PVs) are one of the 

well studied class of molecules due to their importance in various electrooptical 

devices such as LEDs,1O photovoltaic cells 11 and FETs.12 Control of the HOMO­

LUMO gap by donor-acceptor interaction and by varying the conjugation length of 

oligomers provide materials with well-defined functional properties.13 In this context, 

extensive studies have been reported in the literature, pertaining to the optical and 

electronic properties of oligo(p-phenylenevinylene)s (OPV S).14-17 Apart from these 

studies, there are several reports related to the liquid crystalline behavior,18 solid-state 

packingl9 and self-assembllo of phenylenevinylene derivatives. The main objective 

of these studies is the control of the optical and related electronic properties as a 

function of the self-assembly to form supramolecular architectures of nanometer 

dimensions. Combining the advantages of H-bond directed supramolecular 

interactions with the optical properties of PVs could provide an elegant way of 

creating functional nanoscopic as well as macroscopic assemblies of desired 

properties. 

Recently, Meijer and coworkers have made significant contributions to the 

understanding of the supramolecular organization of OPVS?Ob-g They have 
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synthesized OPV s, which are functionalized with uriedo-s-triazine quadruple Ji. 

bonding units.2Oc These OPV derivatives are further equipped with tridodecyloxy ell1l 

groups and enantiomerically pure (S)-2-methylbutoxy side chains. In chlorofonn , 

monofunctional OPV derivatives (1) dimerizes through quadruple H-bonding motifs 

with an association constant of Kmm = (2.1 ± 0.3) x 104 Lmorl. In nonpolar solvents 

like dodecane, the H-bonded dimers self-assemble into left-handed helical stacks 

(Figure 2.1). Temperature and concentration dependent measurements have shown 

that the stability of the self-assembled stacks increases with conjugation length, due to 

favorable 1t-1t interactions.2oe Most importantly, the self-assembled fibers could be 

successfully transferred on to solid surfaces, which is essential for the fabrication of 

future supramolecular electronic devices. Detailed AFM studies have shown that, 

single fibers could be transferred only to inert substrates like graphite and silicium 

oxide. In the case of repulsive surfaces (mica and glass) clustering of the stacks 

occurs, while at attractive surfaces (gold) the stacks are destroyed. This systematic 

AFM study shows the importance of inert substances for the fabrication of 

nanodevices. However, the bifunctional OPV derivative (2) could only form less 

organized frustrated polymeric stacks, due to the competition between favorable 1t-1C 

interactions and restricted conformational freedom, due to the hexyl spacer (Figure 

2.2). The length of these supramolecular polymers and its chirality could be controlled 

by the addition of the monofunctional OPV derivatives as chain stoppers. 
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Figure 2.1. Schematic representation of the self-organizatioo of 1 into helical stacks. 
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Figure 2.2. Sdlematic representa~on of the seIf-organization of 2 into frustrated polymeric stacks. 

Recently. the self-assembly of diaminotriazine substituted OPV molecules (3-

4) 10 hexameric It-conjugated rosene structures and the subsequent growth into chiral 

tubular objects have been reported.10f STM images have shown that chiral hexameric 

rosette structures lying flat on the surface with the diaminotriazine moieties pointing 

towards the center fonning hydrogen bonds (Figure 2.3a), AFM and CD studies have 

shown that in nonpolar solvents these hexameric rosette assemblies stack on each 
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other using lHt interactions to fann tubular self-assemblies as shown in Figure 2.3b 

Detailed SANS experiments revealed the fonnation aftubules of7 nm in diameterllt\d 

180 nm in length. 

Flgul'l 2.3. a) STM images of the chiral hexameric OPV rosettes and b) AFM images of the OPV 
rosette nanotubes derived from the self-assembly of 3. 

An important aspect of supramolecular assembly of certain organic molecules 

is their ability to entrap a large volume afthe solvent within the self-assembly to form 

a non-flowing soft mass called ' ge l, .21 Though a large number of non-chromophon: 

and chromQphore containing organogels are known, extended n-conjugated systems 

are the least exploited class of molecules in gel chemistry.22 An early report on 

gelation of n-conjugated systems pertains to urea functionalized oligo(thiophene)s (5) 

(Figure 2.4) . . ) b) 

5 (n = 2) 

Figure 2.4. a) Bisurea-appended thiophene oligomer 5 and b) possible supramolecular arrangement of 
5 through urea-urea H-bonding interactions. 
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Though there are a number of reports on the self-assembly of OPV based 

s none of them describes the gelation properties of these molecules. Therefore, 
system, 

. f considerable importance and curiosity to design OPVs which self-assemble to 
it IS 0 

fonn organogels, to investigate on the properties and morphology of the resultant 

.... molecular assemblies. In the present chapter, we describe the detailed studies of sup" .... 

the synthesis, gelation behavior and morphological analysis of OPV based 

organogelators which belong to a new class of supramolecular materials. 

2.2. Results and Discussion 

2.2.1. The Design Strategy 

The actual cause of gelation of organic molecules is still a matter of debate 

though it is known that supramolecular noncovalent organization to form entangled 

structures, which are different from the simple molecular aggregates, are mainly 

responsible. Therefore, gelation can be considered as a delicate balance between 

crystallization, precipitation and solubility of noncovalently interacting molecules in a 

suitable solvent. Keeping this view in mind, we set to design 7t-conjugated molecules 

in such a way that they satisfy most of the conditions necessary for the formation of 

an extended self-assembly required for gelation (Figure 2.5). In this design, an 

appropriate 7t-conjugated system is equipped with two weak H-bonding end groups 

and sufficient number of long hydrocarbon side chains. Thus, a variety of tailor-made 

OPV derivatives were synthesized, the structures of which are shown in Figure 2.6. 

The presence of the two hydroxymethyl end groups will allow the molecules to self­

assemble via weak nondirectional 2-point H-bonding, which will give sufficient 

freedom to the molecules to organize themselves. The presence of long hydrocarbon 

side chains facilitates the packing of the molecules, assisted by the weak van der 
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Waals interaction. These interactions will be reinforced by 'It-stacking of the riKid 

aromatic OPV backbone. A cooperative interaction of all these forces will eventually 

lead the molecules to form ordered assembly. resulting in the formation of entangled 

nanoscopic structures which are able to hold large amount of appropriate solvent 

molecules within the self-assembly, thereby forming a gel. 

2-polnt nondirecfionaJ 
H-bonding 

Figure 2.5. Design features of the OPV based organogelators sho'Ning various noncova!em 
interactions. 

a; R- C.tH» 
. ; R- Crj"15 
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BH-OPVh.e 

• 
8M'()PV. R - C,."» 

\ I 

• 

Soon', R - Coo"» 
Figure 2.6. library of OPV organogelalors under invesligation. 
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2.2.2. Synthesis of OPVs 

The bisalcohols, BH-OPVla-e, BH-OPV2 and BH-OPV3 were synthesized 

by the controlled Wittig reaction of the appropriate bisaldehydes and bisphosphonium 

salts, followed by the reduction of the resulted OPV bisaldehydes with NaBHt 

(Scheme 2.1). Controlled Wittig-Horner reaction between the bisaJdehyde (6) and the 

benzyl phosphonate (7) afforded the OPV monoaldehyde 8 in 35% yield, which in 

turn was reduced to MH-OPV by NaBH4 in 95% yield (Scheme 2.1). Synthesis of S­

OPV was based on a literature procedure (90% yield).23 Preparation of the hydroxyl 

protected derivatives BM-OPV and BA-OPV were accomplished by the alkylation of 

BH-OPVla with the corresponding alkyl halides in 95% and 60% yields, respectively 

(Scheme 2.2). All the OPV derivatives under investigation were characterized by 

spectral analyses. The all-trans configurations of the OPV s are confirmed by the J 

values (16.5 Hz) of the vinylic protons in their respective 'H NMR spectra. 

OR 

OHC OR 

HO 
NaBH. .. 

6 

q'D,OEt 1 ~ ___ j, NaH 
~ OEt THF. reflux 

R 

BH-OPV1a-e 

OR OR 
OR 

CHO CH.CI,lCH,OH. 32 ·c 

8 MH·OPV 

Scheme 2.1. Synthesis of the mono- and bishydroxymethyl OPV derivatives. 

'; R-C,oHlJ 
b;R-C,,u .. 
~; R-C.H1, 

d;R-C"'u 
<; R - 1·."',.0. •• ,.. 

OR 
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C,sHnO 

BH'()PV1a 

CHaI,NaH .. 
THF, 32 DC 

Scheme 2.2. Synthesis of the hydroxyl protected OPVs. 

2.2.3. Gelation Studies 

BA'()PV 

Chapter 2 --.... 

Gelation behavior of the newly synthesized OPV derivatives was examined in a 

range of organic solvents by dissolving different amounts in a specific volume (1 mL) 

of the solvent under heating and cooling. It has been observed that either gelation, 

precipitation or a clear solution could be obtained depending upon the solvent and 

structure of the compound. Gel fonnation could be detected readily by the failure of 

the resultant mass to flow when the vial was tilted upside down and also from the soft 

and transparent appearance. The results of the gelation experiments are presented in 

Table 2.1, which reveal that the bishydroxy compounds BH-OPVla-c, having long 

linear hydrocarbon chains are efficient gelators of nonpolar hydrocarbon solvents such 

as hexane, decane, dodecane, cyclohexane, benzene and toluene. They could also 

gelate hydrocarbon fuels such as diesel and petrol. The maximum gelation efficiency 

is obtained for BH-OPVla with a hexadecyloxy side chains and the critical gelator 

concentrations (CGC) in dodecane, decane and cyclohexane were 0.8, 0.9 and 

1.1 mM, respectively. This means that BH-OPVla can entrap approximately 10,000 : 

molecules of dodecane per gelator molecules and falls under the category of 

superge lators. 24 
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Tlble 2.1. Critical gelator concentrations (mM)a of the OPV derived organogelators BH·OPV1a·e, BH· 

Om and BH·OPV3 in different solvents 

-- Dodecane Decane Cyclohexane Hexane Toluene Benzene Chlorofonn 
()cllalor - 0.8 0.9 l.l 1.7 2.8 3.0 5.6 BH.oPVla 

(s,lr) (s,tr) (s,lr) (S,tr) (5, tr) (s, tr) (th.o) 

BH.oPVlb 1.0 1.1 1.4 2.1 4.2 4.1 17.3 

(s,lr) (s,tr) (s,tr) (s,tr) (s,lr) (s,tr) (th,o) 

BH-OPVlc 4.5 (PG) 4.8(PG) 6.3 12.6 11.6 S 

(s,tr) (s,tr) (s,tr) 

BH-OPVld 10.6 15.9 16.0 S 

(s,ll) (s,tr) (s,tr) 

BH-OPVle S S S S S S S 

BH-OPVl P P 15.4 11.5 23.0 P P 

(5,0) (s.o) (s,o) 

BH-OPVJ P P P P P S 

acGC = Critical gelator concentration, which is the minimum concentration required for the formation 
of a stable gel at room temperature. In parenthesis, s = stable, tr = transparent, th = thixotropic, 0 = 
opaque. S = soluble, I = insoluble, P = precipitation, PG = partial gelation at room temperature. 

The gelation was selective for hydrocarbon solvents even from an emulsion 

with water. Photographs of the gels prepared under different conditions are shown in 

Figure 2.7. The gels obtained were transparent and stable so that the glass vial could 

be turned upside down without damaging the structure (Figures 2.7b and 2. 7c). This is 

clear from Figure 2.7e where a gel of BH-OPVla in diesel could hold an equal 

amount of water without falling (water is stained to distinguish from the diesel). The 

gelation ability of BH-OPVld, carrying hexyloxy side chains is relatively poor (CGC 

is 10 mM in cyclohexane) whereas BH-OPVle having branched 2-ethylhexyloxy side 

chain gave a homogeneous solution in all the solvents investigated. Nature of the 

solvents has considerable influence on the gelation behavior of BH-OPVla-d 
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(Table 2. \), For example. the CGC of BHMOPVla in chloroform is 5.6 mM and the 

resulting gels are unstable upon shaking (thixotropic). However, in a slightl y less 

polar solvent like toluene. BH-OPVla forms a reasonably stable gel with a CGC of 

2.8 mM. Another factor, which influences the gelation abi lity of OPV derivatives, is 

the number of the hydrocarbon side chains present on the conjugated backbone (Table 

2.1). For example, the CGC of BH-OPV2 having side chains only at the terminal 

phenyl rings is 15.6 mM in cyclohexane resulting in a turbid gel, whereas BH-OPVJ , 

with side chains only al the central phenyl ring, does nol gelate any of the solvents 

investigated. Hence. it is clear that for an OPV derivative to form a gel, it is ne<:cssat)· 

to maintain a balance between crysta lli zation. solubility and precipitation where the 

length and position of the hydrocarbon side chains play an important role. 

Figur. 2.7. BH.()PV1a in decane a) before and b) after gelation. c) A toluene gel of BH'()PV1a. d) and 
el BH-OPV1a in a mixture of water and diesel before and after gelation respectively. Water is stained 
with a dye 10 distinguish the two layers. 

In order to investigate on the role of H·bond assisted n·stacking in the gelation 

process. we extended our studies to other OPV derivati ves where the H-bond ing 

groups are either protected or replaced by other functional groups. The results of the 

gelation studies of BM·OPV, BA·OPV, S-OPV and MH-OPV arc summarized in 

Table 2.2. Interestingly. in the case ofBM-OPV and BA-OPV. ge lation occurred on ly 
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h
'gh concentrations when compared to the corresponding bisa1cohol derivative BH­

at 1 

Op\,la. The critical gelator concentration of BM-OPV is 3.3 mM in cycIohexane, 

and the resulting gels are thixotropic. BM-OPV failed to fully gelate solvents such as 

chloroform and THF, which may be due to the absence of H-bond donor groups that 

are necessary for the positional locking of the molecules within the 1t-stacked 

assembly. Compound BA-OPV, having the hexyloxy end groups, could gelate only 

nonpolar solvents such as dodecane and decane. In the case of MH-OPV with only 

one hydroxymethyl group, gel formation was observed in nonpolar solvents though it 

is not as efficient as in the case of BH-OPVla and BH-OPVlb. However, S-OPV, 

without any end functional groups, could not gelate any of the solvents investigated, 

instead aggregate formation was observed which are not able to trap the solvents. 

These studies indicate the crucial role of H-bonding in assisting the weak interactions 

such as 1t-stacking and van der Waals associations in the process of self-assembly and 

gelation. 

Table 2.2. Critical gelator concentrations (mM) of the OPV derived organogelators S·OPV. BM·OPV. 
BA·OPVand MH·OPV in different solvents 

Gc:lator Dodecane Deeane Cyc10hexane Hexane Toluene Benzene Chloroform 

S-OPV p p p p p p P 

BM·OPV 1.6 1.8 3.3 4.4 7.2 6.8 16.5 

(th,tr) (th,tr) (th,tr) (th,tr) (th,tr) (th,tr) PG 

BA-OPV 4.9 5.2 10.4 10.4 S S S 

(Ih,tr) (Ih,tr) (th.,o) (th,o) 

MH-OPV 1.4 1.5 2.3 '4.6 4.6 4.2 S 

(s.lr) (s,tr) (S,IT) (Ih,o) (s,tr) (s,tr) 

In parenthesis, s = stable, tr = transparent, th = thixotropic, 0 = opaque. S = soluble, I = insoluble, P = 
precipitation, PG = partial gelation at room temperature. 
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2.2.4. Thermotropic Behavior 

Chapter} -.... 

The thennotropic behavior of the gels fonned by BH-OPVla-c, BM-OPV and 

MH-OPV were investigated by dropping ball method25 and by, differential scanning 

calorimetry to understand the impact of the structure of the OPVs and the nature of the 

solvents on the gel stability. In the case of BH-OPVla-c, a regular increase in the gel 

melting temperature (T gel) with increasing concentration of the gelator molecules was 

observed (Figure 2.8). Phase diagrams of the gels of BH-OPVla-c in cyclohexane 

were obtained by plotting the T gel at different concentrations (Figure 2.8a). The phase 

above each curve is a solution, whereas the phase below is a gel. The increase in T sel 

with increase in alkyl chain length shows increased stability of the gels, which could 

be due to the solvation assisted intennolecular packing of the long alkyl chains. Phase 

diagrams of BH-OPVla gels from dodecane, cyclohexane, toluene and chlorofonn 

are shown in Figure 2.8b, which indicate that BH-OPVla fonn strong gels in 

dodecane and cyclohexane, which showed higher melting temperatures even at very 

low concentrations. This observation is in accordance with the gelation studies 

presented in Table 2.1. Figure 2.8c shows the plots of the gel melting temperatures of 

the cyclohexane gels of BH-OPVla, BM-OPV and MH-OPV, at different 

concentrations. These plots show remarkable stability for BH-OPVla gel, due to H­

bonding between the hydroxymethyl groups. For example, a cyclohexane gel of the 

methoxy derivative BM-OPV at a concentration of 10 mgmL-1 melts at 47°C, which 

is 15 °C lower than the corresponding BH-OPVla gel. It is also clear that the gels of 

the monohydroxy derivative MH-OPV is more stable than that of the hydroxyl 

protected BM-OPV gel, however less stable than the BH-OPVla gel. These results 

clearly indicate that the stability of the gels strongly depends upon the length and 

position of the side chains, polarity of the solvents and the presence of H-bonding 
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groups. Thermodynamic parameters calculated from the plots of the Tgel vs. 

centration using equation 1, which is derived from the Schrader's relation,26 con 

showed MI values of 258 kJmorl, 196.32 kJmorl and 110.4 kJmor
l 

for the 

cyclohexane gels ofBH-OPVla, BH-OPVlb and BH-OPVlc, respectively. 

AH I In C = - -- -- + constant ........ (1) 

R Tgrl 

In this equation C, ~H, Tgel and R are molar concentration, melting enthalpy, 

gel melting temperature and gas constant, respectively. The ~ values of BH-OPVla 

in cyclohexane, toluene and in chloroform were 258 kJmorl, 143 kJmor' and 114 

kJmorl, respectively. These values show a maximum stability for BH-OPVla in 

cyclohexane. Though this equation is often used to determine the ~H values in 

polymeric and low molecular mass gels,26 ambiguity exists in the validity of 

equation 1 in the case of the sol-gel process of small molecules. Therefore, we have 

presented these values only for the purpose of comparison. 

Differential Scanning Calorimetric (DSC) studies of the methylcyclohexane 

gels of BH-OPVla-c, BM-OPV and MH-OPV are shown in Figure 2.9. These 

studies showed a similar trend in the stability of the gels as observed by the dropping 

ball methods. A broad exothermic transition was observed during the heating process, 

which is characteristic of a noncovalently associated supramolecular assembly. In the 

case of BH-OPVla-c, the transition temperatures of the heating exotherms and the 

Cooling endotherms increase in the order BH-OPVla > BH-OPVlb > BH-OPVlc 

(Figure 2.9a). As in the case of the dropping ball experiment, the DSC analysis 

showed increased stability for the gels in hydrocarbon solvents of higher chain length. 

For example, among the three solvents used. the dodecane gel showed maximum 



80 Chapter 2 --
thermal stability (Figure 2.9b). The role of H-bonding is also evident from the DSC 

thennograms where BH-OPVla showed a melting temperature of 63.5 QC which is 

12.5 Cl(: and 14 DC higher than that of the MH-OPV and BM-OPV, respectively 

(Figure 2.9c). In all these cases, it is interesting to note that the cooling transitions are 

sharper and occurred approximately 15-16 DC lower than the heating transition curves. 

indicating a better cooperativity in the formation of the self-assembly in the cOOling 

• • 12 11 20 24 
Coneent..tlon (mglmLI 

Figure 2.S. Binary phase diagrams of the OPV orgaoogeJs sho'Mng the effect of side chains, solvenlS 
and H·bonding on stabiity. a) cyclohexane gels of BH-OPV1. (.), BH-OPV1b (0) and BH·OPV1c 
(~), b) BH·OPV1a gels in dodecane ( ... ). in cycIohexane (.), in toluene (.) aod in chloroform (.) 

and c) cyclohexane gels of BH·OPV1. (.). MH·OPV (0) and BM·OPV (~) . 
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F~ure 2.9. DSC thermogrMls of a) BH-OPV11-i: in methylcyclohexane, b) BH·OPVlI in different 
so/Yenb and c) BH'()PV11, MH-OPV and BM-OPV in melhylcyclohexa", (8 mgmL-'). The heating and 
cooIilg rates are 5 eClmin in all expefinents. 

2.2.5. V.rl.ble Temper.ture ' H NMR Studl .. 

The IH NMR spectra of BB-OPVla-b in CDCI) and benzene-<4 (5 mM) 

showed distinctly different features when recorded at room temperature . for example, 

the IH NMR spectrum of BH-OPVia in C[)Ch gave well resolved resonance signals 

in accordance with the structure of the molecule. whereas in benzene-<4. the spectrum 

did not show any of the characteristic resonance signals corresponding to the aromatic 

and vinylic protons. These observations point towards the strong intermolecular 

Interaction due to the aggregation of the QPV units through noncovalent self-assembly 

of the molecules in benzene-d6 . In such cases, the IH NMR signals are too broad and 

weak to be distinguished due 10 the long correlation time. Changes in Ihe resonance 
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signals of the aromatic and vinylic protons between the temperature ranges of 10 or. 
70"C are shown in Figure 2.108. As the temperature increases, the resonance signals 

corresponding to the aromatic protons appeared gradually at cS = 7.49, 7.37 &nd 

7.05 ppm, along with the vinylic protons at cS = 8.05 ppm. The corresponding changes 

to the aliphatic protons are shown in Figure 2.IOb. The benzylic and the -DCH
2 

protons which appeared as broad unresolved peaks at S = 4.79 and 3.65~3 .9 ppm, 

respectively became well resolved when the temperature is increased to 50°C. Further 

heating did not show any considerable cha~ge except for a small upfield shift of 

vinylic protons from 8.05 ppm to 7.95 pprn. Variable temperature IH NMR spectra of 

BH-OPVla in cyclohexane-d12 showed similar temperature dependency though the 

resolution of the resonance peaks occurred above 60°C, indicating a higher stability 

of the self-assembly in cyclohexane. 

b) i ' -J 70'" 

J. iI. 50'" 

~O'C 
f f i I i I 

U t.o 1.j 7.0 6.J 6.0 
. 

15.0 4 .15 4.0 ' .15 ' .0 

F;gure 2.10. Temperature dependent lH NMR spectra of BH·OPV1a in benzene-ds (5 mM) on the 

heating cycle. 
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2 6 x-ray Diffraction Studies 
2 ••• 

X-ray diffraction patterns of the xerogels obtained from BH-OPVl b show well 

resolved diffraction patterns characteristic of the long range ordering of the molecules 

(Figure 2. I I a). In addition, a strong diffraction signal corresponding to a d-spacing of 

23.2 A, which is very close to the calculated molecular length (2 1.2 A) of BH-OPVl b 

could be seen in the small angle region. A prominent reflection that is characteristic of 

a typical 1t-1t stacking distance is observed in the wide-angle region at 3.8 A. The 

strong intensity of the wide-angle peaks at 4.2 and 4.9 A indicates the ordered packing 

of the dodecyl side chains in a layer type assembly. Figure 2. I I b shows the intense 

diffraction peak of BH-OPVla,b and d at the short angle region, which corresponds 

to the d-spacing of 41.7 A, 35.2 A and 16.5 A, respectively. These distances match 

with the calculated width of the respective molecules with extended side chains. This 

is an indication of the lamellar packing distance that should vary with the length of the 

side chains. This argument is clear from the comparison of the observed d-spacing. 

Based on these data, it appears that the xerogel of BH-OPVlb most likely consists of 

a lamellar type packing through a cooperative H-bonding, 1t-stacking and van der 

Waals interactions as shown in Figure 2.12. In the lamellar packing, BH-OPVl b 

adopts a planar structure, in which the aryl units are coplanar and the alkyl side chains 

are laterally extended with a complete stretching of the side chains within the same 

plane of the conjugated backbone. The diffraction patterns of BM-OPV carrying 

hexadecyl side chains, where the H-bonding of the two hydroxymethyl groups were 

blocked, showed relatively broad reflections (Figure 2.11 a). The absence of higher 

order reflections and the presence of broad reflections in the wide-angle region point 

toward a low degree of ordering in this case. The wide-angle region showed broad 

diffraction at 3.8 and 4.8 A corresDondinQ 10 a weak TC-TC <;tackinu Thp<;p oh<;prvationo;: 
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are in agreement with the ot'lscrvcd ge lation bchavior of BH-O PVl a and BM-OPV as 

indicated in Table 2.1 and Table 2.2. 

. ) b) BH-OPV ld 
(16.5) 

BH.OPVIa L. (41.71 
,lA " I ~ .., 

BH ..()P\ ' lb ..,. 
1 I~.l) ~ 

.!. -
\ f 

BH-OPV lb 

f "., 
I l-

BM.O'\' 

\ \ 

• 1 • 1. 20 2. 30 35 40 2 3 4 • 20 JJI 

Figure 2.11 . a) X-ray diffraclioo patterns (room temperature) of the xerogels of BH-OPV1b and BM· 
OPV. b) Diffraction patterns in tte short angle regioo corresponding to the lamellar packing distance of 
BH-OPV1a, BH-OPV1 b and BH-OPV1d. 

1 l.l A ~. 

lJ.2A 

Figure 2.12. Schematic view of the lamellar packing of BH-OPV1b in the gel state. a) Structure of BH· 

OPV1b, b) side view and e) moleOJlar model of the top view of the lamellar packing. 
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2J.1. optical Polarizing Microscopy 

When viewed through crossed polarizers, the neat bishydroxy derivatives BH-

OPVla-c showed birefringent textures below the isotropic melting temperature. For 

example, when the neat BH-OPVla is allowed to cool from the isotropic melt, 

spOntaneous growth of long birefringent tape like textures could be observed at 114°C 

as shown in Figures 2.13a and b. Presence of these textures indicates the linear growth 

of anisotropic H-bonded assemblies of the OPV molecules. [nterestingly, it is 

observed that the length of the hydrocarbon side chains strongly influences the 

evolution of the textures. For example, the OPM picture of BH-OPVld with hexyl 

side chains showed characteristic of crystalline textures when compared to the long 

fibrous textures of BH-OPVla (Figure 2.13c). The role of H-bonded supramolecular 

assemblies in the growth of the tape-like structures isjustified by comparing the OPM 

textures of the neat S-OPV (Figure 2.13d) with that of the BH-OPVla (Figure 2.13a). 

Cooled melt of S-OPV at 106°C showed the presence of crystallites due to the lack of 

H-bond assisted self-assembly. The birefringent tape-like textures obtained for the 

neat BH-OPVla is very similar to that reported in the case of some helicenes and 

such textures are rare in the literature.27 

Figures 2.14a and 2.14b represent the optical micrographs of a BH-OPVl b gel 

in decane under different magnification, which are obtained under a moderate cooling 

rate of 5 °Cmin". When cooled from the isotropic solution, birefringent fibrous 

aggregates emanating from random nucleation centers could be seen. The individual 

strands are difficult to discern within the bundles of fibers. The strong birefringence of 

the fibers indicates a well-defined molecular arrangement during the gelation as 

noticed in the case of the neat gelators, which is the result of the three-dimensional 
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Figure 2.13. Optical polarizing microscopic image of neat OPVs. a) BH·OPV1a (1DO xl, b) BH·OPV1a 

(400 xl, cl BH-OPV1d (400 xl and d) S.()PV (400 xl. when cooled from the corresponding isotropic 
melt. 

organization of the ordered aggregates. When the same experiment was perfonned at a 

very low cooling rate of 0.5 OCmin't . slow growth of elongated, birefringent fibers 

were observed which is evident from Figures 2.14c and 2.14d. indicating that the 

cooling rate is critical in the directional growth of the fibrous assembly. Fast cooling 

induces large number of nucleation sites leading to the radial growth of aggregates 

whereas slow cooling produces fewer nucleation centers leadi ng to the directional 

linear growth of long fibers. Similar textures were observed for the decane gels of 

other bisalcohols. although the aggregate size varies with the structure and 

concentration orthe OPVs. Decane gels of MH·OPV also showed birerringent flbers, 

even though they are short, thin and less directional (Figure 2.14e). Interestingly. the 

decane gels or the methyl ether derivative BM·OPV upon slow cooling form 

microcrystallites from several nucleation centers as shown in Figure 2.14f which 
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failed to form long fibrous aggregates in contrast to BH-OPVI b. The difference in the 

morphology of the structures obtained from the gels of BH-OPVI band BM-OPV 

reveals that hydroxymethy l !,'TOUpS arc essent ial for the formation of the extended 

supranlolecular assemblies wi th long range ordering. leading to fiber growth and 

eOic.;ienl gelation. 

Figure 2.1 • . Optical micfographs of the decane gels of BH-OPV1b under moderate cooling al 100x 

and b) 400x and by slow cooling cl 100x and d) 400x. Optical micrographs of the decane gels of e) MH· 
OPVand ij BM-OPV observed under moderate cooling (100 x). 
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2.2.8. Electron Microscopic and Atomic Force Microscopic Studies 

Representative Scanning Electron Microscopic (SEM) images of the dried BQ. 

OPVla gels from toluene are shown in Figures 2.15a and b. These micrographs show 

the presence of entangled network of twisted supramolecular tapes fonned by the self. 

assembly of BH-OPVla. Careful analysis showed that these twisted tapes are 

approximately 50-100 nm in width and several micrometers in length. SEM pictures 

indicate that the fibers split and fuse with other fiber bundles, leading to the fonnation 

of junction zones, which stabilize the three-dimensional entangled network structures. 

Figures 2.15c and d are the SEM pictures of the dried gels of BH-OPVla from 

decane. In this case the fibers are more dense, entangled and twisted. A magnified 

image indicates that entangled textures have the morphology of twisted tapes. The 

width of the tapes obtained from the decane gel is larger than that of the toluene gel, 

which indicates that intennolecular interaction is much stronger in the fonner case. In 

addition, the solvent-gelator interaction and as a result, the interactions between 

individual tapes are much strong in decane thereby leading to the fonnation of longer 

twisted tapes. Thus the observed gelation efficiency and the stability of the OPV gels 

are in agreement with the observed morphology. 

Figure 2.16 represents the SEM pictures of a drop casted film of the bisa1cohol 

BH-OPVla, which showed fibrous morphology irrespective of the solvent used for 

the preparation of the film. In this case, large bundles of fibers with diameters varying 

from 0.2-0.8 )lm are obtained which might be fonned from small tapes and fibers. 

Figure 2.16b shows the SEM image of such a large bundle of fibers comprising of 

several coiled and entangled small fibers. 
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Figure 2.15. Scanning electron microscopic pictures of BH-OPV1a gels from toluene (a, b) and decane 

(c, dJ_ 

Figure 2.16. Scanning electron microscopic pictures of the BH-OPV1I drop casted from chloroform 
solution. a) magnification 5,000 and b) magnifICation 20. 000. 

A comparative study of the SEM pictures of the different DPV derivatives 

Provided insight to the role of the H-bonding functionality on the morphology of the 

selr'assembled structures. In the case of the methyl ether derivative BM-OPY, short 

' feather-like' aggregates are obtained which are in contrast to the several micrometers 

long fibers of the bi sa1cohol derivatives (Figure 2.17a). This observation is in 
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fibers resulting from the lack of cooperative interactions of an anisotropic growth. 

However, the gelation of BM-OPV in hydrocarbon solvents reveals that long fibrous 

morphology is not a crucial factor in the fonnation of organogels, particularly in long 

hydrocarbon solvents, although this may affect the efficiency of gelation and the 

stability of the gels to a considerable extent. A SEM picture of a film of S-OPV 

having no end substituents showed a completely different morphology, in which 

randomly clustered aggregates of 0.5· 1.0 IJm in size are present (Figure 2.17b). These 

aggregates failed to trap organic solvents and hence S-OPV was not able to form gels. 

Interestingly. the SEM picture of BH-OPVlb showed the fonnation of fibrous 

aggregates in chloroform-methanol solvent mixtures, the morphology of which is 

entirely different from the ge l fibers obtained from toluene or cyclohexane (Figure 

2.17c). The above observations indicate that H-bond formation between the terminal 

hydroxymethyl groups is a key factor for the efficient gelation of OPVs. leading to the 

formation of supramolecular textures of definite shape and size. 
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Figure 2.17. Scanning electron microscopic pictures of a) cycIohexane gel of BM·OPV, b) SOOPV as a 

casted film and c} aggregates of BH.()PV1b from chloroform-methanol solvent mixture. 

The transmission electron micrograph (TEM) of BH-OPVJa from a dil ute 

toluene solution provided more information on the morphology of the self-assembled 

textures. The TEM picture in this case shows the presence of isolated twisted tapes of 

50-100 nm in diameter and several micrometers in length (Figure 2.18). In a 
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~ified image (Figure 2.1gb) the presence of several thin tiber-Iike structures of 

10-20 nm in diameter could also be seen in addition to the large twisted structures. 

fhe altemate dark and bright regions observed are the indication of the twisted 

morphology of the flbers. 

'. 

FJgu" 2.18. TEM pictures of the twisted fllle" of BH·OPV1. gels from toluene. 

AFM images of the BH-OPVla self-assembly from toluene shows the 

presence of supramolecular tapes which consists of intertwined bundles of 50-150 om 

in width and several micrometers in length (Figures 2.198 and 2.19b). It is also clear 

that the fiber bundles are built up from thinner fibers of 10-20 om width. The width of 

the smallest fiber bundle that can be distinguished is 50-70 om. Several isolated fibers 

COUld be observed under the AFM, when a dilute solution of the BH-OPVla is 

deposited by drop casting. The morphology of such a single fiber is shown in Figure 

2.1%. The presence of an array of the dark and bright areas of approximately 2 nm in 

width shows the molecular level lamellar organization of the individual QPV units. 

AFM analysis of the toluene gels MH-OPV (Figure 2.20a) and BM-OPV 
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(Figure 2.20b) showed the presence of fibrous and plate·like morphologies , 

respectively which are in agreement with the SEM results. 

a) c ) '-.. 
S .~ -' .. 
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Figure 2.19. AFM of BH-OPV1a from toluene under different magnification. 

Figure 2.20. AFM of a) MH.()PV and b) BM-oPV from toluene. 

Based on the results obtained by the IH NMR. DSC, X-ray, OPM, SEM, TEM 

and AFM studies, it is clear that the gelation of the BH-OPVta--d is due to the 

cooperative supramolecular organi:mtion of the OPV units which is assisted by H-

bonding, It-stacking and van der Waals interactions . The weak nondirectional H-

bonding interaction of the hydroxymethyl end groups allows the fonnation of linear 

H-bonded assemblies as shown in Figure 2.12. These linear H-bonded assemblies will 

fonn supramolecular layer-like assemblies through the lamellar packing. The layered 

assemblies will be reinforced by 1t-stacking and van der Waals interactions leading to 
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the formation of supramolecular tapes. H-bonding may also be possible between the 

stacked layers which may act as reversible noncovalent crosslinking, resulting in a 

three-dimensional network. Further growth will result in the twisting of the tapes 

thereby forming elongated fibrous network leading to the immobilization of large 

volume of solvents within and between the networks, resulting in the gelation. The 

morphological analysis of the self-assemblies obtained from other OPV derivatives 

under investigation clearly established the role of the H-bonding motifs and the length 

and position of the side chains in the gelation process. 

2.3. Conclusions 

The OPV based organogelators reported here is a novel class of hydrocarbon 

gelators derived from rigid aromatic 1t-conjugated molecules. The presence of weak 

H-bonding hydroxymethyl groups and long hydrocarbon side chains are crucial for the 

gelation. Formation of strong gels even at a concentration below I mM shows that 

OPVs are efficient gelators of hydrocarbon solvents. The gelation properties and the 

morphology of the resultant supramolecular systems can be controlled by suitable 

modification of the OPV structures. Detailed morphological studies using OPM, SEM, 

rEM and AFM techniques revealed the formation of birefringent, entangled 

nanostructures of 50-1 00 nm in width and several micrometers in length. Evolution of 

the self-assembled fibrous network and the consequent gel formation is attributed to a 

Cooperative interaction of H-bonding, 1t-stacking and van der Waals association of the 

individual OPV units leading to linear arrays of molecular stacks. The present study 

illustrates the importance of weak nondirectional H-bonding motifs for the design of 

strong gelators of hydrocarbon solvents. The different morphologies induced by the 
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gelation and the consequent reversible changes in the macroscopic properties endow 

these OPV organogels as a novel class of materials with tunable properties. 

2.4. Experimental Section 

2.4.1. Synthesis and Characterization 

Unless otherwise stated, all starting materials and reagents were purchased 

from commercial suppliers and used without further purification. The solvents used 

were purified and dried by standard methods prior to use. Melting points were 

determined with a Mel-Temp-II melting point apparatus and are uncorrected. 'H and 

I3C NMR spectra were measured on a 300 MHz Bruker Avance OPX spectrometer 

using TMS as internal standard. FT -IR spectra were recorded on a Nicolet Impact' 

4000 infrared spectrophotometer. Matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF) mass spectra were obtained on a Perseptive Biosystems Voyager 

DE-Pro MALDI-TOF mass spectrometer. High-resolution mass spectra were recorded 

on a JEOL JM AX 505 HA mass spectrometer. The OPV bisaldehydes 6, were 

prepared using a reported procedure.28 

General Procedure for the Preparation of the Bisalcohols BH-OPVla-e, BH· 

OPV2 and BH-OPV3. The appropriate precursor bisaldehyde28 (6, 0.2 mmol) was 

dissolved in a mixture of methanol (10 mL) and dichloromethane (35 mL). To this 

solution, sodium borohydride (0.4 mmol) was added and stirred at room temperature 

for 45 minutes. The reaction mixture was poured into water and extracted with 

dichloromethane. The organic layer was dried and concentrated to give the 

corresponding aIcohols. Yields, melting points, and spectral details of each product 

are given below. 
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BH-OPVla. Yield: 92%. mpl13-114 °C. FT-IR (KBr) Vrnax = 851, 965, 1011,1068, 

1202, 1259, 1341, 1388, 1418, 1460, 151 1,2845,2918,3381 cm'l. IH NMR (300 

MJ-Iz, CDCI), TMS): 80.85-0.87 (m, 18H, -CH)), 1.25-1.83 (m, 168H, -CH2), 2.3 (s, 

br., 2H, -OH), 3.97-4.04 (m, 12H, -OCH2), 4.68 (s, 4H, -CH20H), 6.86 (s, 2H, 

aromatic), 7.12 (s, 2H, aromatic), 7.14 (s, 2H, aromatic), 7.45 (s, 4H, vinylic) ppm. 

13CNMR (75 MHz, COCI)) 8 14.10,22.69,26.21,26.26,28.70,28.95,29.37,29.57, 

29.58,29.72,31.93,62.31,68.57,69.49,69.70,109.10, 110.73, 114.00, 122.69, 

123.33, 127.25, 127.35, 129.29, 150.64, 151.05 ppm. MALDl-TOF MS (MW = 

1785.12): mlz = 1785.55 [Mr. 

BH-OPVlh. Yield: 93%. mp 115-116 0c. FT-IR (KBr) Vrnax = 851, 963, 1072, 1207, 

1258, 1344, 1389, 1421, 1466, 1510,2847,2920,3056,3349 cm'l. IH NMR (300 

MHz, CDCh, TMS): 80.87 (m, 18H, -CH)), 1.25-1.83 (m, 120H, -CH2), 2.4 (s, br., 

2H, -OH), 3.98-4.04 (m, 12H, -OCH2), 4.67 (s, 4H, -CH20H), 6.86 (s, 2H, 

aromatic), 7.12 (s, 2H, aromatic), 7.14 (s, 2H, aromatic), 7.45 (s, 4H, vinylic) ppm. 

13 
C NMR (75 MHz, COCI)) 8 14.09,22.67,26.20, 26.25, 26.31, 29.36, 29.46, 29.59, 

29.68, 31.91, 62.28, 68.58, 69.50, 69.70, 109.08, 110.67, 114.00, 122.64, 123.34, 

127.21, 127.36, 129.32, 150.65, 151.07 ppm. HRMS-ES': [M+Nar calcd for 

C96H1660gNa, 1470.2480; found, 1470.2490. 

BH-OPVlc. Yield: 95%. mp 126-127 qc. FT-IR (KBr) Vrnax = 851,964,1026,1073, 

1207, 1253, 1340, 1392, 1423, 1474, 1515,2850,2922,3339 cm,l. IH NMR (300 

MHz, CDCb, TMS): 0 0.87-0.89 (m, 18H, -CH3), 1.27-1.85 (m, 72H, -CH2), 2.6 (s, 

br., 2H, -OH), 3.97-4.06 (m, 12H, -OCH2), 4.68 (s, 4H, -CH20H), 6.87 (s, 2H, 

aromatic), 7.12 (s, 2H, aromatic), 7.15 (s, 2H, aromatic), 7.45 (s, 4H, vinylic) ppm. 



96 Chapt'=!..l.l 

l3C NMR (75 MHz, CDCI3) 0 14.09,22.67,26.31,29.36,29.42,29.49,31. 89,62.32 , 
68.59,69.53,69.72, 109.12, 110.71, 114.03, 123.38, 123.56, 127.24, 127.39, 129.34 , 
150.66, 151.09 ppm. HRMS-FAB: [Mt ca1cd for CnH\I80s. ] 110.8827; found, 

1110.8842. 

BH-OPVld. Yield: 96%. mp 134-135 Dc. FT-IR (KBr) Vrnax = 854, 965, 1053, 1208, 

1259, 1344, 1391, ]425, 1466, 1511,2859,2930,3416 cm· l
. IH NMR (300 MHz, 

CDCI3, TMS): 0 0.90-0.91 (m, 18H, -CH3), 1.26-1.85 (m, 48H, -CH2), 3.89-4.06 (m, 

12H, -OCH2), 4.68 (s, 4H, -CH20H), 6.87 (s, 2H, aromatic), 7.13 (s, 2H, aromatic), 

7.15 (s, 2H, aromatic), 7.45 (s, 4H, vinylic) ppm. l3C NMR (75 MHz, CDCI3) 8 14.04, 

22.64, 25.93, 29.48, 31.64, 62.31, 68.55, 69.47, 69.66, 109.06, 110.56, 113.93, 

118.91,123.27,123.38,125.5,127.15,150.65,151.05 ppm. HRMS-FAB: [Mt calcd 

for C6oH940S, 942.6949; found, 942.6921. 

BH-OPVle. Yield: 85%. mp 74-75 Dc. FT-IR (KBr) V max = 852, 965, 1077, 1201, 

1259, 1341, 1385, 1424, 1465, 1511,2845,2920,3367 cm· l
. 'H NMR (300 MHz, 

CDCI3, TMS): 0 0.87-0.89 (m, 18H, -CH3), 1.27-1.85 (m, 72H, -CH2 and -CH), 2.4 

(s, br., 2H, -OH), 3.97-4.06 (m, 12H, -OCH2), 4.67 (s, 4H, -CH20H), 6.86 (5, 2H, 

aromatic), 7.12 (s, 2H, aromatic), 7.14 (s, 2H, aromatic), 7.44 (5, 4H, vinylic) ppm. 

13C NMR (75 MHz, CDCI3) 0 11.32, 14.06,23.08,24.27,29.15,30.81,39.74,62.19, 

70.63, 71.50, 71.89, 108.10, 109.44, 113.65, 112.39, 122.54, 127.05, 127.23, 129.35, 

150.67, 151.13 ppm. MALDI-TOF MS (MW = 1110.88): mlz = 1110.82 [Mt. 

BH-OPV2. Yield: 93%. mp 95-96 Dc. FT-IR (KBr) Vrnax = 852, 960, 1017, 1073, 

1104, 1212, 1269, 1337, 1393, 1424, 1470, 1511,2856,2928,3381 cm· l
. IH NMR 

(300 MHz, CDCI3, TMS): 0 0.85-0.87 (m, 12H, -CH3), 1.25-1.85 (m, 112H, -CH2), 
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3.47 (s, br., 2H, -OH), 4.03-4.06 (m, 8H, -OCH2), 4.71 (s, 4H, -CH20H), 6.80 (s, 

2H, aromatic), 7.10 (s, 2H, aromatic), 7.34-7.39 (d, J = 16.5 Hz, 2H, vinylic), 7.46-

7.5] (d, J= 16.5 Hz, 2H, vinylic), 7.56 (s, 4H, aromatic) ppm. 13C NMR (75 MHz, 

CDCI3) 8 14.10, 22.68, 26.21, 29.36, 29.42, 29.69, 62.24, 68.67, 69.68, 107.60, 

113.90, ]23.31, 126.45, ]26.79, 128.41, 129.61, 137.09, 150.77, 151.04 ppm. 

MALDI-TOF MS (MW = 1303.13): mlz = l303.03 [Mf. 

BH-OPV3. Yield: 95%. mp 96-97 QC. FT-IR (KBr) V max = 847, 965, 1017, 1 ]04, 

1207, l264, 1336, 1393, 1424, l475, 1516,2850,2918,3283 cm'l. 'H NMR (300 

MHz, CDCh, TMS): 80.85-0.87 (m, 6H, -CH), 1.25-1.86 (m, 56H, -CH2), 3.49 (s, 

br., 2H, -OH), 4.03-4.07 (t, J= 6.39 Hz, 4H, -OCH2), 4.70 (s, 4H, -CH20H), 7.10-

7.15 (d,J= 16.4 Hz, 2H, vinylic), 7.12 (s, 2H, aromatic), 7.34-7.37 (d,J= 7.8 Hz, 

4H, aromatic), 7.45-7.50 (d, J = 16.5 Hz, 2H, vinylic), 7.51-7.54 (d, J = 7.7 Hz, 4H, 

aromatic) ppm. IJC NMR (75 MHz, CDCI3) 8 14.11, 22.68, 26.21, 26.62, 29.37, 

29.57,29.65,29.69,31.92,65.21,69.61, ]05.47, 110.72, 123.61, 126.69, 126.88, 

127.39, 137.49, 139.99, 151.13 ppm. MALDI-TOF MS (MW = 822.65): m/z = 

822.60 [Mr. 

Preparation of MH-OPV. MH-OPV was prepared by the reduction of the 

monoaldehyde derivative 8 as described above for the syntheses of BH-OPVs. Yield: 

95%. mp 112-113 dc. FT-IR (KBr) V max = 852, 964, 1071, 1206, 1259, 1343, 1387, 

1420,1462,1511,2842,2922,3322 cm'l. IHNMR (300 MHz, CDCI3, TMS): 8 0.86-

0.87 (m, 18H, -CH3), 1.18-1.95 (m, 120H, -CH2), 2.4 (s, br., 2H, -OH), 3.97-4.04 

(m, 12H, -OCH2), 4.67-4.69 (d, J = 6.3 Hz, 4H, -CH20H), 6.87 (s, IH, aromatic), 

7.12 (s, 2H, aromatic), 7.16 (s, 4H, vinylic), 7.33-7.38 (m, 3H, aromatic), 7.45 (s, 2H, 
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vinylic), 7.48 (s, 3H, aromatic), 7.52-7.54 (d, J = 7.8 Hz, 2H, aromatic) ppm. l3C

NMR (75 MHz, CDCh) 8 14.09, 22.62, 25.62, 28.95, 29.37, 29.49, 29.62, 29.82,

31.68, 60.65, 68.21, 69.51, 69.73, 109.11, 114.37, 114.65, 115.90, 122.34, 126.0,

127.11,128.36,129.32,131.24,150.65,151.07,155.11 ppm MALDI-TOF MS (MW

= 1520.45): m/z = 1520.27 [Mt.

Preparation of BM-OPV. The bisalcohol BH-OPVla (0.1 mmol) was dissolved in

dry THF and NaH (0.3 mmol) in dry THF was added in portions. Methyl iodide (003

mmol) was added to this solution while cooling. The reaction mixture was stirred for

12 h and poured into water and then extracted with dichloromethane. Concentration of

the organic layer followed by the column chromatography (hexane/chloroform, 3:1)

over silica gel (l00-200 mesh) gave the pure product BM-OPV. Yield 95 %. mp 99­

100 QC. FT-IR (KBr) Vmax = 846, 955, lOll, 1068, 1094, 1125, 1202, 1248, 1336,

1382,1418,1465,1511,2850,2923 cm". 'n NMR (300 MHz, CDCI), TMS): 80.85­

0.89 (m, 18H, -CH), 1.25-1.85 (m, 168H, -CH2) , 3.45 (s, 6H, -OCH), 3.97-4.05 (m,

12H, -OCH2) , 4.51 (s, 4H, -CH20CH), 6.96 (s, 2H, aromatic), 7.11 (s, 2H,

aromatic), 7.14 (s, 2H, aromatic), 7.45 (m, 4H, vinylic) ppm. l3C NMR (75 MHz,

CDCh) 8 14.04, 22.68, 26.20, 26.62, 28.70, 28.95, 29.34, 29.71, 29.69, 31.91, 58.4,

68.32,69.27, 69.52, 109.46, 110.68, 113.63, 123.29, 126.92, 127.28, 127.42, 150.70,

151.05 ppm. MALDI-TOF MS (MW = 1813.03): m/z = 1813.55 [Mt

Preparation of BA-OPV. Reaction of the bisalcohol BH-OPVla (0.1 mmol) and 1­

bromohexane (0.3 mmol) as per the procedure described for the preparation of BM­

OPV provided the BA-OPV in 60% yield after purification. mp 88-89 Qc. FT-IR

(KBr) Vmax = 855, 965,1032,1078,1207,1264,1346,1387,1428,1416,1516,2855,

2922 ern". IH NMR (300 MHz, CDCI3, TMS): (50.85-0.90 (m, 24H, -CH), 1.24-1.85
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(rn, 184H, ~CH2)' 3.50-3.55 (t, J = 6.63 Hz, 4H, -oCll2 sHl1)' 3.98-4.05 (m, 12H, 

-OCH2), 4.55 (s, 4H, ~CH20C6HI3), 6.99 (s, 2H, aromatic), 7.10 (s, 2H, aromatic), 

7.14 (s, 2H, aromatic), 7.45 (m, 4H, vinylic) ppm. I3C NMR (75 MHz, CDCI3) 8 

14.06, 14.11,22.69, 26.01, 26.24, 26.32, 29.37, 29.50, 29.53, 29.58, 29.68, 29.72, 

29.83, 31.77, 31.93, 67.30, 68.84, 69.51, 69.56, 70.83, 109.37, 110.63, 113.58, 

123.15,123.46,126.70,127.38,127.87,150.65,151.02 ppm. MALDI-TOF MS (MW 

:: 1953.30): mlz = 1952.84 [Mr. 

Preparation of S-OPV. S-OPV was prepared by Wittig-Horner reaction according to 

a reported procedure.23 Yield 90%. mp 106-107 QC FT-IR (KBr) Vrnax = 847, 965, 

1074, 1223, 1254, 1347, 1398, 1429, 1465, 1506,2840,2923 cm'!. IH NMR (300 

MHz, CDCI3, TMS): 80.85-0.87 (m, 18H, ~CH3), 1.25-1.84 (m, 168H, ~CH2)' 3.97-

4.01 (m, 12H, -OCH2), 6.7s (s, 2H, aromatic), 6.82 (d, J= 8.7 Hz, 2H, aromatic), 7.14 

(s, 2H, aromatic), 7.18 (d, J= 8.5 Hz, 2H, aromatic), 7.47 (s, 4H, vinylic) ppm. l3C 

NMR (75 MHz, CDCI]) 8 14.09, 22.68, 26.12, 2622, 26.28, 29.36, 29.48, 29.58, 

29.63, 29.71, 31.92, 68.63, 69.54, 69.61, 110.79, 112.24, 114.00, 1223.44, 123.87, 

127.41, 128.32, 129.29, 150.93, 153.34 ppm. MALDT-TOF MS (MW = 1724.93): mlz 

=: 1724.58 [Mr. 

2.4.2. General Procedure for Gelation Studies 

A weighed amount of the compound in an appropriate solvent was placed in a 

glass vial, which was sealed and heated until the compound was dissolved. The 

solution was allowed to cool to room temperature and the gel formation was 

confirmed by the failure of the transparent soft mass to flow by inverting the glass 

vial. The reversibility of the gelation was confirmed by repeated heating and cooling. 
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2.4.3. Description on Experimental Techniques 

Differential Scanning Calorimetry. An accurately weighed amount of the gel from 

appropriate solvents was analyzed on a Mettler Toledo Star DSC instrument under 

nitrogen atmosphere at the heating and cooling rates of 5 °c per minute. 

X-ray Diffraction. Gels of the different OPVs from hexane or toluene were coated on 

glass plates and the solvents were slowly evaporated. X-ray diffractograms of the 

dried films were recorded on a Phillips diffractometer using Ni filtered Cu Ko. 

radiation. 

Optical Polarizing Microscopy. The gel texture was observed on a polarizing light 

microscope (Nikon HFX 35 A Optiphot equipped with a Linkan THMS 600 heating 

and freezing stage connected to Linkan TP 92 temperature programmer). 

Scanning Electron Microscopy. Sheared gels from decane, cyclohexane or toluene 

were placed on sample studs and coated with gold by ion sputtering. SEM pictures 

were obtained either on a JEOL 5600 LV scanning electron microscope with an 

accelerating voltage of 10 kV, or a Hitachi S 2004 at an accelerating voltage of 15 kV. 

Transmission Electron Microscopy. Transmission Electron Microscopy was 

performed on a Hitachi H-7100 microscope. Samples were prepared by drop casting 

the OPV solution from toluene on carbon coated copper grids and the TEM pictures 

were obtained without staining. 

Atomic Force Microscopy. Atomic Force Microscopy images were recorded under 

ambient conditions using a Digital Instrument Multimode Nanoscope IV operating in 

the tapping mode regime. Micro-fabricated silicon cantilever tips (NSGO IIPt) with a 
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resonance frequency of approximately 150 kHz and a spring constant of about 5.5 

Nm- 1 were used. The scan rate varied from 0.5 to 1.5 Hz. The set-point amplitude ratio 

(rsp == As! Ao, where Asp is the amplitude setpoint, and Ao is the amplitude of the free 

oscillation) was adjusted to 0.9. All AFM images shown here were subjected to a first-

order plane-fitting procedure to compensate for sample tilt. AFM analysis was done 

ofiline. AFM samples were prepared by drop casting the OPV solution on freshly 

cleaved muscovite mica. 

2.5. References 

1. (a) Lehn, J.-M. Supramolecular Chemistry; VCH: Winheim, Germany, 1995. (b) 

Schneider, H.-J.; Yatsimirsky, A. Principles and Methods in Supramolecular 

Chemistry; Wiley: Chichester, 2000. (c) Steed, J. W.; Atwood, J. L. Supramolecular 

Chemistry; Wiley: Chichester, 2000. 

2. (a) Engelkamp, H.; Middelbeek, S.; Nolte, R. J. M. Science 1999, 284, 785. (b) Oda, R.; 

Hue, I.; Schmutz, M.; Candau, S. J.; MacKintosh, F. C. Nature 1999, 399, 566. (c) 

Prins, L. J.; Huskens, J.; de Jong, F.; Timmerman, P.; Reinhoudt, D. N. Nature 1999, 

398,498. (d) Hirschberg, J. H. K. K.; Brunsveld, L.; Ramzi, A.; Vekemans, J. A. J. M.; 

Sijbesma, R. P.; Meijer, E. W. Nature 2000,407, 167. (e) Berl, V.; Hue, I.; Khoury, R. 

G.; Krische, M. J.; Lehn, J.-M. Nature 2000,407, 720. 

3. (a) Nelson, J. C.; Saven, J. G.; Moore, J. S.; Wolynes, P. G. Science 1997, 277, 1793. 

(b) Moore, J. S. Ace. Chem. Res. 1997,30,402. (c) Prince, R. B.; Brunsveld, L.; Meijer, 

E. W.; Moore, J. S. Angew. Chem. Int. Ed. 2000,39, 228. (d) Brunsveld, L.; Meijer, E. 

W.; Prince, R. B.; Moore, J. S. J. Am. Chem. Soc. 2001,123,7978. 

4. (a) Bong, D. T.; Clark, T. D.; Granja, J. R.; Ghadiri, M. R. Angew. Chem. Int. Ed. 2001, 

40,988 and the references cited therein. Cb) Sakai, N.; Matile, S. Chem. Commun. 2003, 

2514 and the references cited therein. 



102 Chapter 2 -
5. (a) Stupp, S. I.; LeBonheur, V.; Walker, K.; Li, L. S.; Huggins, K. E.; Keser, M. 

" 

Amstutz, A. Science 1997,276,384. (b) Zubarev, E. R.; Pralle, M. U.; Li, L.; Stupp, S. 

I. Science 1999,283, 523. (c) Hartgerink, J. D.; Beniash, E.; Stupp, S. J. Science 2001, 

294, 1684. (cl) Zubarev, E. R.; Pralle, M. U.; Sone, E. D.; Stupp, S.1. JAm. Chem. Soc. 

2001,123,4105. 

6. (a) Wiirthner, F.; Sautter, A; Schmicl, D.; Weber, P. J. A Chem. Eur. J 2001, 7,894. 

(b) Sautter, A.; Schmid, D. G.; Jung, G.; Wiirthner, F. JAm. Chem. Soc. 2001, 123, 

5424. (c) Prins, L. J.; Thalacker, C.; Wiirthner, F.; Timmennan, P.; Reinhoudt, D. N. 

Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 10042. (d) Wiirthner, F.; Sautter, A Org. 

Biomol. Chem. 2003, 1, 240. 

7. See the references 4-28 cited in Chapter 1 of the thesis. 

8. (a) McQuade, D. T.; Kim, J.; Swager, T. M. JAm. Ch em. Soc. 2000, 122, 5885. (b) 

McQuade, D. T.; Hegedus, A. H.; Swager, T. M. JAm. Chem. Soc. 2000, 122, 12389. 

(c) Bunz, U. H. F. Chem. Rev. 2000, 100, 1605. (d) Bunz, U. H. F. Acc. Chem. Res. 

2001, 34, 998. (e) Levitus, M.; Schmieder, K.; Ricks, H.; Shimizu, K. D.; Bunz, U. H. 

F.; Garcia-Garibay, M. A. JAm. Chem. Soc. 2001,123,4259. (f) Kim, J.; Swager, T. 

M. Nature 2001,411, 1030. (g) Amt, L.; Tew, G. N. JAm. Chem. Soc. 2002, 124, 

7664. (h) Breitenkamp, R. B.; Tew, G. N. Macromolecules 2004, 37, 1163. 

9. (a) Percec, V.; Glodde, M.; Bera, T. K.; Miura, Y.; Shiyanovskaya, I.; Singer, K. D.; 

Balagurusamy, V. S. K.; Heiney, P. A; Schnell, I.; Rapp, A.; Spiess, H.-W.; Hudson, S. 

D.; Duan, H. Nature 2002,419,384. (b) Meijer, E. W.; Schenning, A. P. H. J. Nature 

2002,419,353. 

10. (a) Burroughes, J. H.; BradIey, D. D. C.; Brown, A R.; Marks, R. N.; Mac Kay, K.; 

Friend, R. H.; Bums, P. L.; Holmes, A. B. Nature 1990, 347, 539. (b) Kraft, A.; 

Grimsdale, A. C.; Holmes, A. B. Angew. Chem. Int. Ed. 1998, 37, 402. 

11. (a) Vu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A J. Science 1995,270, 1789. 

(b) Halls, J. J. M.; Walsh, C. A.; Greenham, N. c.; Marseglia, E. A; Friend, R. H.; 



'*,Conjugated Organogels 103 -
Moratti, S. c.; Holmes, A. B. Nature 1995, 376, 498. (c) Brabec, C. J.; Sariciftci, N. S.; 

Hummelen, J. C. Adv. Funcl. Mater. 2001, 11, IS. (d) EI-ghayoury, A.; Schenning, A. 

P. H. J.; van Hal, P. A.; van Duren, J. K. J.; Janssen, R. A. J.; Meijer, E. W. Angew. 

Chem. Int. Ed. 2001, 40, 3660. (e) Ramos, A. M.; Rispens, M. T.; van Duren, J. K. J.; 

Hummelen, J. C.; Janssen, R. A. J. JAm. Chem. Soc. 2001, 123,6714. 

12. (a) Horowitz, G. Adv. Mater. 1998, la. 36S. (b) Sirringhaus, H.; Brown, P. J.; Friend, R. 

H.; Nielsen, M. M.; Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; 

Janssen, R. A. J.; Meijer, E. W.; Herwig, P.; de Leeuw, D. M. Nature 1999, 401, 68S. 

(c) Cornil, J.; Beljonne, D.; Calbert, J.-P.; Breads, J.-L. Adv. Mater. 2001,13, IOS3. 

13. (a) Martin, R. E.; Diederich, F. Angew. Chem. 1nt. Ed. 1999, 38, 13S0. (b) Tour, J. M. 

Chem. Rev. 1996, 96, 537. (c) Milllen, K.; Wegner, G. Electronic Materials; The 

Oligomer Approach; VCH: Weinheim, Germany, 1998. 

14. (a) Schenk, R.; Gregorius, H.; Meerholz, K.; Heinze, J.; Mlillen, K. JAm. Chem. Soc. 

1991, 113,2634. (b) Tian, B.; Zerbi, G.; Schenk, R.; Mlillen, K. J Chem. Phys. 1991, 

95,3191. (c) Cornil, J.; Beljonne, D.; Shuai, Z.; Hagler, T. W.; Campbell, I.; BradJey, 

D. D. c.; Bredas, J. L.; Spangler, C. W.; MilIJen, K. Chem. Phys. Lell. 1995,247, 42S. 

IS. Stalmach, U.; Kolshom, H.; Brerun, I.; Meier, H. Liebigs Ann. 1996, 1449. (b) 

Gebhardt, V.; Bacher, A.; Thelakkat, M.; Stalmach, U.; Meier, H.; Schmidt, H.-W.; 

Haarer, D. Adv. Mater. 1999, 11, 119. (c) Meier, H.; Gerold, J.; Kolshorn, H.; 

Baumann, W.; Bletz, M. Angew. Chem. Int. Ed. 2002,41,292. 

16. (a) Gaylord, B. S.; Wang, S.; Heeger, A. J.; Bazan, G. C. JAm. Chem. Soc. 2001, 123, 

6417. (b) Robinson, M. R.; Wang, S.; Heeger, A. J.; Bazan, G. C. Adv. Funct. Maler. 

2001,11,413. (c) Liu, B.; Gaylord, B. S.; Wang, S.; Bazan, G. C. JAm. Chem. Soc. 

2003,125,670S. 

17. (a) Peeters, E.; Ramos, A. M.; Meskers, S. C. J.; Janssen, R. A. J. J Chem. Phys. 2000, 

112,944S. (b) Peeters, E.; van Hal, P. A.; Knol, J.; Brabec, C. J.; Sacriciftci, N. S.; 

Hummelen, J. c.; Janssen, R. A. J. J Phys. Chem. B 2000, 104, 10 174. 



104 Chapter 2 -
18. (a) Maddux, T.; Li, W.; Vu, L. J. Am. Chem. Soc. 1997, 119, 844. (b) Bao, Z. 

" 

Amundson, K. R.; Lovinger, A. J. Macromolecules 1998, 31, 8647. (c) Hoag, B. P.; 

Gin, D. L. Adv. Mater. 1998, 10, 1546. (d) Eckert, J.-F.; Maciejczuk, U.; Guillon D. , ., 
Nierengarten, J.-F. Chem. Commun. 2001, 1278. 

19. (a) Strehmel, 8.; Sarker, A. M.; Malpert, J. H.; Strehmel, V.; Seifert, H.; Neckers, D. 

C. J. Am. Chem. Soc. 1999,121, 1226. (b) van Hutten, P. F.; Wildeman, J.; Meetsma, 

A.; Hadziioannou, G. J. Am. Chem. Soc. 1999, 121, 5910. (c) Renak, M. L.; 

Bartho1omew, G. P.; Wang, S.; Ricatto, P. J.; Lachicotte, R. J.; Bazan, G. C. J. Am. 

Chem.Soc. 1999,121,7787. 

20. For hydrogen bonded self-assembly in pheny1enevinylenes: (a) Eckert, J.-F.; Nicoud, J.­

F.; Guillon, D.; Nierengarten, J.-F. Tetrahedron Let!. 2000,41,6411. (b) EI-ghayoury, 

A.; Peeters, E.; Schenning, A. P. H. J.; Meijer, E. W. Chem. Commun. 2000, 1969. (c) 

Schenning, A. P. H. J.; Jonkheijrn, P.; Peeters, E.; Meijer, E. W. J. Am. Chem. Soc. 

2001,123,409. (d) Schenning, A. P. H. J.; van Herrikhuyzen, 1.; Jonkheijm, P.; Chen, 

Z.; Wtirthner, F.; Meijer, E. W. J. Am. Chem. Soc. 2002,124, 10252. (e) Jonkheijm. P.; 

Hoeben, F. J. M.; Kleppinger, R.; van Herrikhuyzen, J.; Schenning, A. P. H. J.; Meijer, 

E. W. J. Am. Chem. Soc. 2003, 125, 15941. (t) Jonkheijm, P.; Miura, A.; Zdanowska, 

M.; Hoeben, F. J. M.; De Feyter, S.; Schenning, A. P. H. J.; De Schryver, F. C.; Meijer, 

E. W. Angew. Chem. Int. Ed. 2004, 43, 74. (g) Wtirthner, F.; Chen, Z.; Hoeben, F. J. 

M.; Osswald, P.; You, C.-C.; Jonkheijrn, P.; van Herrikhuyzen, J.; Schenning, A. P. H. 

J.; van der Scoot, P. P. A. M.; Meijer, E. W.; Beckers, E. H. A.; Meskers, S. C. J.; 

Janssen, R. A. J. J. Am. Chem. Soc. 2004, 126, 10611. 

21. See the references 29-108 cited in Chapter I of the thesis. 

22. Schoonbeek, F. S.; van Esch, J. H.; Wegewijs, B.; Rep, D. B. A.; de Haas, M. P.; 

Klapwijk, T. M.; Kellogg, R. M.; Feringa, B. L. Angew. Chem. Int. Ed. 1999, 38, 1393. 

23. Chen, S.-A.; Chang, E.-C. Macromolecules 1998, 31,4889. 

24. Luboradzki, R.; Gronwald, 0.; Ikeda, A.; Shinkai, S. Chem. Lett. 2000, 1148. 



, ff"C~njugaled Organogels 105 -
25. In a dropping ball method, a steel ball (150 mg) was placed on the top of a I mL 

volume gel in a sealed glass vial. Then the gels are slowly heated, while the position of 

the ball on the top of gel is continuously observed, until the gel no longer bears the ball. 

The temperature at which the ball reaches the bottom of vial is taken as the sol-gel 

phase transition temperature (T gel). 

26. (a) Murata, K.; Aoki, M.; Suzuki, T.; Harada, T.; Kawabata, H.; Komori, T.; Ohseto, F.; 

Ueda, K.; Shinkai, S. J. Am. Chem. Soc. 1994,116,6664. (b) Yoza, K.; Amanokura, N.; 

Ono, Y.; Akao, T.; Shinmori, H.; Takeuchi, M.; Shinkai, S.; Reinhoudt, D. N. Chem. 

Eur. J. 1999,5,2722. (c) Clavier, O. M.; Brugger, J.-F.; Bouas-Laurent, H.; Pozzo, 1.­

L. J. Chem. Soc., Perkin Trans. 2, 1998,2527. 

27. (a) Philips, K. E. S.; Katz, T. J.; Jockusch, S.; Lovinger, A. J.; Turro, N. J. J. Am. Chem. 

Soc. 2001,123, 11899. (b) Chen, D.; Wan, L.; Fang, J.; Vu, X. Chem. Lett. 2001, 1156. 

28. Wang, B.; Wasielewski, M. R. J. Am. Chem. Soc. 1997,119, 12. 



-
Chapter 3 

Supra molecular Control of Optical Properties 

and Energy Transfer in x-Conjugated 

Light Harvesting Gels 

Abstract 

Selfassemhly induced changes in the ahsorption and emission 

pmperties afa variety oftailar madefluorescent OPV based organoge/.\· 

and their use in /if{ht han'csting are descrihed Detailed photophysical 

studies revealed the co-existence o.fthe unasscmbled and se(fassemhled 

molecules. the ratio of which varies as a fum:/ion of concentration. 

temperature, solvent and the structure of the OPV derivatives. The 

length and position of the h.vdmcarhon side chains and the presence of 

the h:vdmf{en bonding groups on the OPV backhone are crucial for the 

efficient modulation of the optical properties. The gelation induced 

changes in the absorption and emission properties are lIsed as a tool to 

probe the selfassemhly ofOPVs. In the presence of Rhodamine B as an 

acceptor, stmng fluorescence resonance enerKY transfer (FRET) 

quenching (?l the emission. exclusively from the selfassembled species 

could be ohserved. The efficiency of FRET is considerably influenced by 

the ability of the OPV to form the se~fassembled !>pecies and hence 

could be contro/led by temperature. EnerKY tran.sferfmm a xerogelfilm 

was more efficient than from a decane gel. FRET efficiencies (f the 

OPVs. which could not form gels, were significantb' low, FRET occurs 

only to the dye molecules, which are entrapped between the polar 

channels of the OPV gel. This is a unique example for the remarkahle 
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changes in the emission properties as a result ofself-assembly induced

gelation where selective energy transfer is possible exclusively from the

self-assembled donor and not from the isotropic solution. The present

study highlights the importance of chromophore organization in the

design ofsupramolecular light harvesting assemblies.

3.1. Introduction

In recent years there has been considerable interest in the design of extended 1t­

conjugated systems' as active components of various organic semiconductor devices

such as photovoltaic cells,2 FETs3 and light emitting diodes. 4 Among different

conjugated systems, oligo(phenylenevinylene)s (OPVs) have received significant

attention, mainly due to the well-defined molecular structures and novel optical

properties.i" Therefore, tuning of the optical properties of OPVs is extremely

.important for specific applications, which is usually achieved by structural

modifications. An alternate approach towards the modulation of optical and electronic

properties of 1t-conjugated systems utilizes supramolecular self-assembly of molecules

with the help of directional noncovalent interactions.f''" Supramolecular chemistry of

OPV s has been at the center stage of research in recent years by virtue of their novel

optical and electronic properties which are sensitive to intermolecular interactions and

molecular organization.!' Therefore, mesoscopic ordering of 1t-conjugated systems

and the consequent changes in the optical properties are gaining importance in the

emerging area of supramolecular electronics. 12

Control of supramolecular organization of chromophores':' plays a key role in

facilitating electron and energy transfer process, which are extremely important in

light harvesting systems. There are several strategies such as, the use of H-bonded

supramolecular complexes," dendrimers," chromophore-linked polymers, 16
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Lengmuir-Blodgert films l 7 and self-asse mbled monolayers" for the organization of

chromophore asse mblies. However. the curre nt interest is to deve lop highly organ ized

nanoscale supramolecular donor-acceptor arrays. which have advantages in vie w of

device fabricat ion. Energy transfer from OP Vs and PPVs to different acceptors has

bee d . I I'P I M I M " d k han reporte In severa cases. ': " ore recent y. euer an co wo r ers 'le

successfully demonstrated energy transfer in If-bonded helical eo-asse mbly of the

OPVs 1 and 2 of different conjugation length bearing identica l ureido-s-triazine

hydrogen bonding motif.n A fast and efficient energy transfer from the soon er to the

longer oligomers inside the supramolecular hel ica l stacks as Illustrated by the loss o f

the donor fluore scence signal was obse rved on increasin g the co ncentrat ion of the

acceptor molecules (Figure 3.1). Up to about 2 mol%. the acceptor molecules exist

only as isol ated energy traps. but at higher concentrations clustering of acceptor

molecules occur as evident from its quen ched and red shifted fluorescen ce afte r

energy transfer.

---
1:
' -•---

~ '- -
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.... en ...
<, , , /
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2 , 4 "

Figure 3.1. PhololurrMnescence spec:Irafor mixtures of1 and 2 in dodecane solution al 0-30 mo/% 2at
eo'C h) 0-30 mol'l\ 2 et 10'C c) 0-1 .2 mol'l\ 2 al l0 ·C. The self~l3y hydrogen bonding
motif of OPVs 1 ;;nj 2 enables !he formation of hetero-dmers and mixed helical stadts. in ..nich
efficient energy trirlsler is observed from 1 ID 2.
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Though there are several reports pertaining to FRET in organ ized assembl ies,

organogels are rarely used as scaffold for efficient energy transfer between donor­

acceptor chromophores ." Recently, Nakashima and Kimizuka have demonstrated

energy transfer between anio nic naphthalene (3. donor) and anthra cene (4, acceptor)

derivatives in the hydrogel fibrous assemblies of the cationic glutamate derivatives (5

and 6) through electrostatic interections.i" The regular packin g of the glutamate

chains into bilayers ensures highly ordered chrom ophoric assembly and consequently,

effi cient energy transfer from the naphthalene donors to the anthra cene acceptors has

been observed (Figure 3.2). In a similar way. eo-assembled gel networks of glutamate

substituted pyrene (7) and porphyrin (8) chromophores and the resultant energy

transfer from pyrene excimers to porphyrins have been reported (Figure 3.3),z3b

- - ----
Figure 3.2. Anionic naphthalene (3) and anthracene (4) as well as the cationic glutamate (5, 6)
derivatives comprising Kimizuka's light harvesting hydrogels. SChematic illustration is the hierarchical
self-organizalionof supramolecular hydrogels.
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Figure 3.3. Didodecyl L-glutamic acid substituted porphyrin (8) and pyrene (7) form mixed assemblies

in benzene. The energy transfer process inthe assemblies isschematically depicted.

Recently, Shinkai and coworkers have described a visible light harvesting

energy transfer cascade in eo-assembled organogels of perylene bisimide

functionalized cholesterol-based gelators 9_12.23d For this purpose, the absorption

spectra of the four perylene bisimides were tuned across the visible spectrum by

attachingdifferent substituents at the bay positions of the chromophores.

9 :

~o,.J........--..~o R ~A I 10:

o ~ I N':-t;l10 11 :

9-12 0 H

12 :

R= -H

R= -0-0+
R= --0

r-\
R= -N 0

'\......J

Chart 3.1

Various binary, ternary and quaternary perylene gels were prepared and

subjected to energy transfer studies. Selective excitation of9 at 457 nm resulted in the

quenching of its emission at !.em = 544 nm with efficiencies of 68% for 10, 53% for 11

and 34% for 12, consistent with decreasing donor-acceptor spectral overlap (Figure

3.4). In the quaternary system, perylene bisimide 12 effectively acts as an energy sink
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as a consequence of its twisted intramolecular charge-transfer character. It is

interesting to note that the supramolecular organization of the chromophores in the gel

state guarantees the success of this cascade transfer process. since in solution the

mentioned effects are not observed.

ecc
a-

400 •c
200 b

1 0:8
F, • : 10000

400 b : fQGOO

/);~
c: : l OO'3Cl

200 d : 10003
e : 10000

-~'- \... I : 1lXY3'3
0
400 sa> "" 700 8lO

J.fnn _

Figure 3.4. Fluorescencespectra of mixed perylene gels, The numbers in inset denote the molar ratios

for 9110111/1 2,Thecorresponding photographsof the mixedgels are alsoshown inthe inset.

With the help of various analytical and microscopic techniques. we have

established the structure-property relationship of the gelation process and the

morphologica l characterist ics of a variety of OPV based organogela tors (see Chapter

2). For example. the bishydroxymethyl OPV derivatives ( BH-OPVl a-d ) showed very

efficient gelation. which is strongly enhanced by long hydrocarbon side chains.

However. if the hydrox ymethyl groups are protected, the gelation effic iency

drastically decreases. still forming weak gels at higher concentrations or lower

temperature in long hydrocarbon solvents such as in decane, dodecane etc. It is

observed that gelation of OPVs are accompanied by strong change in the color of the

emission when the gels are irradiated (Figure 3.5). In order to shed further insight, we

thought of using the strong absorption and emission properties of OPVs as a tool for
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probing self-assembly and gelation. With this objective. we investigated on the change

in the optical and photop hysical properties of a variety of OPV derivatives as a

function of gelation in different hydrocarbon solvents. In addition. we have carried out

a detailed study on the potential use of the OPV based gelators as dono rs for selecti ve

energy transfer from the self-assembled chromophores to a suitable accep tor. The

structures of the diffe rent OPV based organogelators used for the studies are shown in

Figure 3.6.

a) b)

Figure 3,5. BH.QPV1 iiI decane gels a) before andb) after gelation under irradiation.

•

BH-OPVl a-d

I ; H. =< ( 'I,IIJJ
b; R " ( ' UIl15
c; R = ( 'Sll .,
d; R " C611 lJ

•

".0

.,

BM -OPV. R " C'."ll

BH·OPV3. R - C,.Hll

•

Figure 3.6. Molecular structure ofOPVderivatives under investigation.
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The photophysical data of the OPVs under investigation are presented in Table

3.1. All of them showed strong absorption corresponding to the 1t-1t* transition and

strong emission with high quantum yields. As a representative case, the absorption

and emission spectra of BH-OPVla under different experimental conditions are

shown in Figures 3.7a and 3.7b, respectively. In chloroform (1 x 10,5 M), the

absorption maximum of BH-OPVla is observed at 407 nm (s = 3.91 X 104 M'lcm'l)

and emission maxima are at 463 and 490 nm (<1>r= 0.73). In cyclohexane (Amax = 401

nrn, e = 4.48 x 104 M-tern-I) and in dodecane (Amax =404 nm, e = 1.86 x 104 M'lcm'l)

the absorption maxima are slightly blue shifted and the intensity of the 1t-1t* band is

decreased with the formation of a red shifted shoulder band at 467 nm. When the same

solution was heated to 65 °C, the shoulder band at 467 nm disappeared and the

original intensity of the 1t-1t* transition is regained as in the case of chloroform except

for a slight red shift of the absorption maximum which could be due to the change in

the solvent polarity. However, absorption spectrum of a film of BH-OPVla showed

close resemblance to the spectrum in dodecane. The emission spectra of BH-OPVla

in chloroform showed an intense band with maxima around 463 nm and 490 nm

whereas in dodecane the emission was completely shifted towards the long

wavelength region with maxima around 537 and 567 nm. However in cyclohexane at

room temperature a broad emission with several maxima at 454, 476, 527 and 561 nm

(<1>r = 0.20) were obtained, the relative intensities of which are dependent upon the

temperature and concentration (Figure 3.7b). Upon heating, the emission spectrum

became similar as in chloroform except for a slight red shift. Interestingly, as noticed

in the case of absorption, the emission of the BH-OPVla film was matching with that

in dodecane. These observations reveal that in chloroform BH-OPVla prefers to be in
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the molecularty dissolved monomeri c forms whereas in dodecane or in film form it

exists almost completely as self-assembled species. However. in cyc lohexa ne at room

tem perature. BH·OPVh molec ules are present in more than one co-existing species.

the com position of which varies as a function of concentration and tempera ture. The

resemblance of the emission spectra of BH·OPVla in dodecane at 25 °C and as a

drop casted film. indicate a similar kind of chromophore packing in both cases. Since

the long wavelength emission bands at 537 and 567 nm in dodecane. occur at the same

spectral position as that of the solid films. it is clear that these bands correspond to the

self-assembled OPV molecules.
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Figure 3.7. a) Absorption and b) emission spectra of BH-oPV1. indlloroform (_ .. - -. - I, cydoheXMe

(. ... . ']. and occeceoe (-I et 25 ~C, dodecane at 65~C (- . - . -I.and in the solid state (- - - l as a

coated ~rm (heoc =380 nrn). Inset of Figure 3.7b shows the visualemission from molecurarlydissolved

(left) and sett-assembled (right)BH-oPV1a moleculesindodecane.

Variable tempera ture UVlVis and fluorescence spectra or BH-OPVla in

dode cane showed a transition from the self-assembled species to the mclecularly

dissolved species as the temperature is increased from 15 °C to 65 °C (Figure 3.8). In

the UVNis spectra, an increase in the intensity orthe absorption maximum at 404 nm

was observed upon increasing the temperature. This is accompanied by a concomitanl
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decrease in the intensity of the shoulder band at 467 nm through an isosbestic point at

428 nm (Figure 3.8a). Similarly, in the fluorescence spectra O"ex = 380 nm), the

intensity of the long wavelength maxima at 537 and 567 nm decreases with the

simultaneous increase in the intensity of the emission bands at 452 nm and 459 nm

(Figure 3.8b) when the temperature is increased from 20-65 CC. These observations

clearly show the existence of atleast two different species of BH-OPVla in dodecane,

the self-assembled species at room temperature and the non-assembled species at

elevated temperatures. Gradual decrease of the emission from the self-assembled

species with increase in temperature could be observed more clearly when they were

selectivelyexcited at 470 nm (Figure 3.8c). Further proof for the existence of the two

different phases for BH-OPVla comes from the plots of the fraction of aggregated

species'" (a) versus the temperature, as obtained from the temperature dependent

UVNis and fluorescence experiments. In both cases, a good correlation was obtained

for the melting temperatures (53°C by UVNis and 51°C by fluorescence) of the self­

assembledspecies (Figure 3.8d).

Detailed analysis of the UVNis spectra of BH-OPVla in dodecane when

cooled from the isotropic solution, revealed a slight linear red shift of the absorption

maximum at the initial stages, indicating a probable planarization of the OPV units as

a result of the H-bonded self-assembly. On further cooling, a non-linear red shift is

observed, indicating a three-dimensional growth of the self-assembled OPV molecules

as a result of H-bonding and 1t-1t stacking. This is in accordance with the earlier

observation by Schenning et al. as in the case of the self-assembly of ureido-s-triazine

attached OPVS.1I8 However, in our case, the decrease in the intensity of the 1t-1t*

transition and the growth of the shoulder band at 470 nm are very predominant
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Figure 3.B. a) Temperature dependent absorption spectra and fluorescence spectra b) at Aex = 380 nm 

and c) at A.ex = 470 nm, respectively of BH·OPV1a in dodecane (1 x 10.5 M). d) Plots of the fraction of 

aggregate versus temperature obtained from the absorption (. ) and fluorescence (.) changes at 470 

nm and 450 nm, respectively. 

indicating a strong hierarchical supramolecular assembly. This is also clear from the 

remarkable shift of the emission spectrum upon cooling from the isotropic solution. 

1 

The melting transition curves for the self-assembly of BH-OPVla in dodecane (1 x 

10.5 M) obtained by plotting absorbance at 400 nm versus temperature for the heating 

and cooling cycle is shown in Figure 3.9a. Upon cooling, the aggregation starts at 

around 40°C, which is 15 °C lower than the melting temperature of the self-

assembled species. The hysteresis noticed in the heating and cooling cycles indicates 

that the self-assembly is a time dependent process. This is clear from the time 

dependent fluorescence spectral studies of BH-OPVla. which r~v~~1 th<lt thp 
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fluorescence maxima at 452 and 479 nm decrease with a concomitant increase in the 

emission at 537 and 567 nm, with time (Figure 3.9b). The inset of Figure 3.9b shows 

that the monomer emission is almost quenched within 10 minutes while keeping the 

solution at room temperature and becomes fast as we go further down with 

temperature. 

0.6 

~ 0.5 
0 

~ 
1;1 0.4 
ID 
u 
C 

~ 0.3 

! 
C 

0.2 

a) • 
• • 

cooling • -. 

.-heating 
• 

. . 
10 20 30 40 50 60 70 

Temperature, ·C 

20 b) 
o min 

I '. 
40 ml r.' .. 

~ 15 \ 
~ 

\ . ---------.-
O+-----.-,......--,-.......--l 

o 10 20 lO 40 

Time, m~n 

O~~~--~~--r---~~~~.g 
400 450 500 550 600 650 700 

Wavelength, nm 

Figure 3.9. a) Heating (.) and cooling (e) transition curves for BH·OPV1a in dodecane (1 x 10-5 M) on 

plotting absorbance at 400 nm with temperature. b) The time dependent recovery of emission of the 

self-assembled molecules of BH-OPV1a in dodecane (1 x 10-5 M) on keeping the preheated isotropic 

solution at 25°C. Inset of Figure 3.9b shows the decrease in the fluorescence intensity at 450 nm with 

time at 25°C. 

Attribution of the red shifted emission and its dependence on temperature and 

concentration, to the self-assembled species and not due to the formation of an 

excimer is established from the excitation and emission spectra of BH-OPVla in 

dodecane and cyclohexane (Figure 3.10). The first argument against the excimer 

formation is the solvent and temperature dependent growth of the long wavelength 

absorption shoulder in the UVlVis spectrum indicating ground state interactions 

between molecules. Secondly, when the emission of BH-OPVla in dodecane at room 

temperature was monitored at 520 nm, an excitation spectrum having maximum at 
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400 nm with a shoulder at 470 nm was obtained, which corresponds in shape and 

position to the absorption spectrum in dodecane at room temperature (Figure 3.10a). 

Interestingly, the excitation spectrum (dashed line) at higher temperatures (monitored 

at 520 nm) in dodecane does not have a vibronic shoulder and are similar to the 

corresponding absorption spectrum. In addition, the excitation spectra of BH-OPVta 

in cyclohexane at 20 DC collected at 450 and 620 nm matches with the absorption 

spectra of the free and self-assembled BH-OPVla molecules, respectively (Inset of 

Figure 3.1 Oa). The presence of self-assembled molecules is further justified by the 

formation of a red shifted emission spectrum (Aem = 527 and 561 nm) of BH-OPVla 

in cyclohexane when selectively excited at the shoulder band at 470 nm, in contrast to 

the broad spectrum observed on excitation at 380 nm (Figure 3.1 Ob). These studies 

strongly support the fact that the solvent, temperature and concentration dependent 

changes in the emission spectra of BH-OPVta in dodecane are due to the existence of 

the self-assembled molecules and not due to the formation of an excimer. 
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Figure 3.10. a) Excitation spectra of BH·OPV1 a in dodecane at 20°C (-) and at 60°C ( ....... ) (km 

= 520 nm). b) Emission spectra of BH·OPV1a in cyclohexane at an excitation wavelength of 380 nm 

(-) and 470 nm (------). Inset of Figure 3.10a shows the excitation spectra of BH·OPV1a in 
cyclohexane when collected at 450 ( ....... ) and 620 nm (-). 
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The excited state lifetimes of the self-assembled and molecularly dissolved 

phases of BH-OPVla under different conditions were obtained by the time resolved 

fluorescence experiments at different excitation and emission wavelengths (Figure 

3.11). The excited state decay dynamics and lifetimes of the monomeric and self­

assembled species are expected to be distinctly different from each other. The 

fluorescence decay of the molecularly dissolved BH~OPVla in chloroform is 

monoexponentiai with an excited state lifetime of 1.64 ns (100%) at room temperature 

(Figure 3.11a). However, the fluorescence decay of BH~OPVla in cyclohexane 

showed biexponential decay with time constants of 2.09 (57.85%) and 0.82 ns 

(42.2%), when analyzed at 520 nm. The decay of the emission corresponding to the 

free molecules at 450 nm in cyclohexane gave a monoexponential fit with a time 

constant of 1.46 ns, which is close to the lifetime in chloroform in its magnitude 

(Figure 3.11 a). In cyclohexane at 50°C, a monoexponential decay with a lifetime of 

1.58 ns was observed irrespective of the monitoring wavelength indicating the 

presence of only one species, which is the molecularly dissolved BH-OPVla (Figure 

3.llb). 
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Figure 3.11. a) Normalized fluorescence decay profiles of BH·OPV1a in chloroform (20 QC) monitored 

at 520 nm (e) and in cyclohexane monitored at 450 nm (A) and at 520 nm (.). b) Fluorescence decay 

profiles of BH·QPV1a in cyclohexane at 20 QC (.) and at 50°C (A) when monitored at 520 nm. 
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122 Chapter 3 -
Stability of the OPV self-assembly under different experimental conditions was 

established by the plots of the aggregate fraction (a) against temperature which is 

obtained by monitoring the temperature dependent changes in the UVNis absorption 

spectra at 470 nm (Figure 3.12). As expected for a H-bonded self-assembly, the 

transition temperatures of BH-OPVla self-assembly increases on changing the 

solvent from toluene to cyclohexane to dodecane (Figure 3.12a). It is observed that the 

stability of the self-assembled molecules increases by 10-15 QC, per an order of the 

increase in concentration (Figure 3 .12b). These stability responses obtained from the 

sigmoidal temperature transition curves of the OPV self-assembly against solvent 

polarity and concentration is characteristic of the cooperative noncovalent interactions 

during the self-assembly process. The effect of the alkyl side chains on the stability of 

the resulting self-assemblies is established from the temperature transition plots of 

BH-OPVla-b and BH-OPVld in dodecane (1 x 10-5 M) (Figure 3 .12c). The 

transition temperatures of the self-assemblies increase with the increase in alkyl chain 

length where the maximum stability is noticed for BH-OPVla with hexadecyl chains. 

Insight to the effect of structural variation of the OPVs on the self-assembling 

properties could be obtained by comparing the optical properties of BM-OPV, S­

OPV, BH-OPV2 and BH-OPV3 with those of BH-OPVla. Absorption spectrum of 

BM-OPV in cyclohexane showed only a slight difference from that in chloroform 

which is relatively weak when compared to the changes for BH-OPVla (Figure 

3.13a). However, the absorption spectrum in dodecane showed considerable 

difference with a maximum at 394 nm (E = 3.53 X 104 M-Icm- I), which is blue shifted 

by 10 nm with a shoulder at 465 nm when compared to that in chloroform (408 nm, 

E = 4.21 x 104 M-Icm- I). In contrast to the observation of BH-OPVla the emission 
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Figure 3.12. Plots of aggregate fraction (Cl) versus temperature of a) BH·OPV1a in different solvents, 

b) BH·OPV1a in different concentrations and c) BH·OPV1a·b,d in dodecane (1 x 10-5 M) indicating the 

stability of the OPV self-assemblies. The data points were obtained from the variable temperature 
absorption spectral changes at 470 nm. 

spectra of BM-OPV in chloroform and in cyclohexane showed a marginal difference 

between the two (Figure 3.13b). These observations indicate a weak self-assembly of 

BM-OPV in cyclohexane, which could be due to the lack of H-bonding interactions. 

However, in dodecane the emission spectrum is completely shifted with two long 

wavelength maxima at 517 and 552 nm which is an indication of a better self-

assembly in this solvent. Temperature dependent absorption and emission changes, 

shown in the insets of Figures 3.13a and b, respectively revealed a thermoreversible 

self-assembly for BM-OPV in dodecane as in the case of BH-OPVla. The stability 

of the resulting supramolecular assemblv was determined from the oIot of the fraction 
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of the aggregate versus temperature (Figure 3.13c). These plots reveal that the self~ 

assembled stacks of the BM-OPV are less stable by 10°C than BH-OPVla indicating 

the importance of H-bonding in stabilizing the self-assembly (Figure 3.13d). These 

data obtained from the photophysical studies are in good agreement with the data 

obtained from the gel melting studies and DSC analysis of the corresponding 

organogels (refer Chapter 2). 
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Figure 3.13. a) Absorption and b) emission spectra of BM-OPV in dodecane (-), cyclohexane 

(- - -) and chloroform (------). c) Plots of the aggregate fraction (a) vs. temperature of BH-OPV1a and 
BM-OPV in dodecane (1 x 1(}5 M). The data points of the curves were obtained from the variable 

temperature absorption measurements at 470 nm. d) Absorption and emission spectra of S-OPV in 
dodecane (-) and chloroform (- - -). Insets of Figures 3.13a and 3.13b show the temperature 

dependent changes in absorption and emission of BM-OPV in dodecane, respectively. 
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The absorption and emission spectral changes of S-OPV in chloroform and 

dodecane are shown in Figure 3.13d. In this case, though the absorption spectrum in 

dodecane showed a broadening, the emission spectral changes are significantly 

different from those observed for BH-OPVla and BM-OPV. Though the emission is 

considerably quenched in dodecane, a corresponding growth of the self-assembled 

species could not be seen. These observations suggest that the nature of the self­

assembly in BH-OPVla-d, BM-OPV and S-OPV have considerable differences. For 

example, in the case of BH-OPVla-d, the cooperative interactions of H-bonding, 7t-

stacking and van der Waals forces, result in the formation of three-dimensionally 

extended supramolecular stacks leading to the efficient gelation of the molecules. The 

observed shifts in the absorption and emission spectra in these cases point towards 

strong intermolecular electronic interactions within the self-assembly. In the case of 

BM-OPV, due to the absence of H-bonding, the stability of the self-assembly is 

considerably decreased resulting in relatively weak electronic interaction between 

molecules in solvents of comparable polarity. However, in the case of S-OPV, the 

self-assembly is restricted to a mere aggregation process, assisted by the weak 7t-7t and 

van der Waals interactions. These aggregates are not able to form extended assemblies 

and hence the optical properties are different from those of BH-OPVla and BM­

OPV. The number and position of the hydrocarbon side chains on the OPV backbone 

also play considerable role on the optical properties. For example, BH-OPV2 and 

BH-OPV3 having less number of side chains, despite the presence of the H-bonding 

groups, showed weak self-assembly as evident from the changes in the absorption and 

emission spectra. 
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3.2.2. Fluorescence Resonance Energy Transfer (FRET) Studies 

For an efficient energy transfer, there should be a good overlap between the 

emission of the donor with the absorption of the acceptor. It is known that excited 

OPVs are good donors to acceptors such as Rhodamine B21b and porphyrins.2lc In the 

present study, as a result of the self-assembly, the emission of OPVs shift towards 

longer wavelength, which matches with the absorption spectrum of Rhodamine B. 

Under this situation, self-assembled OPVs are expected to be good FRET donors to 

Rhodamine B. 

Figure 3.14a shows the individual emission spectra ofBH~OPVla-b, d and the 

absorption spectrum of Rhodamine B in dodecane-chlorofonn (16: 1). The overlap 

between the fluorescence of the OPY derivatives and the absorbance of the 

Rhodamine B decreases in the order of BH-OPVla > BH-OPVlb > BH-OPVld. 

This is consistent with the self-assembling properties of the different OPY derivatives 

and hence BH-OPVld, carrying the hexyl side chains, has the least overlap integral. 

BH-OPVla is completely self-assembled in dodecane-chloroform (16: I) and showed 

a strong fluorescence in the range of 500-650 nm, where Rhodamine B has a strong 

absorption. The absorption spectrum of a mixture of BH-OPVla (1.0 I X lO.s M) and 

Rhodamine B (8.38 x 1O.s M) in dodecane-chloroform (16: I) showed the 

characteristic absorption bands of the individual molecules, revealing the absence of 

any ground state interaction between the donor and the acceptor molecules. 
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Figure 3.14. a) Emission spectra of BH·OPV1a (- . - . - ), BH·OPV1b (- - -) and BH·OPV1d ( ....... ), 

and the absorption spectrum of Rhodamine B (-). Emission spectra of b) BH·OPV1a (1.01 x 10.5 M) 

and c) BH·OPV1b (1.01 x 10.5 M) in the absence (-) and in the presence ( ....... ) of Rhodamine B 

(8.38 x 10.5 M). Fluorescence of Rhodamine B (- - -) in the absence of OPVs, on excitation at 380 nm is 

also shown. d) Relative fluorescence intensity IDye IlsH.OPVla-b,d plotted against the molar ratio [Dye] I 

[BH·OPV1a.b,d). All spectra were recorded in dodecane-chloroform (16:1) at an excitation wavelength 

of 380 nm. Inset of Figure 3.14b shows the emission of the dye on indirect excitation at 380 nm (.) 

and direct excitation at 535 nm ( .... ). 

The fluorescence spectra of BH-OPVla in the absence and in the presence of 

Rhodamine B in dodecane-chloroform (16: 1) when excited at 380 nm are shown in 

Figure 3.14b. In this solvent mixture, BH-OPVla showed a broad emission with two 

maxima at 537 and 567 nm, characteristic of the self-assembled OPVs. In the presence 

of Rhodamine B, the intensity of the emission corresponding to the self-assembled 

BH-OPVla is decreased while the emission corresponding to Rhodamine B is 
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appeared at 620 nm. Direct excitation of a blank solution of Rhodamine B (8.38 X 

10-5 M) in the absence of OPV donor molecules at 380 nm showed a negligible 

fluorescence at 620 nm. Therefore, the observed emission at 620 nm is attributed to 

the FRET from OPV self-assembly to Rhodamine R The inset of Figure 3.14b shows 

a comparison of the emission upon direct (:A .. m = 535 nm) and indirect excitation (AclII: 

= 380 nm) of optically matching solutions of Rhodamine B, which indicate an 

enhanced emission in the latter case, due to an efficient energy transfer from the OPV 

self-assembly (ca. 72%) to Rhodamine R The emission spectra of BH-OPVl b in the 

absence and presence of Rhodamine B in dodecane-chloroform (16: I) are shown in 

Figure 3.14c. In the absence of the acceptor, BH-OPVlb shows a broad emission 

corresponding to both the monomeric and self-assembled OPVs. When excited at 380 

nm in the presence of Rhodamine B (8.38 x 10-5 M), selective quenching of the 

emission (ca. 63%) between 500-650 nm, corresponding to the self-assembled OPV 

could be seen with the concomitant emission of Rhodamine B at 620 nm. This shows 

that FRET occurs selectively from the self-assembled OPV molecules to the doped 

dye molecules. The emission between 400-480 nm of the molecularly dissolved OPVs 

was virtually unaffected indicating that FRET is not efficient from the unassembled 

OPVs. The enhanced dye emission on indirect excitation when compared to that of the 

direct excitation indicates that the fluorescence quenching is not due to a mere 

radiative energy transfer. In the case of BH-OPVld, FRET was not efficient due to 

the weak self-assembly. Figure 3.14d shows the relative fluorescence intensity of 

Rhodamine Band BH-OPVla-b,d (IDyeIIBH-OPVla-b,d) when plotted against their molar 

ratio ([Dye]/IBH-OPVl), which is a measure of the efficiency of energy transfer. 

From the graph, it is clear that the FRET efficiency decreases in the order of 
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BH-OPVla>BH-OPVlb>BH-OPVld, which is in agreement with the self­

assembling property of these molecules. 

A comparison of the FRET efficiencies of BM-OPV and S-OPV in dodecane-

chlorofonn (16:1) is shown in Figure 3.15. The emission spectrum of BM-OPV 

shows a good overlap with the absorption of Rhodamine B (Figure 3.15a). A selective 

quenching of the emission corresponding to the self-assembly is observed when a 

solution of Rhodamine B is injected into the former (Figure 3 .15b). Though the 

methoxy derivative BM-OPV showed considerable energy transfer to the dye 

molecules in dodecane-chloroform (16: I), the efficiency (ca. 64%) was relatively low 

when compared to that of the bishydroxy derivative BH-OPVla (Figure 3 .15d). This 

is particularly true when BM-OPV was excited in the presence of Rhodamine B in 

cyclohexane-chloroform (16:1) (Figure 15b, inset). In this case FRET was not feasible 

since the self-assembly of BM-OPV in cycIohexane is very weak. Similarly, the 

model compound S-OPV failed to sensitize the dye emission under the same 

experimental conditions applied for BH-OPVla and BM-OPV (Figure 3.15c). This is 

attributed to the lack of overlap between the S-OPV emission and the dye absorption, 

due to the poor self-assembling behavior of the former. Plots of the ratios between the 

intensities of the dye and the OPV emissions against their concentration show a 

maximum efficiency of FRET for BH-OPVla followed by BM-OPV and the least for 

S-OPV (Figure 3.15d). These observations are the indication of the supramolecular 

control of the OPV self-assembly, and the modulation of the optical properties to 

facilitate FRET in the presence of an appropriate energy acceptor. 
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Figure 3.15. a) Emission spectra of BM-OPV (- - -) and S-OPV (.......), and the absorption spectrum of

Rhodamine 8 (-) in dodecane-chlorofonn (16:1). b) Emission of BM·OPV (1.01 x 10-5 M) in the

absence (-) and presence (.......) of Rhodamine B, Fluorescence of Rhodamine B (- - -) in the

absence of the donor OPVs, on excitation at 380 nm is also shown, Inset shows the emission of BM­

OPV in cyclohexane-chloroform (16:1) before (-) and after (.......) the addition of Rhodamine B. c)

Emission of S-OPV indodecane-chloroform (16:1) (1.01 x 10-5 M) in the absence (-) and presence

(.......) of Rhodamine B. d) Dependence of relative fluorescence intensity IDye Ilopvplotted against the

molar ratio [Dye] IlOPV] (excitation wavelength is380 nm),

The role of the OPV self-assembly in the selective energy transfer is further

established by the solvent and temperature dependent emission studies of BR­

OPVla-Rhodamine B system. We have observed that FRET from the self-assembled

OPVs to the entrapped Rhodamine B is strongly influenced by the nature of the

solvent. This could be due to the fact that the self-assembly of OPVs is sensitive to the

solvent, which in turn strongly influences the optical properties. Hence, the spectral

overlap between the Rhodamine B absorbance and OPV emission vary with solvents.
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For example, the emission spectrum of BH-OPVla in dodecane-chloroform (16: I) is

completely shifted towards the long wavelength region corresponding to the self-

assembly, whereas in cyclohexane-chloroform (16: I), a broad emission with maxima

at 454, 476, 527 and 561 nm was observed, indicating the co-existence of both free

and self-assembled OPV chromophores. In the latter case, when excited at 380 nm in

the presence of Rhodamine B (8.38 x 10,5 M), selective quenching ofthe emission (ea,

63%) between 500-650 nm, corresponding to the self-assembled OPV could be seen

with the concomitant emission of Rhodamine B at 620 nm (Figure 3.16a). The

selective energy transfer from the self-assembled OPVs is more clear when BH-

OPVla in cyclohexane-chloroform (16: I) is selectively excited at 470 nm. Figure

3.16b shows the relative fluorescence intensity of Rhodamine Band BH-OPVla

(IDydIBH-OPVla) when plotted against their molar ratio ([Dye]/[BH-OPVla]) in

dodecane-chloroform and cyclohexane-chlorofonn, which showed an enhanced

efficiency in the former case.
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Figure 3.16. a) FRET quenching of the fiuorescence of BH·OPV1a (1.01 x 10-5 M) in the presence of
Rhodamine B (8.38 x 10-5 M) in cyclohexane-chloroform (16:1) solvent mixture. Fluorescence of BH·
OPV1a (-), fluorescence of BH·OPV1a + Rhodamine B (.......) and fluorescence of Rhodamine B

(- - -). b) Dependence of relative fluorescence intensity IDye flsH-GvP1a plotted against the molar ratio

[Dye) I [BH·OPV1a] in various solvents. Excitation wavelength is380 nm in all cases.
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The temperature dependent emission studies of BH-OPVla in the absence 8Jld 

in the presence of Rhodamine B in dodecane-chloroform are shown in Figures 3.17a 

and 3.17b, respectively. When cooled from 55°C to 20 cC, the emission 

corresponding to the monomeric species is significantly quenched with the formation 

of a red shifted emission corresponding to the self-assembled species (Figure 3.17a). 

However, when excited at 380 nm, in the presence of Rhodamine B at 20°C, the 

emission corresponding to the self-assembled species is quenched and the dye 

emission is observed at 620 nm (Figure 3.17b). Upon gradual increase of the 

temperature, the dye emission at 620 nm is gradually decreased with the concomitant 

increase of the molecularly dissolved OPV emission at 455 nm and 483 nrn. 

Intensities of the dye emission between 600-700 nm at different temperatures are 

shown in the inset of Figure 3.17b. Increasing the temperature up to 55°C resulted in 

the complete disappearance of the dye emission and the complete recovery of the free 

OPV emission. A comparison of Figures 3.17a and 3.17b, reveals that the absence of 

the OPV self-assembly emission and the presence of Rhodamine B emission in Figure 

3.17b is due to the FRET from the former to the latter. Since the energy transfer 

between the donor and acceptor usually occurs independent of the temperature, the 

observed temperature dependent energy transfer is the result of the thermoreversible 

breaking and forming of the OPV supramolecular self-assembly. This observation 

highlights the importance of the supramolecular organization of chromophores in 

facilitating the FRET process. 



~arwsl;ng in OPV Organogeis 

~~ ______________ .r '2~ .. · ~ 
· i 
· i • • 

400 "" 100 l1li 100 110 100 
W.v.length, nm 

133 

Figure 3.17. Temperature dependent emission spectra of BH'()PV1. (1 .01 X 1()-5 M) a) in the absence 

01 Rhodamine B (8.38 x 1(}' M) and b) in the presence 01 Rhodamino B in dodecaOfH:hlorolOfTl1 (IS:I) 

between 20 OC and 55 °C. lnset of FlQure 3.17b shows the decrease in Rhodamine B emission on 
increasing the temperature. 

One of the major limitations of the present system, though FRET is specific 

and efficient from the self-assembled state. is the noncompatibility of the polar 

cationic Rhodamine B with the OPV self-assembly in nonpolar solvents. Due to this 

reason, most of the dye injected into the OPV self-assembly may undergo aggregation 

and phase separation in the solvent and hence only a small amount of the dye may be 

entrapped into the OPV self-assembly. It must be noted here that the emission 

quantum yields of Rhodamine B in dodecane and cyclohexane are relatively very 

weak due to the aggregation of the dye in these solvents. Therefore, the intensity of 

the FRET emission which occurs from OPV se lf-assembly to Rhodamine B 

aggregates in dodecane or cyclohexane is weak. However, this problem cou ld be 

successfully overcome by perfonning the FRET experiments in the xerogel films. 

When a film of BH-OPVI. is excited at 380 nm, the emission was completely shifted 

10 the long wavelength region around 530 and 560 nm, corresponding to the self-
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assembled species, which completely overlaps with the absorption spectrum of 

Rhodamine B. When a Rhodamine B dispersed xerogel film of BH-OPVla (I:2 

molar ratio) is excited at 3S0 nm, the emission of the OPV self-assembly at 530-560 

nm is almost completely quenched and a strong emission of the dye at 620 nm could 

be observed (Figure 3.1Sa). In this case, the intensity of the acceptor emission at 620 

nm is almost 6 fold more when compared to the fluorescence on direct excitation at 

535 nm even if the dye concentration is only half of the BH-OPVla concentration 

(Figure 3.1Sb). Excitation of a Rhodamine B film in the absence of BH-OPVla at 3S0 

nm resulted in a weak emission indicating that the strong emission of Rhodamine B 

when entrapped in the self-assembled film is due to FRET. 

_20~----------------------~ 
:;; a) 
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/ ------
o . 
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Figure 3.18. a) Nonnalized emission from the film of BH·OPV1a (-) and film of BH·OPV1a + 
Rhodamine B ( ....... ) (2:1 ratio) on excitation at 380 nm. b) Comparison of the FRET emission of 
Rhodamine B ( ....... ) at 380 nm excitation with the emission on direct excitation at 535 nm (---). 

The physical pictures of the BH-OPVla gel before and after entrapping with 

Rhodamine B and the corresponding morphologies under AFM and SEM analyses are 

shown in Figure 3.19. The morphology changes observed after the addition indicate 

that the aggregated and phase separated dye molecules got entrapped between the 
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interstitial sites of the fibers. SEM pictures of the dried decane gels before and after 

loading the dye are shown in Figures 3.19d, 3.1ge and 3.19f, respectively. As 

observed in AFM and SEM studies, most of the dye molecules are aggregated and got 

deposited between the gel fibers when the solvent is dried off before the analyses. In 

some cases, we could also observe the presence of the segregated nanoaggregates of 

the dye molecules in the gel matrix (Figure 3.l9f). These pictures reveal that most of 

the aggregated dyes are present between the entangled fibers. Probably, only a small 

amount of the dye may be entrapped into the OPV self-assembly. This means that the 

polar dye molecules prefer to be outside of the nonpolar OPV units. Though the self­

assembled OPV fibers are nonpolar, they have polar hydroxymethyl channels and 

some of the dye aggregates may escape to these polar channels as shown in Figure 

3.20. The energy transfer occurs preferably to the entrapped dye aggregates within the 

polar channels and not to the dye which is present as aggregates outside the fibers. 

Therefore, an excess of the dye is needed for the better energy transfer in cyclohexane 

and dodecane. However in the case of the dye doped xerogel film, majority of the dye 

molecules are in close contact with the self-assembled OPV fibers, which are within 

the Foster radii. This could be the reason for the enhanced efficiency in FRET even at 

low dye concentrations. 
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Figure 3.19, a) Photograph of the BH-OPV1a gel from decane before and after doping will Rhodamine 

S, b) and cl are the AFM images of the dried BH-OPV1 a gel before and after the loading of Rhodamine 

e, respectively . d) SEM picture before adding the dye. e) and n SEM pictures after adding the dye. 

hV~ ~~::~ru" 
.-1fI[;~ - <T 

';;:-~f- ;± O""\~ , >T, 
Isotropic ~; ... 
sOI,,'iot! 

6(lO-eSO nm 

Energy rrmlsfer aggrf!gol f! 

self-4lsumbly 

Dye doped 
ge/network 

Figure 3.20. Self-assembly induced modulation of OPVemission in the design of a dye entrapped light 

harvesting gel. 
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The unique photophysical properties of phenylenevinylenes, particularly their 

strong emission characteristics are of great advantage to provide insight into the role 

of self-assembly in the observed thennoreversible sol-gel phenomena. The absorption 

and emission properties of OPV organogelators showed dramatic changes upon self­

assembly and gelation, indicating the strong intennolecular 1t-electronic coupling 

between the OPV chromophores in the self-assembled gel phase. The close 

resemblance of the self-assembled phase and the solid phase optical properties 

revealed the nearly identical arrangement of OPV chromophores in both the phases. 

The structure of the OPVs, solvents and temperature play considerable role in the self­

assembly and gelation processes, which in turn strongly influence on their optical 

properties. From the absorption and emission data, BH-OPVla with hexadecyl side 

chains showed maximum stability for the self-assembly which decreased in the order 

BH-OPVla> BH-OPVlb > BH-OPVlc. Though the methoxy derivative BM-OPV 

forms aggregates in dodecane, it is less stable due to the absence of the directional H­

bonding interactions, whereas S-OPV with no end functional groups could only fonn 

aggregates, which could not gelate any of the solvents. The strong modulation of the 

emission properties of the OPVs as a result of the self-assembly has been used for the 

selective energy transfer exclusively from the self-assembly via FRET to entrapped 

Rhodamine B dyes. Direct energy transfer from isotropic OPV solution was not 

feasible. FRET is found to be efficient from a xerogel film than from the dodecane or 

cYc10hexane gels of OPV s. More importantly, the energy transfer could be thennally 

controlled by the reversible self-assembling properties of the OPVs. The results 

described here show the importance of supramolecular organization of chromophores 
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in facilitating the energy transfer and is the first example of an organogelator, acting 

itself as an energy donor in a light harvesting assembly. 

3.4. Experimental Section 

3.4.1. General Procedure for Energy Transfer Studies 

Energy transfer experiments were carried out in cyclohexane-chloroform or 

dodecane-chloroform solvent mixtures (16: 1). The solutions for the optical studies 

were prepared by adding appropriate concentration of dye in 0.2 mL chloroform to 3 

mL cyclohexane or dodecane solution of OPY. For energy transfer studies in the gel 

state, OPVs were dissolved in cyclohexane or dodecane containing small amount of 

chloroform (16: I) at their critical gelator concentrations. Rhodamine B in chloroform 

was injected to this and the solution was kept to allow gelation. Energy transfer in the 

film form was performed by casting a film of the appropriate OPY containing 10-50 

mol% of Rhodamine B from chloroform or toluene. The film was dried before 

recording the emission spectra. 

3.4.2. Description on Experimental Techniques 

Optical Measurements. Electronic absorption spectra were recorded on a Shimadzu 

UY -310 I PC NIR scanning spectrophotometer and the emission spectra were recorded 

on a SPEX-Fluorolog FI12X spectrofluorimeter. Temperature dependent studies were 

carried out either in a 1 cm or 0.1 cm quartz cuvette with a thermistor directly attached 

to the wall of the cuvette holder. Fluorescence spectra of optically dilute solutions 

were recorded from 390-700 nm at the excitation wavelengths of 380 and 470 nm. 

Fluorescence spectra of the xerogel films were recorded using the front face geometry. 
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Quantum Yield Measurements. Fluorescence quantum yields of molecularIy 

dissolved OPV molecules upon excitation at 380 nm are reported relative to quinine 

sulfate (<Pf = 0.546), whereas the quantum yields of self-assembled molecules are 

reported relative to Rhodamine 6G (<Pr = 0.9). The experiments were done using 

optically matching solutions and the quantum yield is calculated using Equation 1. 

where, As and Ar are the absorbance of the sample and reference solutions, 

respectively at the same excitation wavelength, Fs and Fr are the corresponding 

relative integrated fluorescence intensities and T1 is the refractive index of the solvent. 

Single Photon Counting Experiments. Fluorescence lifetimes were measured using 

a Tsunami Spectra Physics picosecond single photon counting system. Ti Sapphire 

laser, having a fundamental wavelength of 934 nm, was used as the excitation source. 

The average output power is 680 mW with a pump power of 4.5 W. The pulse-width 

of the laser is <2 ps. Fluorescence lifetimes were determined by deconvoluting the 

instrumental function with single, bi or triexponential decay and minimizing the X2 

values of the fit to I ± 0.1. 

Atomic Force Microscopy. Atomic Force Microscopy images were recorded under 

ambient conditions using a Digital Instrument Multimode Nanoscope IV operating in 

the tapping mode regime. Micro-fabricated silicon cantilever tips (NSGO I fPt) with a 

resonance frequency of approximately 150 kHz and a spring constant of about 5.5 

Nm'\ were used. The scan rate varied from 0.5 to 1.5 Hz. The set-point amplitude ratio 

(rsp = Asp! AQ , where Asp is the amplitude setpoint, and Ao is the amplitude of the free 

oscillation) was adjusted to 0.9. All AFM images shown here were subjected to a first-
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order plane-fitting procedure to compensate for sample tilt. AFM analysis was done 

offline. AFM samples were prepared by drop casting the OPV solution before and 

after adding Rhodamine B on freshly cleaved muscovite mica. 

Scanning Electron Microscopy. Gel samples for the SEM analysis were prepared by 

dissolving the required amount of OPV in decane, cyclohexane or toluene. Into this, 

the required amount of Rhodamine B in chloroform is injected and the solution was 

cooled to room temperature. Sheared gels were placed on sample studs and coated 

with gold by ion sputtering. SEM pictures were obtained either on a JEOL 5600 LV 

scanning electron microscope with an accelerating voltage of 10 kV, or a Hitachi S 

2004 at an accelerating voltage of 15 kV. 
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Chapter 4 

Helical Nanostructures of Cbiral Oligo(jJ­

pbenylenevinylene) Derived Organogels 

Abstract 

Crafting of' helical coiled-coil gel nanostructures via the se(f~assemhly 

qf' chiral oligo(p-phenylenevinylene)s (COPVl-3) having remote chiral 

handles is descrihed. The chiral side chains account .for a hias of 

helicity by tran~ferring the chiral information to the selt:assembled 

chromophores as evidenced by the exciton coupled CD signal 

corresponding to the absorption maximum (~f the chromophore. The 

hierarchical helical growth of COPV2 into coiled-coil gel 

nanostructures is accumpanied by an interesting observation (?f 

concentration and temperature dependent helix transition. reminiscent 

of the muliistate folding and unfr.Jlding of the helical assemblies qf 

hiulugical macromolecules. U~ing the 'sergeant and soldiers' 

experiments with a mixture uf' chiral (COPV2-3) and achiral (BH­

OPVla-b) OPVs. it was shown that supramolecular chiralily and 

helicity could be induced in the resulting co-assembled gel nefll.'ork. The 

helical nature of the gel nanostructures are established Fom the 

electron microscopic and AFM studies. While the observed helicity and 

the CD signals account.for the formation qf'lett-handed assemblies in 

the case of the homochiral ()PV~, the induced chirality qf the co­

assemblies showed /he opposite screw sense in the CD spectra. 

However. the SEM images shuwed the presence of the more stable lejt­

handed helical morphology jor higher order assemblies. 
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4.1. Introduction 

Nature utilizes directional noncovalent supramolecular interactions to create 

helical and multiple helical complex architectures such as DNA double helix, the 

collagen triple helix, the a-coiled coil of myosin and the protein coating of tobacco 

mosaic virus, which are responsible for the control of biological functions. Using 

nature's self-assembly principles, chemists have been trying to design artificial 

supramolecular assemblies with definite shape and properties. Use of chiral molecules 

as building blocks to create helical supramolecular assembly is therefore a topic of 

considerable interest. The self-assembly of molecules or polymers into overall chiral 

self-assembled architectures with single handedness is referred as supramolecular 

chirality. The supramolecular chirality of biomolecules is determined by the 

configuration of the chiral centers present in their nucleotide or peptide backbone, 

which can bias the long range overall order to a single handedness in a well-defined 

self-assembled architecture. This intriguing phenomenon of generation of homochiral 

supramolecular architectures by nature has fascinated chemists to explore the ability 

of noncovalent forces such as H-bonding, 1t-1t stacking and van der Waals interactions 

in chiral molecules to form a variety of aesthetically appealing helical supramolecular 

assemblies. 1·9 

Peripheral chiral centers present in the side chains attached to synthetic 

molecules are known to express chirality at the supramolecular level. The resultant 

chiral induction could be monitored via CD spectroscopy and electron microscopy. An 

isolated UVNis-active chromophore provided with a chiral side chain does not 

feature a Cotton effect, as the remote chiral center cannot influence the absorption of 

the two helical components of light by the chromophore. However, when the 

molecules self·assemble into an organized supramolecular architecture, the chiral side 
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chains can induce a bias of one of the supramolecular diastereomers thereby 

expressing chirality in the chromophore stack in a helical sense that will eventually 

lead to a Cotton effect. 

The groups of Moore and Meijer have made significant contributions to the 

helical self-assembly of Tt-conjugated oligomers derived from phenyleneethynylenes10 

and phenylenevinylenes,ll respectively where the chirality of the attached side chains 

are expressed to the conjugated oligomer backbone at a supramolecuJar level_ A series 

of m-phenyleneethynylene oligomers containing either chiral polar (2S)-methyl-3,6,9-

trioxadecyJoxy side chains (1) or chiral apolar (S)-3,7-dimethyl-1-octyloxy side chains 

(1) have been synthesized and studied in detail by Moore el ai_ The oligomers are 

present in a random coil conformation in chloroform. However, under solvophobically 

driven conditions. they fold in a stepwise process via helical conformations into chira1 

helices, which will further undergo intermolecular stacking resulting in helical 

columns (Figure 4.1 a). Meijer and coworkers have studied in detail the hierarchical 

self-organization of uriedo-s-triazine substituted OPVs (3) into helical stacks as a 

cooperative effect of Tt-Tt interactions and quadruple H-bonding interactions (Figure 

4.lb}.111 

1 •• 1. ...... 10. 2 •• 1. .... .. " 
'1. ... ... .. .:r, ... " " 

Figure 4.1. Schematic representations of the a) soIvophobically indoced stacking of m­
pheny\eneethynylene oligomers and b) H-bond and It-stack directed self-assembly of 
pheny\eneviny\ene oligomers. 
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A variety of helical gels based on chira! self-assembling cores such as 

cholesterol,12 and chiml hydrogen bond donor/acceptor groups such as urea,1 3 amide 14 
• 

and carbohydratesl ~ have been reported. In an interesting report, Oda et al. describe 

the evolution of helical gel nanostructures of a gemini surfactant (4) based helical gel 

nanostructures, the helicity of which can be tuned by the introduction of OPposite 

handed chira! counter anions such as tartrates (5) (Figure 4.2).7. 16 

-0) -

~ 

--- Oot l. X S 

• ....... lA lltnle 
M---->I 

Y, IleIICl' pitc h 

Figure 4.2. a) Schematic representation and b) TEM mages of the tuning of helical ribbons in geminl 

surfactant (4) derived organogels, by the addition of chiral counter anions (5). 

There are several examples where supramolecular chirality is elegantly 

expressed to create helical and multiple helical nanostructures derived from 

chromophore based gels,·,11 Nolte and coworkers reported a disc-shaped 

phthalocyanine molecule (6), to which four peripheral chiral alkoxy di-substituted 

benzo crown ether moieties are attached ,· These molecules are shown to self-assemble 

in a clockwise and staggered manner to right-handed helical fibers of molecular 

diameter and micrometer lengths, as evident from the CD spectroscopy and TEM 

studies (Figure 4.3), These right-handed fibers , in turn, self-assemble to fonn left­

handed coiled-coil helices, the helicity of which could be controlled by complexing 

the peripheral crown ether groups with K' ions, 
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Figure 4.3. a) Hierarchical self-assembly of phthalocyanine disc-shaped molecules 10 coiled~1 helical 
nanostructures and b) TEM images of Ihe coiled~1 fiber bundles. 

In the light of the microscopic data obtained for the OPY gels, which showed 

the presence of randomly twisted nanostructures with no helical sense, we got 

interested to the design and properties of OPV based helical gels. For this purpose, 

chiral OPY derivatives COPVJ-3 (Chart 4.1) are synthesized and characterized by 

spectral analysis. 

H , 
•• ~ h ~ , 

•• 
COPV1 •• 

IzHzI 
H 

~ h ~ ,,HH 

CUHH 
H 

H 

•• . .... ~ 
Chart 4.1 
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The supramolecular chirality of the self-assembled stacks are controlled by the 

chiral (S)-3,7-dimethyloctyloxy side chains and assisted by weak hydrogen bonding 

hydroxymethyl motifs and long hydrocarbon chains. In this chapter, the self-assembly 

properties of COPVl-3, the detailed morphological investigation and circular 

dichroism experiments are described. 

4.2. Results and Discussion 

4.2.1. Synthesis and Characterization of Chiral OPVs 

The chiral OPV derivatives COPVt-3 were synthesized as shown in Scheme 

4.1. The chiral handles were obtained from (S)-citronellol, which was first 

catalytically hydrogenated and then brominated giving rise to (S)-( + )-I-bromo-3, 7-

dimethyloctane.5a The chiral bistriphenyl phosphonium bromide 7 and the 

bisaldehydes 8a-c were prepared using standard procedures. 18 Controlled Wittig 

reaction between chiral wittig salt 7 and the appropriate bisaldehydes 8a-c, in a I: I 

stoichiometry provided the chiral bisaldehydes 9a-c in 60% yields. 18 These 

compounds on subsequent reduction with NaBH4, provided the corresponding 

bisalcohols COPVl-3 in 95% yields. All the new chiral OPV derivatives were 

characterized with IR, IH NMR, \3C NMR and MALDI-TOF mass spectra. 
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Sb : R = C12H2$ 

Se : R = CllHu 

4.2.2. Gelation Studies 

RO 

9b : R = C'2H25 
ge : R = C"H33 

Scheme 4.1 
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COPV1 

COPV2·3 

R·= •• ~ 

Gelation behavior of the chiral OPV derivatives COPVI-3 was examined in a 

range of nonpolar organic solvents and the results are summarized in Table 4.1. 

Among the three chiral OPVs, COPV2, with dodecyl side chains, was found to be the 

better gelator to form yellow fluorescent gels in dodecane, heptane and cyclohexane. 

The critical gelator concentration of COPV2 in dodecane is high (6.5 mM) when 

compared to the gelation abilities of achiral OPVs, which could form gels even at a 

concentration of 1 mM (see Chapter 2). Though, COPV3 with hexadecyl side chain 

forms self-assembled aggregates in nonpolar solvents (as evidenced from the optical 

properties which will be discussed in section 4.2.3) they could not trap organic 

solvents inside their self-assembled network and hence phase separated from the 

solvent. However COPVl, which is substituted with six chiral side chains failed to 

form gels in any of the solvents investigated, and resulted a homogeneous solution due 

to its high solubility imparted by six branched chiral side chains. 



152 Chapler4 -
Table 4.1. Critical gelator concentration (CGC) (mM) of chiral OPVsa 

Compound Dodecane Heptane Cyclohexane Hexane Chloroform 

COPVl p PG PG P S 

COPV2 6.5 7.0 7.2 S S 

COPV3 S S S S S 

aSouble (S). precipitation (P) and partial gelation (PG). 

4.2.3. Optical and Chiroptical Properties of Chiral OPVs 

The absorption and emission spectra of COPVl-3 in chloroform and dodecane 

are shown in Figure 4.4. In the case of COPVl, the absorption spectra did not show 

much change in the two solvents (Figure 4.4a). However, in dodecane COPVl 

developed an additional shoulder band at 470 nm (Figure 4.4c), whereas in the case of 

COPV3 in dodecane, the spectrum is broadened towards the long wavelength region 

and the shoulder band at 472 nm is predominant even at low concentration (Figure 

4.4e). The emission spectra of COPVl in chloroform and dodecane showed two 

maxima around 455 and 484 nm with a shoulder around 525 nm (Figure 4.4b). The 

spectrum in dodecane is slightly blue shifted (ca. 5 nm) without changing the 

intensities of the various emission bands. In the case of COPV2 and COPV3, 

considerable differences could be observed for the emission spectra in chloroform and 

dodecane. For example, for COPV2 in dodecane, the emission spectrum showed four 

major bands at 450, 480, 525 and 570 nm in which the intensities of the long 

wavelength emitting bands are relatively strong when compared to those in 

chloroform (Figure 4.4d). Interestingly, for COPV3 in dodecane, the emission 

spectrum is significantly shifted towards the long wavelength region where the bands 
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at 528 and 571 nm are predominant (Figure 4.4f). The change in the absorption and 

emission spectra of COPV2 and COPV3 in dodecane relative to chloroform indicates 

the self-assembly of the molecules in dodecane, which is strong for COPV3. 

Interestingly, despite the strong aggregation of COPV3 in dodecane, it is surprising to 

note that this molecule showed very weak gelation. This could probably be due to the 

bias of the delicate balance between the crystaIlization and precipitation of the 

molecule in favor of latter, which plays a critical role in gelation. 

Temperature dependent UV Nis and emission spectra of COPV2 and COPV3 

in dodecane showed a transition from the self-assembled species to the molecularIy 

dissolved species as the temperature is increased. In the case of COPV2, on 

increasing the temperature, the intensity of the absorption maximum at 406 nm was 

increased with a concomitant decrease in the intensity of the shoulder band at 470 nm 

through an isosbestic point at 433 nm (Figure 4.5a). Similarly in the fluorescence 

spectra (A-ex = 380 nm), the intensity of the long wavelength maximum at 525 nm 

decreases with the simultaneous increase in the intensity of the emission bands at 450 

nm and 480 nm (Figure 4.5b). Similar observations were made with the variable 

temperature UVNis and fluorescence measurements of COPV3 in dodecane, even 

though much higher temperatures were needed for the complete breaking of the self-

assembly to molecularly dissolved phase (Figures 4.6a and b). 



154 

1.0-r----------------. 

- - - Chloroform 
--Dodecane 

COPV1 

O.O+---.----r--~~==-..... -~ 
300 400 500 

Wavelength, nm 
1.5,.--------...;::,.---------, 

c) 
--Dodecane 
- - - Chloroform 

:i 
~ 1.0 

i 
§ 0.5 

0.0 
300 

e) 
_ 0.2 
:i 
.!!. 
8 
I: 

.e .a 0.1 I 

« --' 

COPV2 

400 500 600 
wavelength, nm 

\ 

\ 

--Dodec.ne 
- - Chlorofonn 

COPV3 

O.O+--~---. __ -...,...>-......,...--..--....;:::or 
300 400 500 600 

Wavelength, nm 

Chapter 4 

12 
b) - - - Chloroform 

:::; --Dodecane 
~ 
~ B 
en 
r:::: 
S COPV1 
E 
QI 
0 
I: 4 QI 
0 

~ 
0 
:l 
u: 

0 
400 450 500 550 600 650 

Wavelength, nm 
1.5 

d) 

-; --Dodecane 

~ - - - Chloroform 
~1.0 

!! COPV2 
~ 

I'·' , 
u::: ... 

0.0 
400 450 500 550 600 650 700 

Wavelength,nm 
24T-----------------. 

~ 20 

.!!. 
~ 16 
en 
c: 
S 12 E 
GI 
0 
I: 8 GI 

" ! 4 0 
:I 
u: 

0 

f) 

400 

, , \ -, 
--Dodee.ne 
- - Chlorofonn 

COPV3 

--
450 500 550 600 650 700 

Wavelength, nm 
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Figure 4.5. Temperature dependent a) UVNis and b) fluorescence spectra (excitation at 380 nm) of 
COPV2 in dodecane (c = 5.3 X 10-4 M. 1 = 1 mm). 
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Figure 4.6. Temperature dependent a) UVNis and b) fluorescence spectra (excitation at 380 nm) of 

COPV3 in dodecane (c = 1.24 x 10-5 M, I = 1 cm). 

Detailed circular dichroism experiments of COPVl-3 have been carried out in 

order to get better understanding on the nature of the self-assemblies. As expected, no 

Cotton effects were observed for COPVl-3 in chloroform solution, reiterating the 

molecularly dissolved state of the OPVs. Furthermore, COPVl does not feature any 

Cotton effect in dodecane, as they are not aggregated even in nonpolar solvents. 

However, the presence of self-assembled molecules of COPV2 in dodecane 

'" 1 v 10-4 1\,1\ "t rr,,'\rn tptnnpr"tl1rp ",,<le;: t"'lp"r from thp rn pxnprimf>nt<: which <;howed 
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a strong bisignated Cotton effect at the position of the x-x· band, with a zero crossing 

close to the absorption maximum (400 nm) (Figure 4.7). The exciton coupled 

bisignated negative couplet in the CD spectrum is a signature of the left-handed_ 

helical assembly ofOPVs. 

I 
Q 
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,150 
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Figure 4.7. CD spectra of COPV2 in dodecane and chloroform (c = 5.3 x 1()-4 M.I = 1 mm). 

Detailed concentration and temperature dependent CD measurements of 

COPV2 in dodecane provided insight into the hierarchical helical self-assembly and 

the gelation of the molecules. The CD spectral changes between 8.8 x lO's M - 5.3 X 

10-4 M concentration range at 20°C is shown in Figure 4.8a (with chiral anisotropic 

factor at 381 nm, 8381nm = 6.8 X 10'4 - 5.2 X 10'\19 Up to a concentration of 2.7 x 

10-4 M, COPV2 in dodecane showed a bisignated CD signal with a negative first 

Cotton effect followed by a second positive Cotton effect with a zero crossing around 

440 nm, which is not on the absorption maximum of the chromophore. During this 

concentration range, a linear increase is observed, on plotting the intensity of the CD 

signal at 391 nm against the concentration (Figure 4.8b). Surprisingly, above 3.5 x 

10-4 M concentration, a sharp transition of the CD signal could be seen. The zero 

crossing of the new CD signal is now exactly at the absorption maximum (400 nm). 

indicating a true exciton coupled spectrum. The transition of the CD signal is 
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accompanied by a strong amplification of the chirality as evident from the deviation of 

the Canon effects from linearity (F igure 4.8b), indicating that the observed transition 

is a highly cooperative process. Temperature dependent study at a concentration of 

5.3 x 10..01 M in dodecane showed a decrease in the CD signal up to a temperature of 

24°C along the zero crossing point (Figu res 4.8c and d). However at 26 QC. a sharp 

transition of the intense exciton coupled CD signal to a weak bisignated signal with a 

shift of the zero crossing from 400 nm to 440 nm was noted. which continued to 

decrease till it reached the baseline at 3S QC. 

-I 

_ 100 

t 
.!. 0 
Q 
U 

-100 

-200 

200 

200 

cl 

..A 

-5..3"'0~M 
- . .... ,O~M 

1 
-l.hl0~M 

-2.7.10~M 

- 1 ."'0~_ 
- . ... ,0 .. _ 

v{ 
V 

.00 

- - 10 C 

--u 'c 
--20 ' C 
- 22 ' C 
--2" ' C 

2"C 
--28C 
--30 ' C 

--35 ' C 

'00 600 
WlYelenglh. nm 

160 bl • 

'" • 
I .. 
Q 
U • 

" • • •• •• , •••• 
, 2 3 • • • 

(C0f'V2] .. 10' M 

100 .. :--- - - --___ ---, 

dl 

" l 
.!. 
Q , 
U 

-60 

300 

--2" ' C 
26 ' C 

--28 ' C 

--30 ' C 

- -35 ' C 

'" WIVlleI"Igth , nm 
'00 

Figure U . a) Concentration dependent (T = 293 K, I = 1 mm) CD spectra of COPV2 in dodecane and 

b) the corresponding transition of CD intensity monitored at 391 nm. c) Temperature dependent (e = 5.3 
x 1~ M, I = 1 mm) CD spectra of COM in dodecooe and d) is the zoomed portion of the temperature 

dependent CD spectra of COPV2 between 24-35 QC. 
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Moreover the melting transition curves obtained by plotting the fraction of 

aggregate molecules versus temperature, as inferred from the temperature dependent 

CD and UV Nis studies clearly showed two transitions during the temperature 

dependent denaturation of the helical assembly (Figure 4.9). It is interesting to note 

that both concentration and temperature dependent transition of the CD signals are 

complementary to each other, which indicate a similar pathway involving same chiral 

intermediate during the formation and breaking of the supramo)ecular assembly. 
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Figure 4.9. Plot of the fraction of aggregate versus the temperature of COPV2 in dodecane. 

CD measurements of COPV3 in dodecane showed an entirely different CD 

spectrum, when compared to that of COPV2. In this case, a first weak positive Cotton 

effect with maximum at 474 nm and an intense negative second Cotton effect with a 

maximum at 384 nm are observed followed by another positive Cotton effect with 

maximum at 313 nm (Figure 4.10). The zero crossing of the bisignated signal occurs 

at 432 and 343 nm. Even though the CD spectrum is consistent with an exciton model, 

in which the OPV molecules aggregate in a chiral supramolecular stack, the complex 

nature of the CD signal with double pseudo bisignated curves makes the prediction of 

the helical bias of the aggregate difficult. 
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Figure 4.10. a) Concentration dependent (T = 293 K, I = 1 mm) CD spectra of COPV3 in dodecane 
(1.25 x 10.5 M) and b) the corresponding transition of CD intensity monitored at 385 and 312 nm. 

Concentration dependent CD experiments have shown that even up to 10.7 M 

concentration, the COPV3 self-assembly is stable and most of the molecules remain 

as the part of the helical assembly (Figure 4.lOa). Upon increasing the concentration, 

the intensity of the CD signal is increased through the isodichroic points at 432 and 

343 nm. However, the plot of CD intensities at 385 and 312 nm versus concentration 

show a linear behavior indicating the absence of a cooperative chiral amplification 

which is contrast to the behavior of COPV2 (Figure 4.1 Ob). 

The temperature dependent CD experiments of COPV3 in dodecane showed a 

transition from the aggregated phase to molecularly dissolved species with increase in 

temperature (Figure 4.11a). When the fraction of self-assembled molecules (obtained 

from UVNis, fluorescence and CD experiments) was plotted against temperature, 

good correlations were obtained as shown in Figure 4.11 b. In all cases, similar first 

order transitions were found. The transition temperature of the COPV3 self-assembly 

is found to be 42 °C, which is 16 DC higher when compared to that of COPV2 (26 QC) 

assemblies. 
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Figure 4.11. a) Temperature dependent CD spectra of COPV3 (1 x 24 1(}5 M) and b) the plots of the 
fraction of aggregate against temperature of COPV3 in dodecane. 

4.2.4. Optical Polarizing Microscopic (OPM) Studies 

OPM studies of the neat COPV2-3 showed the fonnation of spherulite like 

textures. When COPV3 is cooled at a rate of 20 °Cmin-J from the isotropic melt, 

spherulite textures appeared at 67 °C, which was stable up to room temperature 

(Figure 4.12a). It is interesting to note that, the structurally related achiral BH-OPVl 

derivatives described in Chapter 2 showed long fibers when cooled from the isotropic 

melt and hence the spherulite textures obtained for COPV3 could be attributed to the 

chirality of the molecule. Similar observation was made with neat COPV2 (Figure 

4.12b). Interestingly, when COPV2 and COPV3 were rapidly cooled from isotropic 

melt, by quenching with ice, transparent organic glasses were fonned, showing 

birefringent textures (Figures 4. 12c-d). OPM studies of the dodecane gels of COPV2 

revealed birefringent four-ann brush textures emanating from several nucleation 

centers, when cooled from the isotropic solution at a rate of 5 °Cmin- J (Figure 4.13). 

From the OPM studies it can be concluded that, the spherulite and four-ann brush 

textures of chiral OPVs in their neat and gel phases, could be the indication of the 
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helical orderi ng of the molecules. In order to conlinn this speculation detailed 

microscopic investigat ion of the gel samples were pcrfonned. 

Figure 4.12. Optical polarizing microscopic pictures of a) spherulite crystalline textures of COM alld 
b) COPV2. c) organic glasses formed by COPV3 and d) COPV2. 

Figure 4.13. Op~cal polarizing microscopic pictures of dodecane gels of COPV2 (c = 9 mgIml). 
magnification is a) 100x and b) 400x. 

4.2.5. Morphological Characterization of Chira] OPV Nanostructures 

Field emission scanning electron microscojX' (FE-SEM) images of COPV2 

from a dilute solution in do(kcanl.' \9 x 10·< M) shO\-.. ed kft-handl.'d hdkal libers of 

:!0-50 nrn in dil1rnl.'ter and a fl.'\\ rnil.:rorneters in ]I.'nglh with a unifonn hc1i1.:a l pit ch of 
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approximately 200 om (Figures 4.14a and b). This is in agreement with the CD 

studies, in which a negative exciton coupled CD signal indicated a left·handed 

organization of the chromophores. However, the FE-SEM image of COPV2 (partially 

gelled) from a more concentrated solution in dodecane (5 x J 0-4 M) showed the 

formation of Icft-t13nded coi led-coil rope-like structures of 50- 100 om in diameter 

with an average pitch 0[330 om. These rope-like structures are formed by the twisting 

together of several helical fibers (Figure 4.14c). 

Figure 4.14, Helical morphology of COPV2 self-assembly from a dodecane solution: FE-SEM images 
of a) left-handed helical fibers, b) isolated single helical fibers and cl fonnation of coiled-coil ropes (5 K 

11}' M). 

AFM ana lysis of the COPV2 gel from dodecane (6.5 x 10-3 M) indicates the 

fonnation of entangled left-handed helical coiled-coil fibers of 50-I 00 nm in diameter 
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/Figures 4 . 15a and b). Carefu l analysis nf a sin~1c I1bcr showed the morphology of a 

kft-hunded coiled-coi l rope of approximately 90 nm in width and 11 nm in height in 

which the pitch of each helix has an angle of ahoul 40" with respecl LO the main fibcr 

axis (Figure 4 .1 5c J. These ohscrvations point IOwards a hierarchil:a I sclf-organization 

of COPV2 into coiled-coil gel nanostructures. 

Figure 4.15. a) and b) MM images of the dense coiled nelwork of COPV2 gel fibers (6 )( 10.3 M) and 

c) MM image of a single left-handed coiled-coil rope. 

SEM pi!;tures of a drop casted dodecane so lution of COPV3 ~3 x I (r~ M) 

showed. bundles of 'Ieaf-likc' strw.:turcs emanating from severa l randomly arranged 

nucleation points (Figure 4. I fla) which arc cntirely different from the morphology of 

COPV2 . Each hundh:: is cornro.~cd of sevcral leaves having diameler ca. 1-2 ~m and 

length around 15-20 ~m (Figure 4. l flh) wilh relat ively tow aspect ratio when 

compared tn that of COPV2 ... t ructur~s. 
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Figure 4.16. a) aoo b) SEM images of the COPV3 aggregates form dodecane solution (3 x 10.5 M). 

4.3. Gelation Induced Hierarchical Growth of Helical Coiled-Coil Gel 

Nanostructures 

The concentration and temperature dependent CD signal trans ition of COPV2 

15 a unique observation associated with the gelation of chiral OPVs. During the 

gelation of COPV2, several hierarch ical levels of supra molecular assemblies could be 

possible . In the initial leve ls, the molecules organize to fann left-handed chiral 

aggregates, which are helical as indicated by the weak bisignated CD signal. At higher 

concentrations, these initial chira! assemblies grow further into helical fibers and 

coiled-coil ropes, thus resulting in a strong exciton coupled CD signal. It is interesting 

to note that the CD transition and the chiral ampl ificati on are accom panied by the 

gelation. A plausible helical packing of COPV2 to fonn the left-handed co iled-coi l 

rope. is represented along with the observed AFM image in Figure 4.17. As we have 

postulated earlier in the case of the molecular packing of the achiral OPVs, the 

cooperative interacti on of H-bonding and x-stacking facilitate the lamellar 

organi7.ation of the chromophores to form a supramolecular tape-like morphology. 

The remote chiral handles present in the molecules wi ll induce a long range twisting 

of the tapes, thereby forming twisted tapes as evidenced by the FE-SEM analys is. In 

the next level of assembly, severa l of the twi sted tapes wi ll join together to evolve 
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coiled-coil rope- like structures of an avemge of 90-100 nm in width and several 

micrometers in length a~ evidenced by the AFM image shown in Figure 4.l7b. 

Interestingly, when the results of the CD and microscopic analyses are considered 

together, it is ev ident that the coi led-coi l structures evolve through two distinct chiral 

assemblies. At higher temperatures. denaturing of the coiled-coil gel assemblies 

occurs via intermediate chiral states, and the helical self-assembly ultimately collapses 

into isotropic single molecules for which no CD signals are observed. 
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Figure 4.17. Schematic representation of the hierarchical self-assembly of COPV2 into helical coiled­

coil gel nanostructures. A magnified AFM picture of the coiled-coil rope is shown on the right hand side. 

4.4. 'Sergeants and Soldiers' Approach to Supramolecular Chlrallty 

Amplification 

Green and coworken; have introduced the idea of 'Sergeant and Soldiers' 

principle and 'Majority Rules ' to induce helicity in po ly(isocyanate)s with the help of 
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a chiral guest.20 These rules illustrate that, to favor one of the helical conformations , 

either P or M ofpoly(n-alkylisocyanate)s, it is only required to add a small portion of 

the chiral monomer units (sergeants) to the achiral monomers (soldiers) or have a 

slight majority of'R' over'S' (Majority Rule). The ability ofpoly(isocyanate)s to bias 

the helicity is explained on the basis of its highly cooperative helical folding. 

Recently, Meijer and coworkers have successfully applied the 'sergeant and soldiers' 

principle in a variety of supramolecular discotic systems.5 The co-assembly of C3-

symmetric discotic chiral and achiral molecules results in the amplification of 

chirality, with one chiral molecule capable of organizing as much as 80 achiral ones in 

either a right- or a left-handed helical stack.5a Except in discotic systems, chiral 

amplification via the 'sergeants and soldiers' approach to form helical supramolecular 

architectures remains elusive and challenging. This is particularly true in the case of 

rigid n-conjugated molecules which self-organize via supramolecular lamellar 

fashion. This has prompted us to explore the possibilities of chiral induction and 

amplification of a helical bias using co-assembly behavior of the chiral OPYs 

(COPVl-3) with the achiral OPVs, BH-OPVla and BH-OPVlb (Chart 4.2). 

OC16H33 OC12H2S 
OC16H33 OC12H2S 

OC16H33 OC12H2S 

C16H33O 
C16H33O C12H2SO 

C16H33O C12H2SO 

BH-OPV1a BH-OPV1b 

Chart 4.2 

A senes of co-assembled OPV gels of the achiral OPV derivatives BH-

OPVlb, carrying dodecyl side chains, with varying amounts of structurally related 

chiral COPV2 (0-50%) were prepared in dodecane, by heating the mixed OPY 
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solution to 90°C and the subsequent cooling to 5 QC at a cooling rate of 20 °Cmin- I
. In 

all cases stable, transparent and fluorescent gels were obtained indicating the co­

assembly of both achiral and chiral OPYs. The 'sergeant and soldiers' experiment of 

BH-OPVlbl COPV2 dodecane gels were conducted at 5 °C by monitoring the CD 

spectra as a function of the mol% of COPV2 (sergeant) (Figure 4.18a). As expected, 

the dodecane gel of pure BH-OPVl b does not show any Cotton effect. However, the 

BH-OPVl bl COPV2 dodecane gels showed pseudo-bisignated Cotton effects at the 

OPV absorption, the intensity of which increases with the mole fraction of the 

COPV2. Up to 25% of COPV2, the co-assembled OPV gel showed a weak pseudo­

bisignated CD signal with the negative maxima at 456, 380 and 317 nm and the 

positive maximum at 406 nm, whose intensity increases linearly with COPV2 

concentration. This is further evident from the plot of the CD intensity at 406 and 317 

nm, versus the percentage of COPV2 in the co-assembled gels as shown in Figure 

4.18b. However, when the percentage of the COPV2 is increased beyond 25%, a 

strong amplification of chirality is observed, which is clear from the deviation of the 

plot of the CD intensity from linearity. The CD signals grow in intensity through the 

isodichroic points at 436 nm and 388 nm. Even though, the strong pseudo-bisignated 

Cotton effect with positive maximum at 406 nm and the negative maximum at 380 nm 

with a zero crossing at 388 nm obtained with 50% COPV2 co-assembled gels can be 

attributed to a helical arrangement of the OPY chromophores, the appearance of an 

additional negative Cotton effect at 460 nm, makes it difficult to assign the exact 

handedness from the CD signal. 
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Figure 4.18. a) CD spectra of BH·OPV1b/COPV2 co-assembled dodecane gels (T = 278 K, 1= 1 mm, 
cooled from the isotropic solution at a rate of 20 DCfmin) and b) the corresponding changes in the CD 
intensity monitored at 406 and 315 nm, as a function of the concentration of COPV2 in the co­
assembled gels. 

Interestingly, when a pre-heated dodecane solution of BH-OPVlb containing 

50% COPV2, is allowed to gel by slow cooling at room temperature, a strong 

amplification of chirality IS observed, resulting in an intense exciton coupled 

bisignated CD signal with a first positive Cotton effect having a maximum at 415 nm 

and a second negative Cotton effect with a maximum at 380 nm, through a zero 

crossing at 392 nm (Figure 4.19a). This CD signal is nearly three times more intense 

than that of the fast cooled gel. However, the slow cooled BH-OPVlb/COPV2 

dodecane gel showed the opposite sign of Cotton effect when compared to the CD 

signal of the pure COPV2 dodecane gel (5.3 x 10-4 M) (Figure 4.19b). Although, the 

two CD spectra are not the exact mirror images, the inversion of Cotton effect 

indicates that, the OPV chromophores in the BH-OPVlb/COPV2 dodecane gels are 

arranged in a different helical sense in the co-aggregate, when compared to that of the 

pure COPV2 assembly. 
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Figure 4.19. a) CD spectra of the fast cooled (20 °C/min) and slow cooled (room temperature cooling) 
BH·OPV1b/COPV2 co-assembled dodecane gels (T = 278 K, I = 1 mm) containing 50% of COPV2 and 

b) comparison of the slow cooled BH·OPV1b/COPV2 co-assembled dodecane gels with the CD 

spectrum of pure COPV2 dodecane gels (5.3 x 10-4 M) . 

Figure 4.20 shows the plots of the CD signal intensities of the BH.OPVlb, 

COPV2 and the BH-OPVlb/COPV2 co-assembled dodecane gels. It is interesting to 

note that at same concentrations of COPV2, the CD signal intensity of the co-

assembled gels of BH-OPVlb/COPV2 is larger than that of COPV2 dodecane gel 

which is a clear indication of the 'sergeants and soldiers' effect in chirality 

amplification. In the co-assembled gel state, the chiral OPV molecules can efficiently 

bias the packing of the achiral OPV molecules resulting in the amplification of 

chirality, indicating the cooperative nature of the self-assembly. 
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Figure 4.20. Plots of the concentration dependent CD intensity at 391 nm of the pure COPV2, co­
assembled BH-OPV1b/COPV2 and pure BH-OPV1b dodecane gels. 

The temperature dependence of the Cotton effect of the co-assembled BH­

OPVl b/COPV2 gels has been investigated to get insight into the cooperativity of the 

self-assembly process. Figure 4.21 shows the temperature dependent CD spectra of 

the slow cooled dodecane BH-OPVlb/COPV2 gel doped with 50% COPV2. The 

inset of the Figure 4.21 shows the corresponding self-assembly transition curve 

obtained by plotting the fraction of the aggregates versus temperature. From the 

temperature dependent CD curves, it is evident that the co-aggregated OPV helices 

have intense CD signal up to 50 DC, and the denaturation of the helix took place over a 

small temperature range, as is indicated by the complete loss of the CD signal at 

63 DC. The lack of isodichroic point during the temperature dependent breaking of the 

helical OPV stacks supports the involvement of intermediate chiral states during the 

hierarchical evolution of the helical assembly. The difference in the CD spectrum of 

the fast cooled co-assembled gels can be attributed to that of a kinetically controlled 

assembly, whereas a thermodynamically more stable self-assembly is resulted upon 
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signal. It is interesting to note that the stability of the chiral OPV gels have been 

considerably increased, by co-assembling with achiral OPVs. The pure COPV2 (5.3 x 

10-4 M) gels are stable only up to 30 QC, while the co-assembled BH-OPVlb/COPV2 

gel containing 2 x 10-4 M of COPV2 is stable up to 63 QC as observed from the 

temperature dependent studies. 
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Figure 4.21. Temperature dependent CD spectra of slow cooled dodecane BH·OPV1b/COPV2 gel 
doped with 50% COPV2. The inset shows the aggregate stability curve obtained by plotting the fraction 
of self-assembled molecules versus temperature. 

Results of the CD spectral studies of the co-assembly between the achiral BH­

OPVla and the chiral COPV3 are shown in Figure 4.22. Even though, COPV3 could 

not fonn gels despite its strong aggregation ability, co-assembly of COPV3 with BH­

OPVla in dodecane resulted in the formation of stable gels. When BH-OPVla is 

doped with different concentrations of COPV3, rapid fonnation of stable and 

transparent co-assembled gels could be observed. 



Figure 4.22. a) and b) CD spectra of BH·OPV1a1COPV3 eo-assembled dodecane gels (T = 278 K, 1=
1 mm) atvarious mol% of COPV3 and c) the corresponding changes in the CD intensity monitored at

415 and 370 nm, as a function ofthe concentration ofCOPV3 in the co-assembled gels. d)Comparison
of the CD spectra of BH·OPV1a/COPV3 co-assembled dodecane gels with that of pure COPV2
dodecane gels (5.3 x 10-4 M).

Up to 25% of COPV3, the eo-assembled OPV gels showed a weak exciton

coupled CD signal with a positive maximum at 406 nm and negative maximum at 314

nm through a zero crossing at 380 nm (Figure 4.22a). At a concentration of 24% of

COPV3, a sudden transition to a new exciton coupled bisignated signal with positive

and negative maxima at 433 and 378 nm, respectively was observed, which is

accompanied by a shift in the zero crossing to 390 nm (Figure 4.22b). The observed

shift in the CD signal accompanied by the significant increase in the intensity is an
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indication of the reorganization of the initial co-assembly to a more stable packing of 

the chromophores. The plot of CD signal intensities at 415 nm and 370 nm, against 

the mol% of COPV3 showed a sharp increase above 20 mol% indicating a strong 

chiral induction from COPV3 to BH-OPVla in the co-assembly (Figure 4.22c). 

Comparison of the CD signals of pure COPV2 with BH-OPVlaJCOPV3 co-

assembly showed a near mirror image relationship indicating apposite helical sense 

between the two supramolecular assemblies (Figure 4.22d). 

The presence of the intermediate chiral states is further evident from the 

temperature dependent CD studies of the BH-OPVlaJCOPV3 dodecane gels. When 

the temperature was increased up to 55°C, a sudden transition of the strongly exciton 

coupled CD signal to a weak CD signal was observed, which is similar in shape to the 

one observed during the initial stages of the growth of the co-assembled gels (Figure 

4.23a). This could be easily observed in the corresponding stability curve (Figure 

4.23b). The intensity of the CD signal continued to decrease with increase in 

temperature until it reached the baseline at 70°C. 
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Figure 4.23. a) Temperature dependent CD spectra of the dodecane BH·OPV1a1COPV3 gel doped 

with 50% COPV3 and b) the corresponding melting transition plot obtained by plotting the fraction of 

self-assembled molecules versus temoerature. 
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From the detailed CD studies, it is clear that supramolecular chirality can be 

induced into achiral OPV gels by co-assembling with structurally related chiral self. 

assembling OPV derivatives. However, in the present case for the efficient induction 

of the supramolecular chirality more than 25% of the chiral oligomers are needed. 

This is in contrast to the amplification of chirality observed for the helical columnar 

discotic molecules, for which even 2.5% of chiral 'sergeant' molecules are sufficient 

for a full bias of the helicity.sa This may be due to the difference in the stacking 

interaction of the OPV chromophores in a lamellar assembly leading to a three­

dimensional supramolecular structure in contrast to the one~imensional columnar 

stacks of the discotic molecules. In such situations, the chirality of the 'sergeant' 

molecules would not be strongly recognized by the achiral 'soldiers'. However, to the 

best of our knowledge, this induction of chirality using 'sergeant and soldiers' 

principles in achiral OPV gels by co-assembling with chiral OPVs, furnishes the first 

example of its kind for the design of helical OPV nanostructures. The most 

remarkable observation during the chiral induction experiments is the unusual bias of 

the supramolecular chirality towards right-handedness in the co-assembly. The'S'­

chiral center present in the side chains of chiral OPVs are expected to direct the self­

assembly of achiral OPVs in a left-handed direction, as observed in the case of pure 

chiral COPVl gels. Recently, Jonkheim et al. have also observed such an inversion of 

supramolecular chirality during the helical rosette formation of homochiral triazine 

substituted OPVs.lIc Detailed studies have shown that, the right-handed OPV rosette 

helical assembly is only a kinetically controlled metastable state, which changed into 

the thermodynamically favored left-handed helical assembly very quickly with first­

order kinetics. However, in the present co-assembled gel systems, the induced right­

handed helicity is preserved even after two weeks. These results indicate that, the 



Chirul 01' I " Orgallogefs '" 
intact arrangement of the DPY chromophores in the co-assembled network enabled 

the locking of the induced right-handed supramolecular chirality and to memorize it 

for several weeks. 

We have carried out detailed optical polarizing and scanning electron 

microscopic studies in order \0 continn the induction of chirality in the co-assembled 

oPY gels. The optical polarizing microscopic st udies of the co-asse mbled dodecane 

gels of BH-OPVlb/COPV2 showed considerable differences from that of the 

individual chiral and achiral OPVs. For example. the achiral OPV gels have long 

birefringent librous textures (Figure 4.24a). whereas the chiral OPV gels (Figure 

4.24b) exhibit four-ann brush textures characteristic of the helical packing of the 

molecules. Inte restingly. when the co-assembled BH-OPVlb/COPV2 dodecanc gels 

are cooled from the isotropic solution. a texture which is different from the individual 

molecules could be observed ( Fi gure 4.24c). This observation is an indi cation of the 

co-assembly ofCOPV2 with BH-OPVlb which is respons ible for the supramolecu lar 

chirality and the helical bias. 

Figure 4.24. Optical polarizing micrographs of a) BH.()PV1 b. b) COPV2 anel c) co-assembte<l BH· 

OPV1b/COPV2 elodecane gels (magnification is 100x). 

Scanning electron micrographs of BH-OPVl b/COPV2 co-assemhly shov ... ·ed 

the presence of long entangled twi sted tapes or 50-200 nm diameters and several 

microlllcters length (Figure 4.:!5). Carefu l anHlys is revealed that all fibers have left-
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handed twist. However, the positive bisignated CD signal of co·assemblcd gels 

suggest a right-handed helical arrangement of the OPV chromophores. These 

observations point towards the possibility of having several hierarchical structures of 

organization in the co-assembled OPV gels. At the primary level, the OPV 

chromophores arc directed to assemb le in a right-handed helical manner by the remote 

chiral side chains, which is responsible for the positive bisignated CD signal. 

However, at the secondary level of the se lf-assembly, the right-handed primary 

structures organize into left-handed tape-like assemb lies, as observed through SEM 

images. 

Figure 4.25. Scanning electron microscopic pictures of BH·OPV1b1COPV2 dodecane gels. 

4.5. Conclusions 

Three different oligo(p·phenylenevinylene)s, COPVl-3 having remote chiral 

handles have been designed and synthesized. Among the three derivatives, only C­

OPV2 forms gel in apolar hydrocarbon solvents, which indicates that the nature of the 

side chain is crucial in the gelation of chiral OPVs. While COPV1 failed to fonn gel, 

COPV2 provided stab le gel in dodecane whereas COPV3 fonns strong aggregates 

with weak ge lation property. Optical po larizing microscopy showed birefringent 

fibrous four·arm brushes revealing strong molecular anisotropy. FE·SEM pictures of 
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COPVl revealed concentration dependent hierarchical self-assembly leading to the 

formation of left-handed helical fibers of 20-50 nm and coiled-coil ropes of ca. 150 

nm in width. AFM analysis of the gel fibers showed the characteristics of left-handed 

coiled-coil ropes. Concentration and temperature dependent CO spectral studies of 

COPVl revealed a helix transition during the hierarchical growth of the self-assembly 

indicating the presence of different chiral intermediates. Helical bias through an 

amplified chiral induction could be achieved to achiral OPV gels by co-assembling 

with the chiral OPVs which showed a right-handed supramolecular chirality in the 

initial levels of the co-assembly and a left-handed helicity at the higher levels of the 

co-assembly as evidenced from the SEM images. This is the first report of a gelation 

assisted chiral amplification and helical bias in the supramolecular co-assembly of 

extended x-conjugated system. 

4.6. Experimental Section 

4.6.1. Synthesis and Characterization of COPV1-3 

Solvents and the reagents used were purified and dried by usual methods. All 

starting materials were obtained from commercial suppliers and used as received. All 

melting points were determined with a Mel-Temp-II melting point apparatus and are 

uncorrected. 'H and BC NMR were measured on a 300 MHz Broker Avance OPX 

spectrometer or on a Varian Gemini 300 MHz spectrophotometer. IR spectra were 

recorded on a Nicolet Impact 4000 Infrared spectrophotometer. Matrix assisted laser 

desorption ionization time of flight (MALOI-TOF) mass spectrometry was conducted 

on a perspective Biosystems Voyager DE-Pro MALOI-TOF mass spectrometer. 

Chiral side chains were prepared according to previous report. sa The compounds 
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COPVl-3 were synthesized using similar procedures used for the synthesis of 

corresponding achiral derivatives (see Chapter 2 for details). 

COPVl. Yield 95%. mp 75-76 cc. FT-IR (KBr) Vrnax = 865, 912, 1051, 1124, 1201 , 

1253, 1382, 1418, 1470, 1506,2918,2955,3348 cm"l. IH NMR (300 MHz, CDCh. 

TMS) 0 0.75-1.8 (m, 114H, -CH3 and -CH2), 3.95-4.03 (m, 12H, -OCH2), 4.6-4.62 

(d, 4H, -CH20H), 6.8 (s, 2H, aromatic), 7.06 (s, 2H, aromatic), 7.08 (5, 4H, aromatic), 

7.38 (s, 4H, vinylic) ppm. i3C NMR (300 MHz, CDCh, TMS) 8 14.09, 22.64, 25.93, 

29.34, 29.68, 31.37, 62.30, 69.52, 69.73, 108.49, 114.26, 115.91, 126.76, 128.47, 

128.60, 129.73, 151.12, 151.51 ppm. MALDI-TOF MS (MW = 1280.02): mlz :::: 

1279.64 [Mr. 

COPV2. Yield 94%. mp 83-84 QC. FT-IR (KBr) Vrnax = 865, 968, 1046, 1206, 1258, 

1387,1424,1465,1506,2846,2924,3348 cm· l. IH NMR (300 MHz, CDCb, TMS) 0 

0.75-1.8 (m, l30H, -CH3 and -CH2), 4.02-4.16 (m, 12H, -OCH2), 4.72-4.74 (d, 4H, 

-CH20H), 6.92 (s, 2H, aromatic), 7,17 (s, 2H, aromatic), 7.21(s, 4H, aromatic), 

7.51(5, 4H, vinylic) ppm. I3c NMR (300 MHz, CDCh, TMS) 0 14.04, 19.25,24.45, 

25.62,27.60,28.70,28.93,29.37,29.19,29.80,31.68, 62.43, 68.21,69.10,69.51, 

110.54, 114.12, 123.56, 126.76, 127.21, 127.76, 129.46, 150.67, 151.07 ppm. 

MALDI-TOF MS (MW = 1391.2): mlz = 1392.15 [Mt. 

COPV3. Yield 96%. mp 90-91 qc. FT-IR (KBr) Vrnax = 725, 860, 979, 1046, 1124, 

1253,1346,1418,1470,1506,2851,2918,3327 cm". IH NMR (300 MHz, CDCh, 

TMS) 0 0.75-1.76 (m, 162H, -CH3 and -CH2), 3.91-4.01 (m, 12H, -OCH2), 4.61-4,62 

(d, 4H, -CH20H), 6.79 (5, 2H, aromatic), 7,05 (s, 2H, aromatic), 7.08 (s, 4H, 

aromatic), 7.38(s, 4H, vinylic) ppm. i3C NMR (300 MHz, CDCh, TMS) 0 14.54, 
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19.34,22.34,24.40,25.56,27.69,28.45,28.90,29.23, 29.45, 29.75, 31.61, 62.45,

68.34,69.15,69.54, 110.43, 114.01, 123.43, 126.65, 127.21, 127.45, 129.73, 150.97,

151.14.

4.6.2. General Procedure for Gelation Studies

A weighed amount of the compound in an appropriate solvent (6-8 mM) was

placed in a glass vial, which was sealed and heated until the compound was dissolved.

The solution was allowed to cool to room temperature and the gel formation was

confirmed by the failure of the gel mixture to flow by inverting the glass vial. The

thermo reversibility of the gelation was confirmed by repeated heating and cooling.

4.6.3. General Procedure for 'Sergeant and Soldiers' Experiments

The eo-assembled OPV dodecane gels of the achiral BH-OPVlalb, and chiral

COPV2I3 OPV derivatives were prepared by heating the mixed OPV solution to

90°C and the subsequent cooling either at a cooling rate of 20 °Cmin-' or by slow

cooling at room temperature. In all cases stable, transparent and fluorescent gels were

obtained indicating the eo-assembly of both achiral and chiral OPVs and the

measurements were carried out 5°C, in a 1 mm cuvette.

4.6.4. Description on Experimental Techniques

Optical Polarizing Microscopy. The gel texture was observed on a polarizing light

microscope (Nikon HFX 35 A Optiphot equipped with a Linkan THMS 600 heating

and freezing stage connected to Linkan TP 92 temperature programmer).

Atomic Force Microscopy. Atomic Force Microscopy images were recorded under

ambient conditions using a Digital Instrument Multimode Nanoscope IV operating in

the tapping mode regime. Micro-fabricated silicon cantilever tips (NSGOI/Pt) with a
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resonance frequency of approximately 150 kHz and a spring constant of about S.S 

Nm'l were used. The scan rate varied from 0.5 to 1.5 Hz. The set-point amplitude ratio 

(rsp == Asrl Ao, where Asp is the amplitude setpoint, and Ao is the amplitude of the free 

oscillation) was adjusted to 0.9. All AFM images shown here were subjected to a first. 

order plane-fitting procedure to compensate for sample tilt. AFM analysis was done 

offline. AFM samples were prepared by drop casting the OPV solution on freshly 

cleaved muscovite mica. 

Field-Emission Scanning Electron Microscopy. FE-SEM studies were carried out 

on a CARL Zeiss LEO GEMINI 1550. The SEM samples were prepared by 

transferring the dodecane solution of COPV1 onto a 400 mesh carbon-coated 

Formvar copper grid. The samples were allowed to dry and then coated with platinum 

prior to imaging. 

Optical and Chiroptical Measurements. Electronic absorption spectra were 

recorded on a Shimadzu UV -3101 PC NIR scanning spectrophotometer and the 

emission spectra were recorded on a SPEX-Fluorolog FI12X spectrofluorimeter. 

Temperature dependent studies were carried out either in a O.lcm or 1 cm quartz 

cuvette with a thermistor directly attached to the wall of the cuvette holder. CD 

spectra were recorded either on JASCO-J-600 or JASCO-J-810 spectropolarimeters 

equipped with a JASCO PTC-348WI or JASCO PTC-423S Peltier type temperature 

control system. 
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