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PREFACE 

Development of π–conjugated supramolecular systems has gained tremendous 

interest over the years, owing to their superior and tuneable optoelectronic properties, 

synthetic feasibility, facile processability, etc. In this context, various strategies for 

controlling the spatiotemporal self–organization of chromophores leading to 

unprecedented morphologies, properties and applications, have been extensively 

explored. Over the past one and a half decades, our group has also been actively 

working in the area of molecular self–assembly and fine tuning their optoelectronic 

properties for multifarious applications.1 From the beginning of my scientific pursuit 

at CSIR–National Institute for Interdisciplinary Science and Technology, I was 

involved in the design, synthesis and related investigations of a few light and heat 

responsive supramolecular π–conjugated organic molecules. With an objective of 

translating the expertise acquired by our group in this field into responsive smart 

systems, we chose a few designed photoactive anthracene derivatives and dipole 

variable oligo(phenyleneethynylene) based π–conjugated systems for detailed 

investigations. Such building blocks have been extensively explored for lighting, 

photovoltaics and smart materials applications. Among these supramolecular 

systems, the photo- and thermo-responsive chromophoric assemblies of extended 

molecular systems are promising candidates for real world applications.  

In the present thesis, Chapter 1 briefly introduces the structure-properties 

relationship of conjugated functional materials and provides insights into their 

self-assembly, with particular focus on morphologies and functional properties of the 

resulting supramolecular systems. Subsequently, recent developments in stimuli-

responsive chromophores and their self-assembly for different applications are 

discussed.  

In Chapter 2, we have explored the potential of the supramolecular gel phase of a 9-

phenylethynylanthracene derivative and selectively directed its photocycloaddition 

reaction to form the corresponding anti-[4 + 2] photoadduct in exceptionally high 

yield. Further, these compounds were used as emitters to fabricate organic light 

emitting diodes. While the monomer and the photoadduct exhibited blue 

photoluminescence, the latter exhibited white electroluminescence (x, y = 0.33, 0.32) 
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in the presence of a hole transporting agent. The formation of an electroplex between 

the photoadduct and the hole-transporting material could be the probable reason for 

the additional band in the EL spectrum leading to a near-perfect white light 

emission.2 

The design and studies of an amphiphilic liquid π-system, exhibiting LCST behavior 

within the tropical temperature range, is described in Chapter 3. The amphiphile, 

upon anti-[4 + 2] photocycloaddition, transformed into a bolaamphiphile having an 

LCST phase transition at low concentration and lower temperatures as compared to 

the parent molecule. We fabricated smart window prototypes to control solar light 

and heat transmission, by sandwiching the aqueous solutions of the amphiphilic 

molecule between sealed glass panels. These windows exhibited transparency below 

29 oC with >92% visible light transmission. However, above 32 oC, the window 

turned opaque and blocked >80% of the solar radiation. Similar results, but with a 

neutral white opacity switching, could be achieved using the photoadduct at lower 

concentrations near room temperature. Thus, one of the widely studied classical 

photoreaction has been used for the design of dynamic windows that can modulate 

light and heat transmission, with tremendous implications in energy saving, 

aesthetics and glare reduction.3 

In the final chapter, Chapter 4, we demonstrated the preparation of macroscopic 

free-standing films, synchronized with supramolecular polymerization and LCST 

phase transitions in a monophasic solvent medium. Our findings provide a rare 

example to achieve free standing film formation in a single-phase medium, which is 

distinctly different from existing film processing techniques such as solvent 

evaporation or interfacial processes. The realization of macroscopic films via a 

thermally assisted self-assembly process within a monophasic medium is expected to 

open up opportunities for further developments in thin film fabrication with the help 

of supramolecular chemistry of stimuli- responsive molecules.4 
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   Chapter 1 

 

Recent Progress in Supramolecular Organic Materials  

 

 

1.1. Abstract 

Supramolecular self-assembly refers to the molecular organization via non-covalent 

interactions by virtue of different chemical functionalities that attributes order and 

unique properties to the system. Creation of such ordered assemblies and 

modulation of their properties have been achieved using structural modification, 

synthetic variations and controlled environmental conditions. Recent advances in 

supramolecular approaches have unambiguously impacted different realms of 

science - from synthetic organic chemistry to devices and drug delivery. 

Supramolecular chemistry provides a versatile tool to design functional materials 

by inducing unique properties and morphologies for multifarious applications. This 

chapter provides a brief introduction to the recent developments in conjugated 
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functional molecules and their self-assembly to form soft materials with intriguing 

properties. An overview on stimuli responsive materials derived from amphiphilic 

conjugated molecules and their applications are also detailed. An outline of the 

present thesis is provided towards the end of the chapter. 

1.2. Introduction 

Supramolecular chemistry has been paying a pivotal role in various scientific 

advancements made in the past few decades.1 Pioneering works in this field by 

several stalwarts are well-recognized at the highest level, the latest being the 2016 

Nobel prize jointly awarded to Prof. Sauvage, Sir Stoddart and Prof. Feringa for 

their contributions to the development of molecular machines.2 Majority, if not all, 

of the developments in supramolecular chemistry derived inspirations from nature. 

Creative human minds orchestrated the development of a large number of self-

assembled materials for multifarious applications.3 New generation materials 

developed using supramolecular approaches offer high level of complexity blended 

with superior properties.4 Emergence of supramolecular materials has witnessed an 

advent in materials science by virtue of the unprecedented control over their unique 

properties and morphologies. A predictive but reliable approach to molecular 

engineering can facilitate the development of materials with pre-defined properties. 

Supramolecular strategies synchronized with multi-disciplinary synthetic 

approaches across the borders of chemistry, physics, biology and computation, offer 

creative and ingenious opportunities for the development of responsive and adaptive 

functional materials.5 

Small molecule based extended π-systems have recently been gaining momentum 

as preferred semiconductor materials, especially for solution processable thin film 

devices. The comparably lower command over the performance and reproducibility 

of several polymer-based devices stems from their structural defects, polydispersity 

and purity of the active material with rather poor batch-to-batch reproducibility. This 

issue has been addressed to a large extent, by employing conjugated small molecule 
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based supramolecular materials. Molecular self−assembly thus offers a unique 

strategy for the realization of new and engineered functional materials with superior 

properties and applications without the need for extensive chemical modifications 

in the structural backbone of the monomers and oligomers.6 

In this chapter, we discuss the recent developments in the synthesis and applications 

of functional supramolecular materials, with particular emphasis on stimuli-

responsive amphiphilic molecular assemblies and their tunable electro-optical and 

morphological characteristics.  

1.3. Functional Supramolecular Materials  

Functional supramolecular materials are of profound interest for a variety of 

applications because of their potential in realizing novel technologies. The de novo 

preparation of complex and large structures via conventional covalent synthesis is 

often demanding and time consuming. In contrast, supramolecular chemistry offers 

a wider opportunity to create distinct and hierarchically well-ordered materials with 

precise functional properties under shorter reaction times. Over the past few 

decades, the self-assembly of small molecules has proven to be an extremely useful 

tool in the development of well-defined nanostructured materials.7  

Supramolecular materials, formed via non-covalent linkages between monomeric 

building blocks, replicate several key characteristics of covalent polymers via 

strong, directional and reversible molecular interactions. The dynamic non-covalent 

nature of the supramolecular bonds in these materials is critical to directing their 

self-assembly from the (sub)nano to macro scales, modulating their conformation 

and imparting specific functions.8 A large number of functional supramolecular 

materials reported over the years have spanned multifarious applications due to their 

fascinating optical, electrical, optoelectronic, magnetic and biochemical properties.9 

Engineered supramolecular materials with intriguing attributes such as self-healing 

ability and stimuli-responsive chemistry have attracted the attention of several 

research groups to explore them as potential candidates for innately smart and 
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adaptive functional materials.10 Structural diversity offered by numerous 

permutations and combinations of different monomers along with the dynamic 

reversibility of non-covalent interactions undoubtedly manifest supramolecular 

polymers as one of the materials of choice for next-gen technologies.11 One pivotal 

challenge in the extended applications of most supramolecular polymers emanates 

from their moderate chemical and mechanical robustness; however, quite a few 

supramolecular polymers with stability akin to covalent polymers have emerged 

over the past few years.12 

Several riveting properties commensurate with extended covalent systems are now 

accomplished using non-covalent supramolecular materials. The responsive and 

adaptive characteristics of such supramolecular systems are rarely achieved using 

their covalent counterparts. The synthetic evolution of supramolecular polymers is 

rather complex compared to conventional covalent systems. Most of the reported 

supramolecular materials are obtained via self-assembly at the molecular level, 

thereby facilitating facile formation and deformation of bonds.13 A plethora of 

supramolecular materials have thus emerged with specific and fascinating 

applications.14 Significantly, molecular self–assembly offers a unique strategy to 

enhance or tune the optical and electronic properties of a large number of π–

conjugated systems. 1D, 2D or 3D supramolecular architectures can be constructed 

using π–conjugated systems by the interplay of various non–covalent interactions 

such as ionic, van der Waals, solvophobic, coordination and H-bonds.15 ‘Bottom up’ 

approaches combined with the dynamic nature of aggregates provides access to 

modulate the size and shape in the nano– and meso-scopic regimes. Supramolecular 

chemistry thus offers a unique platform for the discovery of new functional systems 

as well as improvized application of existing domains.16 
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1.4. Supramolecular Chemistry: The World of Non-covalent 

Interactions  

Molecular self-assembly, driven by non-covalent interactions particularly 

predominant in biological systems, offers a great tool for engineering nanoscopic 

architectures.17 These non-covalent bonds can either be attractive or repulsive 

intermolecular forces, that are resposible for the formation of supramolecular arrays. 

The different classes of possible interactions are (i) electrostatic interactions (ionic 

or dipole interactions), (ii) H-bonding, (iii)  interactions/stacking, (iv) van der 

Waals forces, (v) solvent interactions and (vi) London forces. In traditional 

organic/polymer chemistry, the covalent bonding between atoms is the key to form 

ordered materials, whereas supramolecular chemistry makes use of non-covalent 

interactions between molecules to build hierarchical structures. Covalent bonds 

generally have a bond energy in the range of 100-400 kJ/mol, whereas 

supramolecular interactions are usually much weaker, and range from 4-5 kJ/mol 

for vdW forces, up to 120 kJ/mol for H-bonds and ~250 kJ/mol for coulombic 

interactions (Table 1.1). These individually weak but collectively strong 

interactions result in stable and complex molecular architectures with a high degree 

of selectivity, directionality and tunability. 

Table 1.1. The strength of non-covalent forces compared with that of the covalent bond.  
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H-Bonding is a specific dipole-dipole interaction with a high degree of 

directionality, defined geometry and specificity. H-Bonds are frequently observed 

in nature, e.g. folding of proteins, substance recognitions by enzymes and double 

helical structure of DNA.18 The  stacking is a weak electrostatic interaction 

between aromatic rings or conjugated bonds whereas the  van der Waals forces occur 

between a negatively charged electron cloud and a positivly charged 

framework of an adjacent molecule. van der Waals attraction helps in 

compromising the electrostatic  repulsions between two -clouds, leading to 

better  stacking interactions. However, the relative orientation of two interacting 

molecules depends on the electrostatic repulsion between two electron rich 

systems.19 

Improvised performance and applications of organic supramolecular materials 

demand control over molecular organization and morphology. Hence, 

supramolecular π–conjugated systems possess huge potential for practical 

applications owing to their ability to form highly directional and dynamic molecular 

assemblies. Though direct correlations between the molecular structure, packing, 

and the morphology of supramolecular assemblies is not yet elucidated completely, 

the interplay of non-covalent interactions in adjusting the packing parameters of 

such systems is highly desirable. Despite being formed through weak intermolecular 

interactions, such materials exhibit properties comparable or superior to covalent 

organic polymers and the design and synthesis of supramolecular architectures is 

often temed non-covalent synthesis.20-21 

1.4.1. Hydrogen Bonding and  Stacking: The Favorites in 

Supramolecular Assemblies 

The advantages of H-bonding and  stacking stem from their tunable strength, 

directionality and specificity. The strength of a single H-bond is defined by the 

acidity of the hydrogen donor group and basicity of the acceptor group. Among 

various non–covalent interactions, H–bonding is predominantly used for 
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constructing supramolecular architectures owing to its high binding affinity, 

selectivity and directional nature. Intermolecular H-bonding has been extensively 

used to control the self-assembly, solid state morphology and functional properties 

of supramolecular assemblies. For instance, several reports have demonstrated the 

role of H–bonding in the supramolecular self-assembly of π–conjugated systems 

leading to better transport properties due to the availability of continuous and 

extended percolation pathways. H-Bonding, in cooperation with other non-covalent 

forces, particularly  stacking and van der Waals interactions, offers molecules 

to self-organize to form stable supramolecular architectures with control over shape 

and properties.  

-Interaction represents a special case of non-covalent binding between large 

conjugated surfaces. Electrostatic attractions between electron-rich and electron-

poor surfaces can also influence the possibilities for stacking. Several modes 

of stacking (cofacial, slipped, face-to-face or face-to-edge) operate in π-

conjugated supramolecular materials and may be tuned via different 

processing conditions.22 Recently, a perylene bisimide dye based self-organised 

liquid crystals via careful engineering of non-covalent chemical functionalities, 

leading to controlled H-bonding and  interactions was reported by Würthner and 

co-workers.23 Lateral H-bonding and slip stacked stacking of  molecule 1 resulted 

in strongly coupled J-aggregated hexagonal columnar packing, whereas the control 

molecule 2 afforded columnar packing through weakly coupled cofacial helical 

stacking (Figure 1.1). 

1.5. Supramolecular Assemblies of Chromophoric π-Systems  

Chromophores are molecules that are colored and absorb light to undergo various 

excited state processes. Several such chromophoric systems have been used as 

building blocks for the design of functional supramolecular materials. In this 

context, extended -systems have been exploited to create stimuli-responsive 

materials resulting in the modulation of the optoelectronic properties.  As a result, a 
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large number of small molecule based supramolecular materials have been reported 

to exhibit superior optoelectronic performance especially in OSCs and OFETs.24-26 

This section provides an overview on the various aspects of supramolecular 

chromophoric assemblies. The following sections will elaborate on the aggregation 

behavior in chromophoric assemblies, their photophysical characteristics and 

morphological diversity. 

 

Figure 1.1. Chemical structures of the PDI derivative 1 and control molecule 2 and their H-bonding 

and stacking assisted hexagonal columnar molecular self-assembly.23 

1.5.1. H- and J- Aggregates  

The structure-optical property relationship in molecular aggregates have gained 

tremendous attention in supramolecular chemistry. Distinct changes in absorption 

have been observed for aggregates as compared to their monomeric solutions. 

Aggregates with a certain absorption band shifted to a longer wavelength 

(bathochromic shift) with respect to the monomer absorption are called as J-type 

aggregates.17b Aggregates with absorption bands shifted to a shorter wavelength 

(hypsochromic shift) with respect to the monomer band, are called H-aggregates that 

exhibit, in most cases, low or no fluorescence (Figure 1.2). 27-29  

1

2

1 2
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Figure 1.2. Schematic representation of typical H–, Oblique, and J–type dimers for a –conjugated 

molecule and the corresponding effects in the UV–vis absorption spectra. Allowed transitions are 

depicted in solid arrows (transition dipole moment µ(2f) > 0), and dashed lines represent the 

forbidden ones (µ(2f) = 0). 

Recently, Würthner et al. have demonstrated the fine tuning of J-and H-type 

molecular aggregates in a core-shell hexagonal liquid crystal (Figure 1.3a,b).30 A 

donor‐acceptor dyad comprising of perylenebisimide decorated with four 

bithiophene arms in its periphery (3 and 4) can undergo theromotropic liquid 

crystalline (LC) phase transition at 230 oC. In their hexagonal columnar LC domains, 

PBI cores were found to be assembled via lateral H-bonding and  stacking. As 

a result, J-type packing with a bathochromic shift in the PBI absorption spectrum 

was observed in the film state (Figure 1.3c). Due to the jacketing of PBI aggregates, 

the peripheral units were forced to assemble in an H-type fashion with a 

hypsochromic shift in the absorption maxima. Such a packing was further confirmed 

by WAXS diffraction pattern. The hexagonal columnar aggregates in their film state 

showed very weak fluorescence, indicating fast electron transport from bithiophenes 

to the PBI core. 

Oblique-type Dimer J-type DimerMonomer

As f″ and f are  non-zero, 

both transitions are allowed 

   
   

  
            )

2f

f 

f"

2f
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Figure 1.3. (a) Chemical structures of the PBI derivatives 3 and 4. (b) Molecular agrrangements in 

the hexagonal liquid crystalline phase showing H-bonding and stacking driven J-type 

aggregates of the PBI core whereas as the peripheral bithiophene units aggregate in H-type fashion. 

(c) Absorption spectra of H- and J- type aggregates.30 

1.5.2 Aggregation Induced Emission (AIE) and Aggregation Caused 

Quenching (ACQ) 

AIE is a photophysical phenomenon in which luminogens are non-emissive in their 

molecular form and are induced to emit via aggregate formation. Hexaphenylsilole 

(HPS) is one of the well-investigated AIE chromophores (Figure 1.4). On the other 

hand, the phenomenon of luminophores that are emissive in their monomeric state 

in solution and tend to exhibit emission quenching, partially or completely, upon 

aggregation, is known as aggregation-caused quenching (ACQ).31 Typically, the π-

π stacking interactions between the aromatic rings of adjacent luminophores prompt 

the formation of an excimer that decay or relax back to the ground state via a non-

3 ( n = 0 )

4 ( n = 1 )

(a)

(b) (c)
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radiative pathway, resulting in ACQ. A prototypical example for ACQ fluorophore 

is fluorescein (Figure 1.4). 

 

Figure 1.4. Schematic representation of aggregation caused quenching of molecule 5 and 

aggregation induced emission of molecule 6.  

AIE molecules generally contain polycyclic as well as multiple aromatic rings.32 

Moreover, most of them emit blue or green light, while red AIE emitters are 

relatively rare. AIE fluorogens have been extensively used for molecular detection 

and cell imaging. Mechanistic pathways behind this process are associated with 

either or a combination of restricted intramolecular rotations (RIR), excited-state 

intramolecular proton transfer (ESIPT), twisted intramolecular charge transfer 

(TICT) and J-aggregate formation (JAF).33 

1.5.3. Morphological Distinction in Supramolecular Assemblies 

Self-assembly of -conjugated small molecules allows their organization into well-

defined supramolecular architectures with distinct morphological features. 

Aggregation-caused 

quenching (ACQ)

Aggregation Induced

Emission (AIE) 

5 6
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Supramolecular ordering of carefully designed building blocks in a three 

dimensional space leads to intricate molecular assemblies with defined 

morphologies and desired functional properties. Control over morphology at the 

molecular level further facilitates the fine-tuning of bulk properties and 

functionalities at the macroscopic level. For instance, the morphology of the active 

layer plays a decisive role in determining the efficiency of a device platform through 

optimum nanophase segregation and extended percolation pathways with high 

carrier mobility. The relatively low performance of small molecule-based devices is 

generally ascribed to their curtailed carrier percolation pathways arising from 

inadequate interconnectivity within the active layers, that unanimously underlines 

the significance of morphologies in such device architectures.34 Our group has 

extensively investigated the morphology-properties relationship of oligo(p-

phenyleneethynylene) derived assemblies.12 These molecules generally undergo 

gelation in non-polar solvents with fibril-like morphology. However, it has been 

observed that, there is a correlation between the molecular length and their 

molecule-substrate interaction in dictating the final morphology. Similarly, 

concentration plays a crucial role in altering the assembled structures. For instance, 

at a lower concentration, compound 7 formed a vesicular structure, whereas 8 and 9 

exhibited morphologies similar to entangled fibers and spiral structures, respectively 

(Figure 1.5). The morphology of such exotic superstructures were further controlled 

by tuning the humidity and temperature of the aliquot solutions.35  

1.6. Extended Systems-based Supramolecular Gelators  

Gels, in general, refer to a dilute cross-linked networked system exhibiting no flow 

in the steady state. Supramolecular assemblies of systems under the influence of 

various non-covalent interactions lead to gel formation. Though several parameters 

affect the process of gelation, nature of solvent(s) is a crucial factor. Polarity, 

functional groups, hydrophobicity/hydrophilicity, viscosity etc. decide the 

properties of the resultant gel. Several prior reports on supramolecular aggregation 
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and gelation have enabled researchers to design gelators via the incorporation of 

structural features that are known to promote aggregation. 

 

Figure 1.5. Effect of conjugation length of gelators on morphological properties of three different oligo 

(p-phenyleneethynylene) derivatives 7-9.35  

This class of supramolecular materials exhibit distinct properties induced by self-

assembly, leading to diverse architectures. Gelation is normally observed when a 

homogeneous solution obtained by heating in a suitable solvent, is cooled to room 

temperature or below. Super saturation-mediated nucleation and growth is believed 
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to be the basic driving force behind the gel nanostructure formation.36 Our group has 

extensively worked on the design and synthesis of several OPV derived 

organogelators capable of modulating their optical band gaps. For example, the 

emission of gelators 10-12 was found to depend on the end-group functionality 

(Figure 1.6). These molecules provide a lucid instance for a system, where the 

donor–acceptor groups are tailored symmetrically on to the extended backbone for 

fine-tuning the properties of the resulting gels.37 

Light driven self-assembly of organogelators utilizing photoinduced cis-trans 

isomerization of azobenzene is well documented in literature.38 In a recent work, Liu 

et al. explored the dual stimuli-responsive behavior of azobenzene–cholesteryl 

gelator 13 (Figure 1.6b)38b that underwent thermally reversible gelation in 

xylene. However, the gel irreversibly transformed into the corresponding sol upon 

exposure to UV light. Fernandez et al. reported the influence of metal coordination 

on stimuli-responsive behavior of the gelator 14 containing an azo moiety with 

pyridyl ligands that enabled response towards both light and metal coordination.38c 

Molecule 14, in methyl cyclohexane, self-assembled into long twisted fibers and 

dissembled into short rods upon photoirradiation. However, Pd (II) complexation 

induced a strong cooperative assembly to form thin and long fibers with a slip 

stacked molecular packing leading to gelation, that upon UV irradiation, 

transformed into thin rod like structures (Figure 1.6c). Supramolecular interactions 

facilitate the organization of small molecules having rigid surfaces and flexible 

functional groups into network-like structures with a mesophasic domain (Figure 

1.7b).39a Triphenylene derivatives (15)  can undergo gelation with a liquid 

crystalline polynomial orientation.39b Diring et al. have reported that incorporation 

of chemical functionalities at different positions of a pyrene core (molecules 16-17) 

facilitate H-bonding and van der Waals interactions, leading to gelation and a stable 

mesophasic behavior with distinct photoluminescence properties.40 
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Figure 1.6. (a) The chemical structure of organogelators 9-11 (left) and photographs of the 

corresponding gels under UV light (right). (b) Structure of the dual responsive azobenzene–

cholesteryl gelator 13. The photograph of the corresponding gel is also shown. (c) Chemical 

structure of organogelator 14 with azo and pyridyl moieties that exhibited Pd (II) coordination driven 

light induced gel-to-sol transformation concomitant with a distinct morphological transformation.   

Furthermore, gels were found to be potential candidates for the fabrication of field 

effect transistors with good bulk charge carrier mobility. Pereze et al. have 

synthesized a conjugated molecule 18, with two bulky benzyloxy ether moieties as 

end groups. Compound 18 was found to undergo gelation in decane as well as in 

cyclohexane via a columnar -stacked packing, leading to fibril-like nanostructures. 

A liquid crystalline phase transition was also observed at 59 oC with a schlieren-

type texture. Both the LC phase and the gel state exhibited aggregation induced 

emission (Figure 1.7e).41 Highly luminescent borondipyrromethene (F-Bodipy) 

templated supramolecular assembly of compound 19 formed a robust gel with fibril-

like nanostructures in nonane via multiple non-covalent H-bonding interactions. 

Compound 19 also displayed a long temperature range thermotropic liquid 
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crystalline phase transition ranging from 25.1 oC to 213.7 oC, with a columnar 

mesophase and pseudo-fan shaped textures.42 

 

Figure 1.7. (a) Chemical structure of the triphenylene derivative 15 that exhibits both gelation and 

LC phase. (b) Distinction of the thermotropic LC state from liquid and solid crystalline states. (c,d) 

Structures of the pyrene derivative 1617 exhibiting gelation and a stable mesophase in the 

temperature range of 20-200 oC respectively. (e) Chemical structure of the mesogen 18 that exhibited 

aggregation induced blue emission upon gelation in decane and its thermotropic LC phase 

transitions. 
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The gel state of compound 19 was found to be highly emissive with an yellowish-

orange emission under 365 nm UV light illumination (Figure 1.8a). However, 

during mesophasic transitions, a bathochromic shift in fluorescence was observed 

from yellow-green to orange-red. Recently, it was reported that knocking off a 

peripheral side alkyl chain from a C3 symmetric -conjugated oligo(p-

phenylenevinylene) derivative 20 can transform liquid crystalline molecules with a 

hexagonal columnar mesophase into gels in toluene and n-decane. Interestingly, the 

removal of the middle alkyl chain (compound 22) did not result in either gelation or 

liquid crystalline behavior (Figure 1.8b).43  

Ajayaghosh and co-workers have reported on the partial energy transfer from an 

oligo(p-phenylenevinylene) donor 23 (which in turn was a weak gelator) to a red 

emissive dopant 25, resulting in white light emission with CIE coordinates (0.31, 

0.35).44 A strong gelator with the same core (24) afforded only red emission due 

to efficient energy transfer between the donor and the acceptor (Figure 1.9a). 

Similar energy transfer mechanisms could further be applied to achieve white light 

emission from linearly fused acenes (Figure 1.9b). The white light emission, in this 

case, originated from a combination of two energy transfer processes - an 

intermolecular energy transfer between the blue emissive anthracene 26 to the green 

emissive tetracene 27 and an intramolecular energy transfer between the green and 

red-emitting tetracenes 27 and 28. Controlled energy migration from anthracene to 

teracence was shown to result in white light emission. Interestingly, the 

incorporation of single molecule white light emitters into a physical gel can also 

result in a white light emitting gel.45 Recently, Ma et al. have reported single 

molecule white light emission from a bifunctional D-A-D system 29, comprising of 

a pyridinium-naphthalene (P-N) unit attached to coumarin at both ends. In an 

aqueous medium, a self-folded state was observed via tandem hydrophobic effect 

and  stacking, resulting in a donor-acceptor charge transfer complex (Figure 

1.9d). 
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Figure 1.8. (a) Chemical structure of the Bodipy-based gelator 19 that formed highly emissive gels 

with a fibril like morphology. The gelator also exhibited thermotopic liquid crystalline phase transition 

at 212 oC.42 (b) Chemical structures of the C3 symmetric oligo(phenylenevinylene) derivatives 20- 22, 

obtained by knocking off peripheral alkyl chains. Compound 20 was found to exhibit a mesophase at 

250 oC, whereas compound 21 is a gelator, and 22 was not found to form a gel nor exhibit a 

mesophase.43 
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Figure 1.9. (a) Molecular structures of the weak gelator 23 and the strong gelator 24. Due to weak 

supramolecular interactions between the gelator units, compound 23 showed white emission (left) in 

presence of the dopant 25, whereas strong organogel of compound 24 resulted in a red emission 

only (right).44 (b) Chemical structures of blue-emitting anthracene 26, and green and red emitting 

tetracenes 27 and 28, respectively.45 (c) Chemical structure of a white emitting molecule 29 and its 

controlled folding and unfolding charge transfer complexes.46 

 

The folding was found to enhance the ICT emission leading to pure white light. A 

white light emitting hydrogel was obtained by doping an agarose gelator medium 

with the molecular system.46 Würthner and co-workers have reported the formation 

of a red organogel using a perylene bisimide (PBI) derivative 30 (Figure 1.10a). 

When the linear alkyl chain was replaced by a branched one (31), the formation of 

a ‘dark green, almost black’ organogel was observed.47a 
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Figure 1.10. (a) Molecular structure of the PBI organogelators 30 and 31. Images showing the time 

dependent gelation of 30 in S–limonene (0.3 mM). Time–dependent absorption spectra monitoring 

the gelation of 30 after heating followed by cooling is also shown. Packing model for H–type (31, top) 

and J–type (30, bottom) aggregates.9 (b) Molecular structure of a diketopyrrolopyrrole based 

organogelator 32, with a panchromatic absorption have been demonstrated as an NIR-transmitting 

filter for night surveillance applications. Photographs of the gel and the filter are also shown.48  

Spectroscopic studies revealed that, in a hot solution of 31, the large PBI cores 

under the influence of H-bonds formed both J- and H-type aggregates leading to a 

panchromatic absorption. However, only a few PBI derivatives have exhibited the 

simultaneous presence of H- and J-type molecular aggregates in their assembled 

state.47b  

Taking advantage of supramolecular H- and J-type aggregates and their 

hypsochromic-bathochromic absorption bands, a diketopyrrolopyrrole (32) based 

supramolecular black gel was reported, which is visibly opaque and NIR transparent, 

Formation of black gel

(a)

Both H and J type

aggregates

(b)

32

30

31
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due to a broad absorption spanning the whole visible region owing to internal charge 

transfer from its donor to acceptor moieties.48 The black molecular aggregates were 

further incorporated to a polydimethylsiloxane (PDMS) matrix to fabricate a free 

standing optical filter, capable of exclusively filtering UV-vis light and transmitting 

only NIR light. A customized camera equipped with the aforementioned optical 

filter was used for night surveillance, and security and forensic related applications 

(Figure 1.10b). 

1.7. Self-Assembled Chromophores for Device Applications 

Self-assembled functional materials have been explored for various optoelectronic 

applications in devices and related technologies.49 Owing to their intrinsic 

conjugation and facile synthetic possibilities and tunable microscopic 

supramolecular structures and morphologies, chromophoric molecular assemblies 

are materials of choice for developing semiconductors,50 light harvesters,51 

pigments52 and chromogenic materials including electrochromics and 

thermochromics.53 Inferior mechano-chemical robustness of small molecules has led 

to the selective adoption of supramolecular semiconductors for optoelectronic 

applications.54 However, supramolecular materials, when compared to conventional 

covalent polymers, have reversible and adaptive properties.55 Unlike in classical 

polymers, the building blocks in supramolecular materials are held together through 

various non–covalent interactions that enable the possibility for the self–rectification 

of packing defects during their formation. Nevertheless, supramolecular self-

assembly achieved via molecular design and fine-tuning the environmental 

conditions provides an unprecedented opportunity to dynamically regulate thin film 

morphology, molecular orientation and their tailored properties. The defined and 

directed molecular arrangement in these supramolecular materials combined with 

optimum nanophase segregation and tunable band gaps lead to preferential pathways 

for the percolation of electrons and holes with high mobility and enhanced life times, 

thereby furnishing high photoconversion efficiencies and superior performance 

parameters. A judicious combination of molecular engineering, supramolecular self-
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assembly, processing methodologies and device optimization holds the key towards 

harnessing the potential of self-assembled materials for next generation 

optoelectronic devices. Directed self-assembly of small molecules with predictable 

self-organization, leading to specific morphologies and selective electron and 

energy transfer offers ample opportunities for researchers working in the field of 

supramolecular optoelectronic materials.56  The following sections describe selected 

examples of supramolecular assemblies as active materials for solar light harvesters, 

and in devices such as solar cells, field effect transistors and electrochromics.  

1.7.1. Solar Light Harvesters 

Several pioneering efforts have underlined the significance of supramolecular 

materials for artificial light harvesting applications. Synthetic analogues of the light-

harvesting supramolecular system mainly comprise of scaffolds such as porphyrin 

arrays, biopolymeric assemblies and quantum dots. Very recently, Adams and co-

workers have reported a two component multi-chromophoric peptide linked 

hydrogel, wherein the controlled assembly with self-sorted 1D nanostructures (33-

35) was found to generate a localized energy gradient (Figure 1.11a).57 However, 

the corresponding co-assembly did not exhibit any such electron transfer behavior. 

In another report, by taking advantage of the host-guest assembly, Yang et al. have 

prepared a water dispersible anthracene based donor and acceptor systems 36 and 37 

as guests in combination with a pillar[5]arene host.58 A polymeric chain formed by 

inclusion complexation led to photoinduced energy transfer from the donor to the 

acceptor (Figure 1.11b). 
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Figure 1.11. (a) Molecular structures of peptides appended π-scafolds 33-35 and a schematic 

representation of resonance-energy transfer (RET) and electron-transfer process within a two 

component self-sorted and randomly assembled systems.57 (b) Chemical structures of disulfide-

bridged bis-pillararene and the guest molecules 36 and 37 and the light-harvesting properties of their 

supramolecular polymeric nanoparticles.58 
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1.7.2. Field Effect Transistors and Solar Cells 

Owing to their lower cost, light weight and synthetic flexibilities, organic 

semiconductors are preferred over their silicon counterparts for application in field 

effect transistors. Among various kinds of molecules used so far, there has always 

been a strong tendency to use non-fullerene based self-assembled low band gap 

donor-acceptor systems comprising of strong solar light absorbing organic 

chromophores in organic transistors and bulk-heterojunction (BHJ) cells.59 The 

common approach towards these kinds of self-assembled structures involves D-A-

D scaffolds with molecular conjugated systems.60 The controlled self-assembly 

of such materials has been shown to provide optimized morphologies with better 

device performance.61a Würthner and co-workers have extensively investigated self-

assembled merocyanine, perylene bisimide, squaraine and other conjugated 

molecules with different chemical functionalities for photovoltaic applications.62b 

Several optimized processes have been used for the controlled self-assembly of such 

chromophores. One such technique is solution shearing.62 OTFTs fabricated from 

solution sheared selenium squaraine bearing dodecyl substituents (40) exhibited a 

maximum hole mobility of 0.45 cm2 V–1 s–1, which is by far the highest value 

reported for squaraine based systems (Figure 1.12a). Zhu and co−workers have 

developed a few diketopyrrolopyrrole (DPP) based small molecules, that in their 

self-assembled state exhibited excellent electron mobility up to 0.55 cm2 V−1s−1.63 

Our group has reported a supramolecular 2D assembly via a controlled anisotropic 

arrangement of DPP derivatives (41) for the fabrication of organic field-effect 

transistors with high fluorescence quantum yield and anisotropic charge carrier 

properties (Figure 1.12b).64 The DPP based amphiphile assembled into 2D sheets 

in both an organic non-polar solvent and water.  The sheets obtained from water was 

more ordered with an edge-on organization, having a high charge carrier mobility in 

a direction parallel to the microwave electric field vector. Recently, Mateo-Alonso 

and co-workers have demonstrated a unique technique to achieve facile 

processability and better performance in field-effect transistors. Drop casting the sol 



 Recent Progress in Supramolecular Organic Materials                                                                                                                        

25 

 

phase of the peropyrene -gelator 42 resulted in a well ordered network structure 

while resting at room temperature (Figure 1.12c).65 

 

Figure 1.12. (a) Chemical structure of the squaraine dye 40, and a representation of the self-

assembled structure prepared by solution-shearing. The characteristics of a fabricated bottom-gate, 

top-contact OTFTs is also shown.62 (b) Chemical structure of the D-A type DPP amphiphile 41 and 

a representation of its ordered nanostructure with high crystallinity and anisotropic charge carrier 

mobility.64 (c) Chemical structure of the dialkoxylated peropyrene 42 and the sol–gel processing 

method for device fabrication. The corresponding enhanced charge carrier mobility is also shown.65 

As a result, an enhanced charge carrier mobility was achieved. Fréchet and co–

workers have introduced π–stacking motifs at the terminals of small molecules 43-
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(b)

(c)
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gel sol sol gel
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47 to have an end–to–end self–assembly (Figure 1.13a).66 Among different motifs, 

pyrene is known to have the maximum propensity to readily undergo π–stacking.  

 

Figure 1.13. (a) Chemical structures of the DPP derivatives 43-47. (b) Characteristic J–V curves of 

organic solar cells fabricated with 43, 44, 45 and 47 (AM 1.5 G, 100 mW cm−2). AFM images of films 

spun-cast from ∼0.01 M solutions of (c) 43 and (d) 44 on silicon substrates.66 

The derivatives 43-47 exhibited broad absorption in the film state and hence were 

used as donors in BHJ solar cells. Active layer of the OSCs were fabricated using 

PC71BM as an acceptor in different blend ratios and maximum PCE of 4.1% was 

obtained when the derivative 46 was used as the donor (Figure 1.13b). The high 

PCE of the device is attributed to the high JSC value arising from the high 

crystallinity of the films is promoted by the interplay of the end groups (Figure 1.13 

c, d). 

43 (n = 1) ; 44 (n = 2)

46: R= 2-ethylhexyl
47: Ar = 1-pyerene

R= 2-octyldodecyl

43

44

45

47

45: R= 2-ethylhexyl

(a)

(b)
(c) (d)



 Recent Progress in Supramolecular Organic Materials                                                                                                                        

27 

 

1.7.3. Electrochromic Devices 

Self-assembled materials with stimuli responsive properties can be utilized in 

devices that reversibly change color or transparency with external stimuli, such as a 

voltage, light, heat etc. Electrochromic materials undergo change in 

color/transparency up on application of electric voltage.67a Such materials find 

applications in sensors, smart glass, optical devices etc.67b  Many inorganic metal 

oxides based electrochromic materials are well explored. In this context, organic 

materials have been gaining attention owing to their synthetic feasibility, 

processability, color tunability and high optical contrast. 

 

Figure 1.14. (a) Chemical structure of the molecule 48 (left). The electrochemical response (CV) and 

colorimetric changes upon applying voltage (scan rate of 0.02 to 0.8 V/s), to the gel sandwich device 

exhibiting stimuli responsive behavior are also shown (right). The photographs of the corresponding 

hydrogel are also shown.68 (b) Molecular structure of 49 (left), a representation of the supramolecular 

bilayer film and the corresponding electrochromic device characteristics (right).69 
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Draper and co-workers have fabricated smart windows using a naphthalene diimide 

NDI (48) derived photo- and electrochromic supramolecular gel that exhibited a 

tunable color from transparent to black and vice-versa in response to on applied 

voltage.68 In the neutral state of NDI, the gel appeared colorless, which on oxidation 

turned black (Figure 1.14a). The reversible changes in color was observed for many 

cycles without any degradation. Similarly, using a two dimensionally organized 

organic molecular metals (BEDO-TTF)2.4I3 [BEDO = 

bis(ethylenedioxy)tetrathiafulvalene) 49, Daniels et. al. have fabricated an 

electrochromic device that changed color upon electric stimulation (Figure 1.14b).69 

1.8. Supramolecular Amphiphilic Assemblies 

Self-organization of amphiphilic molecules is commonly observed in biological 

systems. For example, the cell membrane is comprised of self-assembled lipid 

bilayers. Supramolecular chemists, over the past few decades, have been in pursuit 

of new classes of synthetic amphiphiles that may mimic self-assembly 

characteristics of native biologically relevant counterparts.9d In this context, 

amphiphilic π−conjugated molecules are of prime significance for creating 

functional supramolecular materials of different shape and dimensionality, by fine 

tuning their solvophilic and solvophobic interactions.70  

Self-assembly of molecules based on ethylene oxide chains have been shown to form 

water-soluble supramolecular structures. The design and synthesis of such 

molecular amphiphiles are practically not limited to any particular system. 

Generally, amphiphilic systems consist of a hydrophobic segment and a hydrophilic 

part. Amphiphilic building blocks can be broadly classified into four classes based 

on their size, and shape of the hydrophobic segment and hydrophilic chain  

(Figure 1.15): (i) linear amphiphiles, (Eg: compound 50)71a (ii) facial amphiphiles, 

(Eg: compounds 51)71b (iii) bolaamphiphiles, (Eg: compound 52)71c and (iv) disc-

like amphiphiles, (Eg: compound 53).71d 
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Figure 1.15. Classification of amphiphilic building blocks based on their size, and shape of the 

hydrophobic π-segment and hydrophilic chain. Molecular structures and schematic representations 

of (a) linear amphiphile 50, (b) facial amphiphile 51, (c) bolaamphiphile 52, and (d) disc-like 

amphiphile 53. 
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Depending on the molecular structure, processing methodology, concentration, 

stimuli, solvent, environment etc, conjugated amphiphiles self-assemble into a 

wide variety of superstructures. The formation of such aggregates is mainly 

governed by non-covalent interactions with water molecules.72 

Construction of 0D assemblies of supramolecular units has mostly been aimed at 

delivering efficient light harvesters, multivalent molecular recognition units, 

catalytic systems and templates for the synthesis of various types of materials. 

Typical examples of 0D supramolecular scaffolds are spherical particles. Fujita et. 

al. have reported a bent bidentate ligand 54 with a glycol chain attached,73a that self-

assembled into hollow spherical cuboctahedral nano-objects in the presence of Pd2+ 

(Figure 1.16a). Self-sorted 0D assembly of oligo(phenyleneethynylene) (OPE)-

based amphiphilic molecules, turned into 1D assembly,73b which eventually led to 

gelation in a polar protic solvent. Similarly, Pt-coordinated rectangular shaped 

bolaamphiphiles 55-57 resulted in a self-assembled structure with size variations 

roughly in the range of 2.9 to 6.0 nm (Figure 1.16b).73c Das et al. have reported the 

aggregation behavior of the amphiphile 58 in water-DMSO mixtures, wherein self-

organization into small spherical particles with green emission was observed upon 

gradual increase in the amount of water.74  In 99% water, the 30-80 nm sized 

particles emitted at 495 nm (av = 2.10 ns, Figure 1.16c). The water responsive 

spherical nanoparticles obtained from amphiphilic molecules 59 - 60  displayed 

reversible emission color change from blue to cyan upon contact with water (Figure 

1.16d).75 This property has been exploited for creating security labels for the 

protection of currency and valuable documents. However, such reversible changes 

in emission was not observed for compound 60. Park et al. have investigated the 

morphology and aggregation induced emission properties of aqueous assemblies of 

the rod-coil amphiphile 61 having a PEGylated α-cyanostilbene skeleton.76 Due to 

the rigid hydrophobic skeleton, the amphiphile 61 in water, self-organized into 

spherical nanostructures with size 27.6 ± 4.9 nm (Figure 1.16e). 
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Figure 1.16. (a) Chemical structure of the amphiphilic molecule 54 and the 4-5 nm sized structures 

formed upon Pt coordination with 24 units of compound 54. (b) Molecular structure of Pt coordination 

driven supramolecular rectangular amphiphiles 55-57 having different glycol chains. (c) Molecular 

structure of the amphiphile 58 that formed green emitting spherical nanoparticles in DMSO-water 

mixture. (d) Chemical structures of amphiphiles 59-60 and their self-organized spherical 

nanoparticles in water-THF mixtures. The corresponding fluorescence change is also shown. (e) 

Molecular structures of the amphiphiles 61 and 62 that formed spherical aggregates in water and 

rods in water-THF (v/v = 9:1) mixtures. 

The isotropic spherical nanostructures emit cyan color with max at 500 nm. 

However, simple variations in chemical functionalities, for instance, incorporation 

of –CF3 groups (62), transformed the morphology of the aqueous aggregates into 

anisotropic 1D nanofibers. The self-organization of molecule 62 was facilitated by 

strong  and electrostatic C–F---H–Ar interactions.  

(a) (b)

54

(d)
59 (X = NH) 60 (X = O)

56 ( n = 2)

55 ( n = 1)

57 ( n = 3)

(c)

58

(e)

61 62

59 60

59



Chapter 1                                                                                                                      

32 

 

Supramolecular structures with specific dimensions could be constructed from 

designed monomers via the interplay of several non-covalent forces such as H-

bonding and  stacking. Schenning and co-workers have reported a nucleic acid 

appended oligo(p-phenylenevinylene) bolaamphiphile 63,77 that could be anchored 

to complementary hydrogen bonding units to form two component 1D 

supramolecular structures (Figure 1.17a). The preferred morphologies for 

amphiphiles with 1D supramolecular structures are rods, fibrils, or nanotubes. 

Ghosh et al. have synthesized unsymmetrical amphiphiles by varying H-bonding 

units such as amide (64) and ester (65) groups. The amide 64 formed hydrogels with 

long fibrillar supramolecular morphologies (Figure 1.17b),78 whereas the ester 63 

with spherical micellar structures was not found to form gels. Sanchez et al. have 

reported a C3 symmetric OPE amphiphilic system, which organized into 

multidimensional structures such as hollow vesicles, planar networks or rod-like 

objects depending on the nature of the solvents used. Particularly in benzene, 1D rod 

like structures were observed.79a In another report, Pt complexation with a linear 

amphiphile 68 transformed itself into a gelator bolaamphiphile with 1D rod like 

nanostructures (Figure 1.17d).79b Very recently, Cui and co-workers have reported 

a conjugated hydrophobic system as an active supporter to create 0D spherical 

aggregates with 6.5 nm diameter, which was later transformed into 1D rods and 1D 

filaments.80a Similarly, in a recent study, Zhang et al. have reported a seeded 

supramolecular assembly of diketopyrrolopyrrole (DDP) based bolaamphiphiles 66 

and 67 in water. DPP 66 was found to form 1D nanofibers via H-bonding and  

interactions (Figure 1.17c).80b Taking advantage of variable H-bonding subunits, 

Ghosh and co-workers have demonstrated the formation of supramolecular 

nanostructures of NDI-based amphiphiles (Figure 1.17e). The amide linked 

amphiphiles 69 formed fibrils via slipped H-bonded packing, whereas the hydrazide 

linked amphiphile 70 and the molecule 71 without any H-bonding moieties exhibited 

rigid vesicle and micelle structures, respectively.81  
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Figure 1.17. Molecular structures of (a) OPV based amphiphile 63, (b) NDI based bolaamphiphiles 

64 (amide) and 65 (ester) with variable H-bonding units, (c) DPP based amphiphiles 66-67 that 

underwent seeded supramolecular polymerization in aqueous medium, (d) the linear amphiphile 68 

and (e) the NDI based amphiphiles 69-71 with variations in non-covalent functionalities. The 

corresponding nanoscopic structures formed upon self-assembly are shown. 

Extensive investigations by Meijer and co-workers have demonstrated the 

temperature and concentration dependent pathway complexity of 1D 

supramolecular growth process involving chiral discotic molecules 72-73 (Figure 

1.18a,b).82 Aida and co-workers have exploited the amphiphilic assembly of 

hexabenzocoronene (HBC) 74 for the generation of conductive self-assembled 

nano-tubular structures (Figure 1.18c).83 For instance, nanotubes from 

oligo(ethylene glycol) appended HBC were found to be completely debundled and 
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monodispersed in water. Lee et al. have investigated the morphological 

transformations in the amphiphilic co-assembly of molecules 75 and 76. Upon 

increasing the concentration of 76, a co-assembly comprising of smaller toroid like 

supramolecular nanostructures was observed. 

 

Figure 1.18. (a) Chemical structure of the amphiphilic molecule 72. (b) Structure and TEM image of 

the fibril morphology of C3 symmetric amphiphile 73. (c) Structure of hexabenzocoronene based 

amphiphile 74 and its instantaneous 1D growth into a tubular morphology. (d) Molecular structures 

of the dendritic amphiphiles 75-76 and a schematic illustration of the transformation of toroids to 1D 

tubes in presence of fullerene. 

Interestingly, the introduction of fullerene into those toroids resulted in the 

formation of 1D tubes. The transformation of toroids to tubes is best explained by 

one dimensional self-stacking of supramolecular rings (Figure 1.18d). George and 

co-workers have synthesized an amphiphilic oligo(p-phenylenevinylene) (OPV) 

derivative 77, that formed free standing nanosheets in water with enhanced hole 

mobility (Figure 1.19a).85 Lee et al. have demonstrated the formation of 2D 

supramolecular films using amphiphilic assemblies via 2D dynamic lateral growth 
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of the amphiphile 78 (Figure 1.19b).86a Upon corannulene inclusion, it transformed 

into a bucky-ball structure within a span of 30 days. The dimeric micelles without 

corannulene instantaneously grew only in x-y directions, however, curved 

corannulene induced distortion in the molecular array, that over time transformed 

into micelles. Very recently, the same group reported an enantiomer sieving 2D 

membrane that exclusively captured a single enantiomer from a racemic solution. 

The chiral molecule 79 was found to form chiral pores via dimeric stacking and 

allowed only a particular enantiomer to pass through (Figure 1.19c).86b A similar 

design strategy involving an isomeric amphiphile in the cis and trans forms was also 

used to demonstrate morphological distinction in supramolecular assemblies.86c 

While the cis-conformer 80 afforded stable static 2D sheets via anti-parallel packing 

at room temperature, the trans-conformer 81 produced a dynamic 2D nanostructure, 

that at room temperature rolled up into a tubular structure and unrolled reversibly at 

a higher temperature (Figure 1.19d). 

Three dimensional ordering of molecules and scaffolds are commonly seen in 

coordination assemblies such as MOFs (metal-organic frameworks) and PCPs 

(porous coordination polymers).87 3D assemblies often result from hierarchical 

growth of either 1D or 2D molecular assemblies. Kim et al. have reported an unusual 

temperature-dependent LCST phase transition in multiple derivatives of crown ether 

substituted bezenetricarboxamide. The crown ether derivatives formed a three 

dimensional hierarchical structure under equilibrium conditions. In another report, 

Lee and co-workers have synthesized a polyether dendritic amphiphile 82 that forms 

vesicles (100 nm size) in water (Figure 1.20a).88a Later, Kim et al. have reported 

the influence of stiffness of the core of the molecule 83 on its 3D morphological 

transformations (Figure 1.20b).88b Rigid macrocycles factionalized with 

hydrophilic ether chains are excellent candidates for the construction of 3D 

nanostructures. Flat aromatic subunits of 84 were found to stack with a face-to-face 

interaction resulting in vesicular morphology (Figure 1.20c).88c Similarly, a co-

assembly of two PBI based amphiphiles 85-87 also formed vesicular structures with 
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a pH responsive molecular uptake affinity and tunable emission properties (Figure 

1.20d).89 

 

Figure 1.19. (a) Chemical structure of the amphiphile 77 that formed supramolecular sheets with 

high charge carrier mobility. (b,c) Molecular structures of facial amphiphiles, 78-79 that formed 2D 

sheets in water medium. (d) Molecular structures of amphiphilic cis and trans-isomers 80-81 that 

formed stable 2D sheets and tubular structures due to thermally reversible rolling of sheet and 

exfoliation at high temperature, respectively. 

Percec and co-workers have reported a strong emitting dendritic amphiphile 87 

(Figure 1.20e) that existed as monomer in ethanol and self-assembled when injected 

into buffered water. Morphological investigations confirmed the formation of 

nanometer sized multi-lamellar onion-like red emitting 3D supramolecular vesicular 

dendrimersomes.90 

(a) (b) (c)

(e)

heatrest

78

79
77

80
81

DT

Static planar sheet Dynamic rolled sheet



 Recent Progress in Supramolecular Organic Materials                                                                                                                        

37 

 

 

Figure 1.20. Chemical structure of (a) the amphiphile 82, that formed vesicles with a size of 100 nm, 

(b) dumbbell shaped molecule 83 having thermoresponsive vesicular nanostructure, (c) amphiphile 

84 with rigid macromolecular core that assembled into large vesicles due to face-to-face staking, 

(d) PBI based amphiphiles 85 and 86 with a pH responsive molecular uptake capability and (e) 

Rhodamine-B labeled janus dendrimer 87 that self-assembled into onion-like dendrimersome. 

1.8.1. Stimuli-responsive Amphiphilic Assemblies 

Recent research in the area of supramolecular amphiphiles are focused towards the 

development of stimuli responsive smart materials. Large number of molecules with 

different structural diversity have been tested for their response to various stimulus. 
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Small amphiphilic molecules with PEGylated moieties have been exploited to create 

such materials that are responsive to their environmental temperature. In this 

context, Lee et al. have reported thermoresponsive nematic gels via careful 

modulation of the chemical structures of the compounds 88 and 89. They were found 

to supramolecularly organize into entangled nanofibers having diameter of ~9 nm 

and several micrometers in length, under a mutually parallel allignment.91a The 

opaque gel formed at 30 oC was reversibly transformed into its sol upon cooling to 

10 oC (Figure 1.21a).  

In thermally assisted supramolecular polymerization, the dormant state of 

monomeric units can be activated with heat to undergo polymerization. Lee and co-

workers have recently suggested heat-stress to be a trigger for supramolecular 

polymerization of synthetic toroidal aggregates into helical chains. In the dormant 

state of the amphiphilic assembly of 90, the dehydration of the exterior polyether 

chains at 50 oC disturbed the eclipsed packing and transformed into a slipped 

packing.91b As a result, the hydrophobic cross-sectional area of the globules 

increased. The slipped conformational changes with inherent kinetic stability 

allowed a living supramolecular polymerization, leading to spiral chains within a 

span of four days. However, upon cooling back to room temperature, the helical 

chain depolymerized into static toroids (Figure 1.21b). Photoresponsive 

amphiphilic molecular building blocks are potential candidates for creating stimuli-

responsive smart materials. Matsuda et al. have reported a light triggered reversible 

dynamic motion of amphiphilic assembly concomitant with a morphological 

transformation. The amphiphilic assembly of a photochromic diarylethene in its 

open form 91 exhibited colorless micro-spherical structures. Upon UV irradiation, 

the diarylethene core transformed into the closed form 92, with a change in its color 

and morphology leading to dark violet fiber-like structures. The reversal to the initial 

stage was achieved upon visible light irradiation (Figure 1.22a).92a  
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Figure 1.21. (a) Structure of amphiphiles 88 and 89 exhibiting thermoresponsive sol-gel 

transformation.  (b) Chemical structure of the macrocycle 90, which self-assembled into static toroids 

at room temperature in water. Upon thermal activation, spontaneous helical polymerizations occurred 

and reversibly transformed back to static toroid via depolymerization upon cooling to room 

temperature. 
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Figure 1.22. a) Chemical structure and reversible photochromic transformation of an amphiphilic 

diarylethene from its open ring structure 91 to the closed form 92, along with a concomitant 

morphological variation. The supramolecular assembly of the open structured oil-like droplets 

featured a spherical morphology, whereas the closed form had fibrilar structures. (b) Chemical 

structure of the photoresponsive chiral building block in its all trans state, 93, trans-cis state 94 and 

all cis state 95 featured a nano-tubular morphology, which upon light induced reversible 

transformation to mono (94) and all cis (95) forms leading to the destruction of its assembled 

structure. 

Taking advantage of a photoresponsive azo-group, Pavan and co-workers have 

demonstrated a switchable supramolecular tubular morphology in a water soluble 
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chiral amphiphile 93 upon photoirradiation. Upon light illumination beyond a 

threshold strain, the tubes disassembled into individual molecules.92b 

 

Figure 1.23. (a) Chemical structure of the amphiphile 96 and (b) the corresponding oxygen 

photoaddition and lanthanide coordination. 

Recently, Liu et al. reported the tunable luminescence behavior of a self-assembled 

anthracene system via photoreaction and coordination of lanthanides. The 9,10-

diphenylanthracene derivative 96 has an excited state that matches the first excited 

state of certain lanthanides. Therefore, it can undergo photoaddition with oxygen 

with a turn ON fluorescence, when Tb3+ and Eu3+ bind to the terpyridine groups. 

Heat induced deoxygenation turned OFF the lanthanide luminescence.93 

Another class of exciting materials are the electroactive amphiphiles comprising of 

redox-switchable functional groups. Several reports on electroactive amphiphilic 

assemblies have explored the twin possibilities of switching the structural features 

simultaneous with their functional behavior.94 The structural change can be from a 

self-assembled state to discrete monomers, or to more complex structures. Usually, 

such amphiphiles consist of well-investigated ferrocene or tetrathiafulvalene based 

redox active groups. Very recently, a PDI based supramolecular amphiphile 97 was 

reported to undergo chemical reduction in the presence of Na2S2O4 to compound 98 

that in prescence molecular O2 got reversed to the neutral form. An equilibrium was 

96
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proposed to exist between the monomeric units and the self-assembled H-type 

aggregates of the amphiphile 97.95a Oxidation of 98 followed by an internal 

structural rearrangement enabled nucleation and growth, thereby facilitating a side 

to side fused assembly with time. The ordered H-type packing was shown to 

transform into a slipped J-type arrangement, which led to precipitation overnight.  

 

Figure 1.24. (a) Molecular structures of the PDI derivatives 97–98 and the mechanism of redox 

processes involved in their mutual interconversion and (b) the corresponding reversible redox cycles. 

Apart from effecting a simple on/off response, it is further possible to control the 

overall morphology of the assemblies by altering their redox states. Some 

particularly attractive examples are based on the oligoaniline 99, that upon redox 

switching, transformed its morphology between vesicles and puck-like micelles 

(Figure 1.25a).96 Stupp and coworkers have reported charge transfer complexation 

based ferroelectric materials using an acceptor 101 and a donor 102, that showed 

spontaneous electric polarization and can be reversed by the application of an 

external electric field (Figure 1.25b). Such materials are of potential interest for 

application in sensors, photonic crystals and energy efficient memories.97  

Lee and coworkers have synthesized a number of amphiphilic units armed with 

polyether chains leading to differently sized and shaped supramolecular assemblies. 

The co-assembly of a pyridine-based molecule 103 in its cationic and neutral forms 

was shown to encapsulate double standard DNA via electrostatic non-covalent 

interactions, facilitated by the counter ionic charge distribution of DNA and the 
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molecules.98 The pyridine subunits upon protonation led to an increase in the 

electrostatic interactions between the molecule and the encapsulated helical DNA. 

As a result, the pore size of tubular nanostructure was reduced leading to the 

inversion of the helical structures of DNA. It is important to note that such processes, 

in nature, are found to be reversible with deprotonation (Figure 1.26a). 

 

Figure 1.25. (a) Molecular structures of the voltage responsive amphiphiles 99 and 100 and a 

schematic representation of redox switching between vesicles and puck-like micelles. (b) Molecular 

structures of the acceptor 101 and the donor 102 forming room temperature ferroelectric 

supramolecular charge transfer complexes. Images show the hirschfeld effect of the grown crystal 

and polarizations hysteresis.  

The same group also developed dynamic 2D materials via the interplay of 

protonation induced electrostatic interactions between two amphiphiles. The 

amphiphile 104 bearing protonation active pyridine moieties, in its deprotonated 

state, formed self-sorted nano-tubular structures with 2D sheets of 105 at pH 7.4.99 

Protonation of pyridine in 104 led to the disassembly of the tubular structures into 

nano-rings, however electrostatic interactions afforded the formation of 2D network 

heterostructures at pH 5.5. 

π-Conjugated molecular assemblies with tunable luminescence properties under 

the influence of an external mechanical stimulus are potential candidates for 
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application in sensors and imaging devices.10 The rational design of 

mechanoresponsive amphiphiles depends on the dipolar characteristics of π-

conjugated systems. In this context, Yagai et al. have reported an OPV system 106 

with a didodecylamino group at one end and a tri(ethylene glycol) ester group at the 

other end, that exhibited multiple color states via a controlled molecular self-

assembly.100 

 

Figure 1.26. (a) Chemical structure of the molecules 103 and helicity inversion of DNA with the 

amphiphilic assembly triggered by protonation and deprotonation of the pyridine core. (b) Molecular 

structures of compounds 104-105 and the corresponding pH responsive reversible disassembly of 

tubules leading to the formation of 2D hetero networks between macrocycles of 104 and 2D sheets 

of 105. 

A yellow emitting thin film obtained by the drop casting of an aqueous acetonitrile 

solution changed to a fluidic material with an orange emission upon gentle pressing. 

It further changed to yellowish green followed by a green emissive crystalline state 

under rubbing and annealing at 50 oC, respectively (Figure 1.27a). 
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π-Conjugated amphiphiles with rigid cores and flexible hydrophobic segments 

were found to exhibit different supramolecular structures and physicochemical 

properties depending on several factors such as concentration, experimental 

conditions, etc. For instance, mechanochromic behavior was imparted to the 

amphiphilic aqueous assembles of the anthracene derivative 107 by changing its 

core to pyrene (108).101 

 

Figure 1.27. Molecular structure of (a) the amphiphile 106 that, as a thin film, exhibited multi-step 

stimuli-responsive fluorescence changes, and (b) the anthracene and pyrene derivatives 107-108. 

The mechano-humidity sensing and mechanical grinding response are also shown. 

The supramolecular assembly of 107 exhibited a yellow to green emission change 

grinding or heating in water. On the other hand, the pyrene based amphiphile 108 

responded to both mechanical stimulus and humidity in its solid state. Both the 

amphiphiles formed micellar structures with diameters 5 nm and 10 nm, 

respectively, in water. The mechanical properties of the assemblies of the pyrene 

derivative 108 is best explained using the concept of excimer formation.102 The 

yellow emissive excimer in solid state transformed into non-excimeric green 
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emissive self-assembled structures upon grinding and regained its yellow emission 

upon exposure to water vapor (Figure 1.27b). 

1.9. Objectives and Methodologies of the Present Work 

The present thesis deals with a systematic study of the synthesis, self−assembly and 

electronic properties of a few rationally designed supramolecular organic functional 

materials based on systems. We synthesized a few anthracene and 

phenyleneethynylene based photo and thermos-responsive systems, and investigated 

their stimuli responsive self-assembly with respect to the mechanism, properties and 

applications of the resultant supramolecular architectures. Modulation of geometry 

controlled Diels-Alder photoreaction of anthracenes, controlling the transparency of 

molecular solutions via self-assembly mediated thermoresponsive behavior and 

formation of free standing films in a monophasic solvent was achieved through 

various supramolecular interactions involving specifically designed chromophoric 

systems. Although, nanoscopic and macroscopic investigations on the 

supramolecular growth of an amphiphilic assembly is well documented in literature, 

exact understanding behind the observed changes in properties, say the film 

formation in a monophasic medium, is still in its infancy.  

With the above objectives in mind, we synthesized H-bonding motifs linked 

anthracene and phenyleneethynylene based –conjugated molecules with an 

expectation to restrict their –core interactions inside confined environments as in a 

gel medium. With this objective, in Chapter 2, we report on a geometrically locked 

molecular environment inside a gel medium that provided access to stereoselective 

[4 + 2] Diels-Alder photocycloaddition reaction in high yields. Such photoadduct 

has distinctly different photo- and electroluminescence properties unlike its parent 

system. We further attempted to utilize similar photocycloaddition reactions to 

manipulate the thermoresponsive properties of an amphiphilic system utilizing their 

via LCST phase transitions as reported in Chapter 3. The near room temperature 

thermoresponsive nature of the molecules was further exploited to fine tune light 
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and heat transmission properties of their aqueous solutions aiming at the 

development of smart windows. In the final chapter (Chapter 4), we demonstrate 

thermally assisted supramolecular film formation properties of the co-assembly of 

two dipole-varied amphiphiles inside a single phase solvent. Thermally assisted 

copolymerization resulted in the growth of free-standing films within a 

homogeneous aqueous medium. Detailed insights on the work described in the 

various chapters was achieved by the systematic characterization of the 

morphological features, optical properties and related behavior using various 

experimental and instrumental techniques.  
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Chapter 2 

 

Gel Phase Controlled [4 + 2] Diels-Alder Cycloaddition 

Reaction of a 9-Phenylethynyl Anthracene Derivative and 

its Luminescence Properties  
 

 

2.1. Abstract 

Diels-Alder photocycloaddition of 9-phenylethynylanthracene is a classical reaction 

resulting in multiple [4 + 2] and [4 + 4] cycloaddition products in solution, which 

can be controlled to form specific products by creating a restricted environment. We 

have exploited supramolecular gel chemistry of a 9-phenylethynylanthracence 

derivative to specifically yield the anti-[4 + 2] adduct in >90% yield. The 

photocycloadduct which was identified as the anti-isomer exhibited similar photo- 

and electroluminescence with a blue emission having CIE chromaticity of x = 0.16 

365 nm

[4+2]

HTM

Blue PL & White EL 

Gel Phase

Blue PL & EL

Device
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and y = 0.16. However, the chromaticity could be significantly modulated by 

constructing an organic light emitting device with the photocycloadduct, using a 

carbazole based hole transporting host, which resulted in blue photoluminescence 

and white electroluminescence with CIE chromaticity of 0.33, 0.32. This observation 

not only highlights the use of molecular assembly and gel chemistry to achieve the 

otherwise difficult to obtain photoproducts but also underlines their potential use in 

optoelectronic devices. 

2.2. Introduction 

Chemical reactions within confined states of molecular systems have several 

advantages over solution phase reactions, typically for yielding regio- and 

stereospecific reaction products, that are otherwise difficult to achieve.[1] For 

example, in crystalline solids, reactants are mostly confined within the lattices, 

acquiring accurately defined orientations and positions. Therefore, depending on 

such defined spatio-temporal arrangements, certain stereospecific chemical 

reactions that are otherwise unfavorable in solution phase, are easily achieved.2-3 

Several small molecules and metal-organic caged systems have been shown to act 

as templates to direct light-induced cycloaddition reactions. Photochemical [2+2] 

cycloaddition reaction in porous coordination polymers (PCP) have emerged as a 

tool to synthesize regiospecific products of stilbene derivatives. Haynes et.al. have 

reported a multi-stimuli responsive PCP with a temperature induced phase transition 

leading to controlled photocycloaddition of 1,4-bis[2-(4-pyridyl)ethenyl]benzene.4 

The ligand comprised of two olefinic bonds that are photoactive even inside the PCP 

structures. In this PCP, the two ligands could be stacked either out-of-phase or in-

phase, resulting in the formation of one or two cyclobutane rings during 

cycloadditions. As a result, selective formation of either of the isomeric 

photocycloadducts are possible (Figure 2.1). The same group have also reported a 

cadmium (II) based PCP that produced different isomeric structures of [2+2] 

photoadduct under irradiation with UV light, depending on the solvent guest 

molecules present in the porous structure. The simple solvent exchange process led 
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to different stacking of ligand, with either an in-phase or an out-of-phase 

orientation.5 

 

Figure 2.1. (a) Chemical structure of 1,4-bis[2-(4-pyridyl)ethenyl]benzene 1 and 4,4′-oxybis(benzoic 

acid) 2. (b) In-phase and (c) out-of-phase alignment of 1, resulting in the formation of the 

photocycloadduct containing two cyclobutane rings and one cyclobutane ring inside the Cd (II) porous 

coordination polymers, respectively. 

Similarly, a defined crystalline state can provide a template to direct the [2 + 2] 

Diels-Alder photocycloaddition of stilbene derivatives. A co-crystal of 1,3 

dihydroxybenzene and bis (4-pyridyl)ethylene (4,4´-bpe) 3 with a H-bond directed 

assembly allowed the two ethylene moieties to undergo a cycloaddition reaction 

(Scheme 2.1a).5b Further, the U-shaped naphthalene dicarboxylic acid 4 that formed 

a H-bonded dimer with two pre-organized C=C bonds for a photodimerization 

assisted formation of [2 + 2] photoadducts exclusively (Scheme 2.1b).6,7          
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Scheme 2.1. Chemical structure of (a) the co-crystal of 3 that led to a template directed [2 + 2] 

photodimerization in the solid state and (b) the ‘U’-shaped di-acid 4, wherein the H-bonded molecular 

geometric constraint formed the dimer with ~100% ee upon photoirradiation. 

Another classical example for photocycloaddition is the Diels-Alder reaction of 

anthracene and its derivatives,8 leading to the formation of anti and syn isomers of 

[4 + 4] photocycloadducts in the absence of oxygen (Scheme 2.2).9 Stereochemical 

control in Diels-Alder reactions can be achieved via supramolecular approaches. 

Ishida et al. demonstrated an enantioselective reversible photoreaction of the 

anthracene derivative 7 in a thermoresponsive metastable liquid crystalline phase 

(Scheme 2.3). The enantioselective photoreaction was achieved at higher 

temperatures, when the liquid crystalline salt of 6 and 7 was irradiated with UV light. 

A photodimer of (+) isomer (antiHH) was formed with high enantioselectivity (+86% 

ee). However, photocycloaddition of an aged sample afforded the corresponding (-) 

isomer (antiHH, -94% ee).10  

 

Scheme 2.2. Possible chemical structures of [4 + 4] photodimers of 2-substituted anthracene 5.  

Taking advantage of the inclusion complexation of cyclodextrin and cucurbitril 

units, Inoue and co-workers were able to control the stereochemical photoreaction 

of anthracene appended with -CD (8). Compound 8 formed a dimeric (2:1) 
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supramolecular inclusion complex in an antiparallel orientation inside -CD, 

forming antiHT and synHT dimers upon photoirradiation with >320 nm light. The 2:1 

inclusion complex of cucurbit[8]uril with a head-to-head organization of the two 

anthracene cores, resulted in light induced antiHH and synHH dimer formation (Figure 

2.2).11 

 

Scheme 2.3. Supramolecular control of enantioselective photodimer formation of the anthracene 

derivative 7. The salt 6·7 was melted and annealed at 45 °C for <1 min (procedure I) or for 20 h 

(procedure II), photoirradiated with UV/vis light (λ > 380 nm), and methylated with Me3SiCHN2 offering 

high yield of (+)-antiHH in procedure-I and (-)-antiHH in procedure-II. 

9-Phenylethynylanthracene (9-PEA) can undergo light triggered bimolecular Diels-

Alder cycloaddition reaction in the absence of molecular oxygen. As a result, it can 

produce four stereochemical cycloadducts (Scheme 2.4).12 Due to the presence of 

the triple bond at 9-position, it can also act as a diene for D-A reaction. Therefore, 

in contrast to unsubstituted anthracene derivatives, 9-PEA derivatives afford both [4 

+ 4] and [4 + 2] cycloaddition reaction resulting in [4 + 2]-anti, [4 + 2]-syn, [4 + 4]-

syn and [4 + 2]-anti cycloaddition products.  Though these products are allowed by 

selection rules, the unfavorable geometries enable only [4 + 2]-anti (64%) and [4 + 
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4]-anti (23%), thereby minimizing the formation of [4 + 2]-syn and [4 + 4] syn 

products.13  

 

Figure 2.2. -Cyclodextrin (-CD) and cucurbit[8]uril (CB[8]) assisted controlled stereochemical 

photocycloaddition of -Cyclodextrin (CD) labeled anthracene 8. 

 

Scheme 2.4. Photoreaction of 9-phenylethynylanthracene 9 (9-PEA), either with oxygen (left) or with 

itself (right). The bimolecular photocycloaddition of 9 can yield both [4 + 2] or [4 + 4] products.  

However, Weiss and coworkers have demonstrated that energetically unfavorable 

[4 + 4]-syn dimer can be specifically obtained via the immobilization of 9-
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phenylethynyl derivatives of anthracene on gold surface14 (Figure 2.3a). Formation 

of a self-assembled monolayer (SAM) of the anthracene derivative 10 on gold 

surfaces afforded a photoinduced [4 + 4] D-A reaction that is otherwise difficult to 

achieve in solution. Such photochemical transformation of 10 was favored due the 

geometry locked positioning and the restricted free rotation of the triple bond. Later, 

Klajn et.al. also reported the biomolecular reaction of anthracene derivatives 

confined to nanoparticle surfaces by manipulating the length of the linkers (10-12) 

or by exploiting the curvature of Pd nanoparticles via tuning the particle size (Figure 

2.3b).15 Recently, Yashima et al. were able to direct the photocycloaddition of 9-

phenylethynylanthracene via salt-bridge formation. This template-directed 

cycloaddition reaction afforded 30-60 fold higher yields when compared to the 

solution state.13b  However, majority of these reports are limited to the demonstration 

of the synthesis of selective products on designed surfaces, wherein scale up and 

practical applications are limited. 

 

Figure 2.3. (a) Chemical structure of the anthracene derivative 10 (left) and the schematic 

representation of its controlled [4 + 4] photoreaction on an Au{111} surface. (b) Chemical structures 

of ethynylanthracenes 10-12 and their bimolecular photoreaction possibilities confined to the surfaces 

of nanoparticles that can be manipulated by varying the linker length, as well as by the curvature of 

the NPs.   
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Molecular self-assembly leading to supramolecular polymerization and gelation of 

organic molecules is an ideal approach to achieve molecular confinement.16 

Supramolecular gels have been shown to be a suitable medium for crystallization of 

molecules.16d H-Bonding and stacking in the gel state is advantageous over the 

corresponding solution state to direct chemical reactions towards stereospecific 

products in high yields.17 Shinkai and co-workers have reported a binary gelator 

comprising of the molecules 13 and 7 (Figure 2.4a), that formed a gel in 

cyclohexane (Figure 2.4b). The binary gel upon photoirradiation with UV light over 

120 min, formed (+/-)-antiHH adduct with a significant enantiomeric.17a  

 

Figure 2.4. (a) Chemical structures of the molecules 13 and 7. Upon UV irradiation with 365 nm light, 

anti head-to-head photodimers were formed. (b) The photograph of the binary gel in cyclohexane 

(left) and TEM image showing a fibril-like morphology (right).  

Single molecular white light emission is a topic of current interest in displays and 

lighting applications.18 There are a few reports on photoluminescent white light 

emission from single molecules.19 However, single molecular white 

electroluminescence is rarely observed except for certain Pt-complex based 

dendrimeric electroluminescent emitters.20 Electromer and electroplex formation 

either among or between the emitting species and the hole transporting materials has 

been reported to result in white electroluminescence.21 Such electrically excited 

complexes, akin to excimers observed in the case of photoluminescence, have long 
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wavelength mixed emission, providing balanced color coordinates required for the 

white light emission. The principles of molecular self-assembly and gel chemistry 

can be used to control Diels-Alder photocycloaddition to achieve a specific product 

in high yield, and can be further used for fabricating white light emitting devices, by 

allowing chromaticity modulations required for simultaneous red-green-blue (RGB) 

emission. 

In this context, taking advantage of the room temperature photochemical 

transformation of highly reactive pentacene derivative 14, De Costa and co-workers 

have fabricated third generation light-emitting electrochemical cells (LEC) with 

tunable chromaticity. The [4 + 4] Diels-Alder photocycloaddition of 14 led to the 

formation of anthracene derivatives with shorter wavelength emission (Figure 2.5a-

d). As a result, chromaticity of the LEC changed when an aged solution of 14 was 

used for device fabrication. With a pure solution of 14, deep red emission with CIE 

coordinates x = 0.69, y = 0.31 was observed. However, upon photocycloaddition 

over several days, a warm white emission with CIE coordinates of x = 0.36, y = 0.38 

and a luminance of 10 cd m-2 was achieved (Figure 2.5e).22 

In this chapter, we exploited the supramolecular gel chemistry of a 9-

phenylethynylanthracence derivative to specifically yield the [4 + 2] cycloadduct. 

The photocycloadduct was identified as the anti-isomer with a blue emission. The 

photo- and electroluminescence were found to be similar (blue) with CIE 

chromaticity of (x, y) = (0.16, 0.16). However, the photoadduct exhibited different 

photo- and electroluminescence. A significant chromaticity modulation was 

observed in an organic light emitting device fabricated from the photocycloadduct, 

using a carbazole based hole transporting host. While the photoadduct also exhibited 

blue photoluminescence, white light emission with CIE chromaticity of (x, y) = 

(0.33, 0.32) was observed under electrical stimulation. This observation not only 

highlights the use of molecular assembly and gel chemistry to achieve the otherwise 

difficult to obtain photoproducts but also underlines their potential use in 

optoelectronic device fabrication. 
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Figure 2.5. (a) Chemical structure and photoinduced chemical modification of 14. EL spectral 

evolutions of the device fabricated with (b) 3, (c) 7, and (d) 10 days aged solutions of 14 containing 

the photodimers. (e) Respective changes in the CIE coordinates of the fabricated LEC devices. 

2.3. Results and Discussion 

2.3.1. Synthesis of the Anthracene Derivative 25 

The –extended photoactive 9-phenylethynylanthracence derivative 25 has been 

synthesized by a multistep synthetic procedure involving alkylation, condensation, 

hydrolysis and Sonogashira-Hagihara coupling reactions (Scheme 2.5). The iodo 

derivative 20 and the anthracene derivative 24 were synthesized using already 

reported procedures.15 The final product 25 was obtained via a Pd catalyzed 
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Sonogashira cross-coupling between the compounds 20 and 24. All the 

intermediates and the final compound were purified and characterized by nuclear 

magnetic resonance spectroscopy (NMR) and high–resolution mass spectroscopy 

(HRMS).  

 

Scheme. 2.5. Synthetic protocol adopted for the synthesis of compound 25. 

The chemical structure of molecule 25 was confirmed via 1H NMR spectral analysis 

(CDCl3, 500 MHz, 25 oC) as shown in Figure 2.6. The anthracene protons were 

found to resonate in the aromatic region, with the peaks corresponding to the most 

de-shielded protons, Hb and Ha, appearing at 8.66 (doublet) and 8.44 (singlet) ppm, 

respectively. The He and Hc/Hd protons appeared respectively at 8.03 ppm (doublet) 

and 7.77 ppm (quartet). The amide proton, Hh resonated as a broad singlet at 7.86 

ppm. The peaks corresponding to the phenyl protons (Hg, Hf) ortho to the triple bond 

were found to appear as triplets, respectively at 7.60 and 7.52 ppm. The phenyl 

protons Hi, belonging to the second benzene ring, were found to have a chemical 

shift of 7.07 ppm and appeared as a singlet. The remaining six alkoxy protons, Hj 

appeared as characteristic peaks resonating at 4.05 ppm. Peaks corresponding to all 
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the carbon atoms were found in the 13C NMR spectrum. The existence of a chemical 

species corresponding to the expected structure of compound 25 (calcd. mass for the 

molecular formula of 25: 950.4223, experimentally found: 951.3864, correlating to 

an [M+H]+ species) was further corroborated by high resolution mass spectrometry. 

The complete characterization data is provided in the experimental section.  

 

Figure 2.6. Chemical structures and 1H NMR spectrum of compound 25 in CDCl3 (500 MHz, 25 oC). 

The protons are labelled in red (a-j). The inset shows the expanded region of the spectrum 

corresponding to the aromatic protons. 

2.3.2. Photophysical Characterization 

The 9-phenylethylanthracene derivative 25 was designed to exhibit solvent 

dependent aggregation behavior and its photophysical properties were studied in 

both solution and aggregated states (Figure 2.7a,b). Typical monomer absorption 

profile was observed in chloroform (c = 3.33 µM) with characteristic bands 

corresponding to an anthracene core at 429, 406, 386 and 365 nm. A slight 

bathochromic shift in these peaks was observed in comparison to simple anthracene, 

due to the extended conjugation through a triple bond at the 9-position. At a 

concentration of 3.33 µM in methyl cyclohexane (MCH), the compound 25 was 
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found to aggregate via H-bonding and the absorption spectrum showed a 

corresponding hypsochromic shift of 4 nm in comparison to the monomeric 

absorption in chloroform (Figure 2.7a).  

 

Figure 2.7. Normalized (a) absorption and (b) emission spectra of compound 25 in chloroform (red, 

monomeric state) and methyl cyclohexane (MCH, blue, aggregated state). (c) Temperature 

dependent absorption spectra of the gel in MCH (diluted to a concentration of 1 x 10-5 M). (d) Plot of 

the fraction of aggregates, agg vs temperature at concentration of 3.3 µM in MCH indicating 

cooperative assembly pathway. 

The emission spectra of compound 25 was found to appear as mirror images of its 

structured chromophore absorption profiles due to similar transitions during 

absorption and emission involving the vibrational energy levels corresponding to the 

S1 and S0 states. Consequently, a 4 nm hypsochromic shift was observed in 

fluorescence spectra in MCH (aggregated state) when compared to the monomeric 

emission (chloroform) (Figure 2.7b). The fluorescence quantum yield in chloroform 

was 0.79 with a lifetime of 2.91 ns (single exponential decay). 
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Temperature dependent absorption profiles of the aggregates of compound 25 in 

MCH confirmed an increase in absorption intensity with increase in temperature in 

the range 25-74 oC. Plots of the fraction of aggregate (agg) against applied 

temperature could be fitted to a cooperative self-assembly pathway. The 

thermodynamic parameters were calculated using a nucleation-elongation model for 

the self-assembly in MCH. The enthalpy of nucleation of the assembly (Hnucl) was 

found to be -9.0 kJ/mol and the elongation temperature was 303 K (Table 2.1). 

Table 2.1. Thermodynamic parameters for the self-assembly of 25 in MCH (c = 3.3 µM) obtained 

using the nucleation-elongation model 

 

2.3.3. Gelation 

The compound 25 was soluble in chloroform. However, it has a high propensity 

towards molecular aggregation in less polar solvents, due to the presence of the 

amide units and extended π–surface. A stable gel was formed due to the H–bonding 

and π–π stacking interactions in methyl cyclohexane, at a critical gelator 

concentration (CGC) of 11.9 mg/mL at 298 K (Figure 2.8a). The gelator (1.2 

mg/100 L) was initially dissolved in MCH by heating and the solution was slowly 

cooled back to room temperature, under sonication for about 2 min to afford a gel. 

The gel was found to have sonication-induced reversibility under heating-cooling 

cycles. The gel behavior was confirmed by rheological measurements. For example, 

the storage (G) and the loss (G) moduli were constant as a function of the applied 

angular frequency. The value of G was one order of magnitude higher than that of 

G, indicating the strong viscoelastic nature of the gel (Figure 2.8b). Fourier 

transform infrared (FTIR) measurements of the xerogel revealed a broad N–H 

stretching band at 3261 cm–1 with a hypsochromic shift of 23 cm-1 as compared to 
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the parent compound 25 (3284 cm-1), that is further indicative of H–bonding in the 

gel state (Figure 2.8c). 

 

Figure 2.8. (a) Photographs showing reversible gelation of 25 in MCH (11.9 mg/mL). (b) Rheological 

behavior of the gel. (c) FTIR spectrum of compound 25 in chloroform (red) and the xerogel (Blue). 

2.3.4. Morphology and Packing Analysis of the Gel Obtained from 

Compound 25 

Atomic force microscopy (AFM) and transmission electron microscopy (TEM) 

analyses of the gel revealed the existence of supramolecular tape like structures 

(Figure 2.9a,b). The average height of the structures was found to be 5.2 nm (Figure 

2.9c). X-ray diffraction (XRD) of the xerogel exhibited diffraction patterns 

corresponding to d-spacing of 47.9, 21.5 and 12.5 Å (Figure 2.10a). The first three 

peaks followed a reciprocal relationship with a near 1:2:4 ratio, corresponding to a 

multidimensional lamellar packing. The diffraction peaks corresponding to 3.82 and 

4.20 Å are indicative of strong -stacking and long range ordered intermolecular H-

bonding, respectively.  
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Figure 2.9. (a) TEM image of the gel obtained from 25 in MCH. (b) AFM image of the self-assembled 

molecule 25 in MCH and (c) the corresponding height profile obtained from AFM. 

 

Figure 2.10. (a) X-ray diffraction (XRD) pattern obtained for the xerogel of compound 25 in MCH. 

The inset shows the zoomed-in area of the pattern. (b) The probable spatial arrangement of the 

molecule 25 in its self-assembled state with the anthracene moiety of one molecule overlapping with 

the triple bond of another molecule. 

The diffraction peaks corresponding to 8.69, 8.28, 7.49, 6.91, 6.31, 5.80, and 5.28 

Å represent the interdigitated arrangement of the H-bonded supramolecular 

assembly, where the anthracene moiety of one molecule is overlapping with the 
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triple bond of another molecule (Figure 2.10b). Such molecular organization in gel 

phase was further evident from temperature-controlled absorption changes in 230-

260 nm region. The absorption band corresponding to 1Bb transition dipole of 

anthracene, parallel to the molecular axis and not being polarized via aggregation, 

was found to remain nearly unsplit (Figure 2.11a,b).23 The emission spectra of the 

gel was found to be very similar to that of the aggregates in MCH (Figure 2.11c). 

As expected, the steady state fluorescence spectrum of the gel did not exhibit any 

excimeric emission,24 which was confirmed by time correlated single photon 

counting experiment. The fluorescence decay profile of the gel was fitted with a bi-

exponential decay having lifetime values of 1.95 and 4.00 ns (Figure 2.11d). 

 

Figure 2.11. (a) Temperature dependent absorbance of the compound 25 in MCH in the range of 

230-300 nm, corresponding to 1Bb transition dipole of anthracene parallel to the molecular axis (b). 

(c) Emission spectra of compound 25 in solution (chloroform, red), aggregated (MCH, blue) and gel 

(green) states. (d) Lifetime decay profiles in solution (red) and gel (green) states (ex = 375 nm). 
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2.3.5. Photoirradiation in the Gel State  

Room temperature stable gel of the compound 25 was taken in an ultraviolet 

transparent container and irradiated with 365 nm light for 20 h. A gel to sol 

transformation was observed and was confirmed by the inversion of the container 

(Figure 2.12a). MALDI-TOF analysis of the photoirradiated gel confirmed the 

existence of a chemical species of molecular mass 1926.11, that correlates to the 

corresponding [4 + 2] cycloadduct (Figure 2.12b).  

 

Figure 2.12. (a) Photographs showing the gel and (b) the MALDI-TOF spectrum of photoirradiated 

gel. (c) HPLC chromatogram of photoirradiated gel. (d) TEM images after photoirradiation. 

HPLC profile of the irradiated solution showed a major peak corresponding to a 91% 

photoconversion of the starting compound (Figure 2.12c). TEM analyses of the 

photoadduct showed ill-defined particle like morphology, justifying the destruction 

of the one-dimensional H-bonded assembly of the gel phase (Figure 2.12d). This 

observation was further confirmed by the XRD analysis of the gel after 
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photoirradiation, which showed a decrease in the number of diffraction peaks. After 

photoirradiation, the solvent was removed using a rotary evaporator at a set 

temperature <35 oC. 1H NMR (CDCl3, 500 MHz, 25 oC) profile of the residue 

suggested 90-92% yield of the anti-[4 + 2] photoadduct. Photoirradiation with >420 

nm light for 48 h also resulted in anti-[4 + 2] cycloadduct, which indicated that 

molecular packing does not allow for any other mode of cycloaddition (Scheme 

2.6).  

 

Scheme. 2.6. Photoinduced transformation of the self-assembled gelator 25 The possible spatial 

molecular arrangement of compound 25 in the gel state that facilitates the preferred formation of anti-

[4 + 2] cycloadduct is shown. 

The structure of the photoadduct was unambiguously confirmed by 1H NMR and 

NOESY spectra that confirmed the formation of anti-[4 + 2] product with the middle 

ring of anthracene covalently linked with triple bond of a second molecule 

(Figure2.13a-c). In the 1H NMR spectrum of the photoadduct, the proton ‘20’ 

appeared as a singlet at a chemical shift of 5.74 ppm, corroborating its loss of 

aromaticity upon cycloaddition (Figure 2.13a). The two amide protons (protons 6 
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and 25) were found to resonate at two different chemical shifts, that is indicative of 

the formation of the cycloadduct.  

 

Figure 2.13. 1H NMR spectrum of the purified photoadduct in CDCl3 at 500 MHz. (b) The anti-

confirmation of the [4 + 2] cycloadduct. The corresponding spatial interactions between the protons 

are shown by red arrows. (c) NOESY spectrum showing the interaction between protons 1 and 5, 

protons 20 and 21 and protons 26 and 27. 
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The NOESY NMR spectrum confirmed spatial interaction of proton ‘20’ with 

proton ‘21’, that confirms the formation of the anti-[4 + 2] product (Figure 2.13c). 

The stereochemistry of the photoadduct features an anti-conformation of the double 

bond as shown in Figure 2.13b. However, the xerogel and solution state 

photoreactions showed low conversion and less stereoselective cycloaddition. While 

low stereoselectivity was observed for the photoadduct in solution state (Figure 

2.14a), photoirradiation of the xerogel barely afforded any cycloadduct (Figure 

2.14b). 

 

Figure 2.14. Partial 1H NMR (500 MHz, CDCl3) spectra of photoirradiated 25 in (a) solution and (b) 

xerogel states, indicating less stereoselectivity in the formation of photoadduct in the solution state 

and nearly no formation of the photoadduct in the xerogel state. The zoomed area where the peak 

corresponding to the de-aromatized proton should appear in the cycloadduct are also shown for (a) 

and (b). 
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The FTIR spectra showed significant changes in the vibrational bands of the 

photoadduct as compared to its parent compound 25. The cycloaddition product has 

an asymmetric triple bond acting as a linker between sp3 and sp2 carbon atoms with 

a stretching frequency of 2359 cm-1 that is 2 cm-1 higher than the triple bond 

stretching frequency in the parent derivative 25. Similarly, a noticeable change was 

observed in the carbonyl C=O (∆vC=O = +2 cm-1) and amide N-H (∆v N-H = +19 cm-

1) stretching frequencies. Upon photoirradiation, H-bonded N-H stretching 

frequency of the gel (N-H = 3261 cm-1) shifted to a higher value (3279 cm-1) which 

is close to that of compound 25 (3284 cm-1). The steric geometry of the photoadduct 

disturbs the assembly of the molecule resulting in the dissolution of the gel.  

 

2.3.6. Photophysical Characteristics of the Cycloadduct 

Comparison of the absorption and emission features of the photoadduct in 

chloroform (3.3 M) with those of the parent compound 25 is shown in Figure 

2.15a,b. The absorption spectrum of the photoadduct exhibited the appearance of 

two relatively less intense bands at 393 and 373 nm and an intense band at 299 nm, 

simultaneous with the disappearance of the characteristic bands (429 and 406 nm) 

of compound 25. The compound 25 exhibited two intense emission peaks at 450 and 

475 nm, whereas the photoadduct showed an emission with maximum at 440 nm. 

The fluorescence quantum yields of compound 25 and the photoadduct were 0.79 

and 0.57, respectively. The fluorescence lifetime analysis of compound 25 and its 

photoadduct in chloroform exhibited a single exponential decay with lifetime values 

of 2.91 and 4.28 ns, respectively (Figure 2.15c). Cyclic voltammetry (Figure 2.15d) 

suggested a better stabilization of the HOMO of the photoadduct (EHOMO = -5.54 

eV) as compared to the parent compound 25 (EHOMO = -4.79 eV). This stabilization 

is attributed to the reduction in extended π-conjugation upon photocycloaddition. 

Similar effects were also observed in the comparison of the ELUMO of the 

photoadduct (-2.59 eV) and compound 25 (-1.98 eV) (Table 2.2). 
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Figure 2.15. Comparative properties of 25 (red) and photoproduct (blue): (a) absorption, (b) 

emission, (c) fluorescence lifetime decay profiles in chloroform and (d) cyclic voltammograms in 

dichloromethane.  

Molecular orbital calculations also suggested that, upon photocycloaddition, the 

electron density got localized on to the anthracene core and was not extended 

throughout the molecule (Figure 2.16). 

Table 2.2. Absorption data and HOMO-LUMO energy levels of the compound 25 and its photoadduct. 
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Figure 2.16. Theoretically calculated molecular orbitals of compound 25 (R = methyl) (left) and the 

photoadduct (R = methyl) (right); HOMO (down), LUMO (top) using B3LYP 6-31G(d). 

 

2.3.7. Electroluminescence of Compound 25 and its Photoadduct 

The electroluminescent device characteristics of the parent compound 25 was 

investigated by fabricating solution processed single layer organic light emitting 

devices.25 The emitting layer (EML) comprised of the gelator 25, carbazole 

derivatives PVCz or SB226 as the hole transporting materials (HTM) and an 

oxadiazole derivative PBD as the electron transporting material (ETM). PVCz was 

a better HTM than SB2 as indicated by the higher Lmax value of the devices with the 

former (Table 2.3).  

Table 2.3. Device characterization data for compound 25 and its photoadduct. 

 

The intensity of the EL spectra of both compound 25 and the photoadduct increased 

upon increasing the applied voltage, however, the structure of the spectra remained 

unchanged, while using PVCz or SB2 as the hole transporting material (Figure 

HOMO

LUMO
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2.17a-d). The CIE coordinates for the devices fabricated from compound 25 using 

PVCz (0.16, 0.16) or SB2 (0.16, 0.13) remained almost constant at any applied 

voltage (Figure 2.17a,b_insets). However, voltage dependent changes in the 

chromaticity coordinates were observed when the photoadduct was used as the 

emitter (Figure 2.17c,d_insets).  

 

Figure 2.17. Electroluminescence spectra at different voltages for (a) compound 25 + PVCz device, 

(b) compound 25 + SB2 device, (c) photoadduct + PVCz device and (d) photoadduct + SB2 device 

(inset: change in the CIE (x,y) values with voltage). 

The Lmax obtained for the 25+PVCz was 1244 cd/m2 at 16.5 V, and 231 cd/m2 for 

25+SB2 at 14.5 V (Figure 2.18a). In both cases, blue EL with CIE coordinates of 

(0.16, 0.16) and (0.16, 0.13), respectively, were obtained (Figures 2.18c, 2.19a,c). 

Interestingly, the device fabricated using the photoirradiated gel with PVCz (or SB2) 

as EML and PBD as ETM exhibited broad EL spectra emitting between 400-750 

nm, with maxima at 445 and 573 nm (Figure 2.18d), resulting in white 

electroluminescence (Figure 2.19b). The performance of the PVCz based device 
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was better when compared to that with SB2 (Figure 2.18b). When SB2 was used as 

HTM, the CIE coordinates of the white light emission was x = 0.33, y = 0.32, 

indicating high color purity. On the other hand, the value of the CIE coordinates was 

x = 0.28, y = 0.25 when PVCz was used as the HTM (Figure 2.19b,c). 

 

Figure 2.18. Device characteristics (luminance and current density vs voltage plot) of (a) 25 and (b) 

the photoadduct. Electroluminescence spectra of OLED fabricated from (c) 25 and (d) photoadduct 

as emitter with SB2 (red) and PVCz (blue) as hole-transporting materials. 

2.3.8. Electroplex Characterization  

For a deeper understanding of the origin of the white electroluminescence, the EL 

and the PL spectra of the devices fabricated with the gelator 25 before and after 

photoirradiation using PVCz and SB2 as the HTM were compared (Figure 2.20a-

d). Both EL and PL spectra of the gelator before photoirradiation were comparable, 

and exhibited a blue emission with maxima at 450 and 470 nm. Similarly, the PL 

spectra of the devices fabricated using the photoadduct and both PVCz and SB2 as 

HTM showed blue emission with λmax at 450 nm. A shoulder band was also observed 

at 475 nm. However, in addition to the sharp emission at 450 nm, a broad emission 
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at 600 nm was observed in the EL spectra of the photoadduct in both cases (Figure 

2.20b,d). Notably the intensity of the broad 600 nm emission was less when PVCz 

was used as the HTM. 

 

Figure 2.19. Photographs of the electroluminescent devices fabricated from (a) compound 25 (i: 

PvCz as HTM and ii: SB2 as HTM) and (b) the photoadduct (i: PvCz as HTM and ii: SB2 as HTM). 

(b) EL color coordinates of the devices fabricated from compound 25 and the photoadduct. 

 

Figure 2.20. Comparative PL and EL spectra of devices made of (a) 25 + PVCz, (b) 25 + SB2, (c) 

photoadduct + PVCz, and (d) photoadduct + SB2. 
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Since the PL emission of the photoirradiated gelator was blue, we expected a similar 

emission characteristic for the EL spectrum as well. Instead, we observed an 

electrogenerated white light emission, which may not be the property of the 

photoadduct alone. Furthermore, film state absorption of EML did not show any 

new band in the presence of the photoadduct (Figure 2.21), which is a clear 

indication for the absence of any ground state charge transfer complex between the 

emitter and the HTM.  

 

Figure 2.21. Comparative solid-state absorption spectra of model films of EML with and without 

photoadduct, indicating the absence of any new band corresponding to charge transfer complexes. 

Therefore, the green and red emission components required for the white emission 

must have generated through the interaction between the photoadduct and the 

transporting materials under the applied electric field. Probably, an electron transfer 

from the HTM to the photoadduct could generate an excited complex called 

electroplex, similar to a photoexcited exciplex (Figure 2.22). Such an emission by 

the electrically excited electroplex can be visible only in an EL spectrum and not in 

the photoexcited PL spectrum.27 The energy levels of the electroplex will be lower 

than that of the singlet excited state of the photoadduct (Figure 2.22a). This 

electroplex (photoadduct + HTM+) formation is in analogy with previous reports 

and should be responsible for the green-to-red emission along with the blue emission 

of the photoadduct, leading to the white light emission (Figure 2.22b).21,28   
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Figure 2.22. (a) Schematic representation of the electronic configuration in molecular orbitals of the 

electroplex host/emitter. (b) Proposed energy profiles for the electroluminescence response of the 

photoadduct, exciplex, and electroplex. 

To establish the electroplex formation between the emitter and the HTM, we 

fabricated devices by mixing them together with an electron transporting layer 

([1,1':3',1-terphenyl]-4,4-diylbis(diphenylphosphine oxide), BPOBP)29 separately 

coated in solution processed double layer devices (Figure 2.23a).  

 

Figure 2.23. (a) Fabrication of multilayer OLEDs, where BPOPB was used as the electron transporter 

and the emitting layer consisted of the parent compound 25 or its photoadduct that was mixed with 

the hole transporting materials (PVCz). The corresponding PL and EL spectra of multilayered OLEDs 

with (c) compound 25 and (d) the photoadduct. 

 

As expected, the device with the emitter 25 showed blue emission, whereas the 

device made out of the photoirradiated gel exhibited white light emission, 
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underlining the electroplex formation between the photoadduct and the carbazole 

based compounds (Figure 2.23b,c). The emitters are responsible for electroplex 

formation with HTM, that is further confirmed by fabricating a device with 9-

phenylethylanthracene (9-PEA) and its [4 + 2] photoadduct. The devices fabricated 

from 9PEA and either PVCz or SB2 as HTM exhibited similar photo- and 

electroluminescence with a blue emission (Figure 2.24a), whereas the use of the 

corresponding photoadduct as emitter resulted in blue photoluminescence and 

bluish-white electroluminescence, wherein an electroplex emission was clearly 

visible in the 500-700 nm region of the EL spectrum (Figure 2.24b). 

 

Figure 2.24. (a) Normalized EL intensity of Device-1 (9PEA + PVCz) and Device-2 (9PEA + SB2) 

and (b) that for Device-3 (9PEA dimers + PVCz) and Device-4 (9PEA dimers + SB2). 

 

2.4. Conclusion 

In conclusion, the molecular assembly of the molecule 25 at its supramolecular gel 

phase creates enough confinement to selectively yield the [4 + 2] photocycloadduct. 

Light emitting devices fabricated from the gelator 25 exhibited a blue emission, 

whereas the device fabricated with the photo-irradiated gelator showed a white 

electroluminescence. The generation of the green and red emission required for 

white luminescence is explained on the basis of an electroplex formation between 

the photocycloadduct and the hole transporting material within the device structure 

under an applied electric potential. This report highlights the role of H-bonded 

supramolecular assembly and gelation of functional molecules to achieve exclusive 

photoproduct formation for their further use in photonic device application.  
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2.5. Experimental Section 

2.5.1. Materials and Methods 

General procedures: All chemicals were purchased from Sigma Aldrich, Alfa 

Aesar and TCI and used without further purification. PVCz, PEDOT:PSS (Clevios 

P CH 8000), PBD, Cesium fluoride (CsF) and aluminium (Al) were purchased from 

commercial suppliers (Sigma Aldrich Co., Heraeus GmbH, Luminescence 

Technology Corp., Wako Pure Chemical Industries, Ltd. and the Nilaco Co. 

respectively). PVCz was reprecipitated in THF and dried under vacuum prior to use. 

BPOPB was synthesized according to a reported procedure.29 Moisture and oxygen 

sensitive reactions were performed under dry argon/nitrogen atmosphere. Merck 

silica gel plates on aluminum sheets were used for performing thin layer 

chromatography (TLC). Column chromatography was carried out using 100-200 

mesh silica gel. Solvents used for carrying out the reactions were distilled and stored 

under an anhydrous atmosphere. K2CO3 was activated by heating at 300 oC for 4 h. 

Anhydrous sodium sulfate (Na2SO4) was used for drying the organic extracts.  

HEIDOLPH rotary evaporator was used for the removal of solvents under reduced 

pressure. The purchased HPLC grade solvents were used for gelation, spectroscopic 

studies and device fabrication. 

1H and 13C NMR measurements were performed in chloroform-d6, with an internal 

standard TMS ( = 0 ppm for 1H and = 77 ppm for 13C) on a Bruker Avance 500 

(1H: 500 MHz; 13C: 125 MHz) spectrometer. FT-IR measurements were performed 

in SHIMADZU IR Prestige21 FTIR Spectrometer using KBr. Matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF) mass spectra were performed on 

an AXIMA-CFR PLUS (SHIMADZU) MALDI-TOF mass spectrometer. High-

resolution mass spectra were obtained from a JEOL JSM 600.  

UV–Vis Electronic Absorption and Emission Spectral 

Measurements: A Shimadzu UV-2600 Spectrophotometer and a SPEX-

Fluorolog FL-1039 Spectrofluorimeter have been used for UV-vis and fluorescence 
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measurements respectively. Temperature variable absorption experiments were 

performed using a 0.1 cm quartz cuvette on a Shimadzu UV-2600 

Spectrophotometer. 

Transmission Electron Microscopy (TEM): TEM imaging was performed 

on a JEOL-JEM0310 microscope with an accelerating voltage of 100 kV. The 

samples were prepared by drop casting over a carbon coated copper grid. TEM 

images were obtained without staining. 

Atomic Force Microscopy (AFM): AFM images were recorded at ambient 

conditions using a Nanocut instrument operating under tapping mode. Micro-

fabricated TiN cantilever tips with a resonance frequency of 299 kHz and a spring 

constant of 20-80 Nm-1 was used. Samples were prepared by drop casting the sample 

over silicon wafer at defined concentrations. 

Electrochemical measurements: Cyclic voltammetric measurements were 

carried out in dichloromethane containing 0.1 M tetra-n-butyl ammonium 

hexafluorophosphate as supporting electrolyte. The experiments were performed in 

a single compartment cell with a three electrode setup consisting of a glassy carbon 

working electrode, a Pt counter electrode, and a Ag/Ag+ quasi reference electrode. 

The dichloromethane was distilled prior to use. Before performing the 

electrochemical measurements, the solution was bubbled with N2, and the N2 

atmosphere was maintained in the head space of the cell during the course of the 

experiment. 

Wide–angle X–ray Scattering (WAXS): Wide–angle X–ray Scattering 

measurements were performed on a XEUSS 2D SAXS/WAXS system using a Genix 

microsource from Xenocs operated at 50 kV and 0.3 mA. The Cu Kα radiation (λ = 

1.54 Å) was collimated with a FOX2D mirror and two pairs of scatterless slits from 

Xenocs. Xerogel of 25 and the photoadduct were placed directly into the sample 

holder. 
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General procedure for fabrication of solution-processed OLEDs: We 

followed a previously reported procedure for the fabrication of OLEDs.30  

 

Fabrication of Monolayer OLED: The anode substrate (pre-patterned ITO 

glass) was washed with an aqueous detergent solution under ultra-sonication, and 

then with distilled water, acetone, chloroform, hexane and 2-propanol. ITO layer 

was treated with UV-O3 for 10 minutes PEDOT:PSS (40 nm)  was then coated using 

a spin-coater, then dried at 115 oC for 1 h.    For preparation of the EML, a mixture 

of PVCz, PBD and 25 or the photoadduct in dry toluene (with a ratio of 25 : PBD : 

PVCz or SB2 = 0.5 mg : 1.5 mg : 5 mg) was filtered through a 0.2 mm Millex-FG 

filter (Millipore), then spin-coated over the PEDOT:PSS layer under inert 

atmosphere. Subsequently, electron injection layer (CsF, 1.0 nm) and cathode (Al, 

250 nm) were vacuum deposited on the EML under a base pressure of ca. 1 x 10-4 

Pa. In order to protect from air and moisture, the device was sealed with a glass cap 

and encapsulated with a UV-curing epoxy resin under inert conditions. The emitting 

pixel was 10 mm2 (2 x 5 mm). The fabrication of device was performed inside a 

glovebox filled with dry argon. 

 

Fabrication of Multilayer OLEDs: The cleaning of pre-patterned ITO glass 

substrate and spin coating of PEDOT:PSS were performed as described in the 

previous section. For fabrication of an EML, a mixture of PVCz, and 25 or the 

photoadduct in dry toluene (25 or Photoadduct: PVCz = 0.641 mg : 6.41 mg in 0.7 

mL) was filtered through a 0.2 mm Millex-FG filter (Millipore). The obtained stock 

solution was spin-coated onto the PEDOT:PSS layer under an argon atmosphere and 

annealed at 120 oC for 1 h. Thereafter, BPOBP (10.5 mg) in 2-propanol (1.5 mL) 

was spin-coated and annealed at 80 °C for 10 min. A similar procedure as described 

in the previous section was followed for vacuum deposition of CsF (1 nm), Al (250 

nm) and sealing with glass cap by UV-curing epoxy resin. 
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2.5.2. Synthesis and Characterization  

Synthesis of N-(4-(anthracen-9-ylethynyl) phenyl)-3,4,5-tris 

(dodecyloxy) benzamide (25):  

Compound 20 (0.138 mmol), Pd(PPh3)2Cl2 (10 mol%), and CuI (10 mol%) were 

taken in a pre-dried two neck round bottom flask and was degassed under high 

vacuum. Argon purging and vacuum treatments were performed thrice. A solvent 

mixture comprising of trimethylamine and THF (1:1, v/v) was degassed with argon 

for 20 minutes and 10 mL was added to the reaction mixture. 9-Ethynylanthracene 

24 (0.150 mmol), dissolved 10 mL degassed solvent mixture (TEA/THF), was added 

and stirred at room temperature in the dark. Completion of the reaction was 

monitored by TLC. After the removal of the solvent under reduced pressure, 

chloroform was added to the residue and filtered through celite. The crude product 

was then purified by column chromatography on silica gel (100-200 mesh) using 

chloroform: methanol (98:2) as eluent. 

 

Yield: 75%; 1H NMR (500 MHz, CDCl3):  = 8.66 (d, 2H, J = 9 Hz), 8.44 (s, 1H), 

8.03 (d, 2H, J = 8.5 Hz), 7.86 (s, 1H), 7.77 (q, 4H, J = 8 Hz), 7.61 (t, 2H, J = 7.5 

Hz), 7.52 (t, 2H, J = 7.5 Hz), 7.08 (s, 2H), 4.07-4.02 (m, 6H), 1.86-1.81 (m, 4H), 

1.79-1.74 (m, 2H), 1.52-1.46 (m, 6H), 1.27-1.22 (m, 48H), 0.90-0.87 (t, 9H) ppm. 

 
13C NMR (125 MHz, CDCl3): 153,34, 138.24, 132.58, 132.53, 131.23, 

129.65, 128.72, 127.65, 126.60, 125.71, 119.88, 119.88, 119.44, 117.36, 105.90, 

100.57, 100.00, 86.19, 73.61, 69.55, 31.96, 31.94, 30.35, 29.72, 2.68, 29.66, 29.38, 

26.10, 22.70, 14.13 ppm. 

 

HRMS: Molecular formula (C65H91NO4) Calcd.: 950.4223, found = 951.3864 

[M+H]+. 

 

FT-IR (KBr):  = 3263.55, 3049.45, 2920.23, 2850.79, 2358.94, 2196.92, 1645.28, 

1581.63, 1514.12, 1492.90, 1467.83, 1427.32, 14402.25, 1384.89, 1336.67, 

1309.67, 1290.38, 1240.23, 1217.08, 1178.51, 1120.64, 1010.69, 956.69, 881.47, 
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840.97, 827.47, 779.24, 759.95, 734.88, 675.08, 655.79, 640.37, 613.36, 551.64, 

532.35, 453.27, 408.91 cm-1. 

 

Synthesis of the Photoadduct 

Room temperature stable gel of 25 was taken in a UV transparent container and 

subjected to photoirradiation using UV light (λmax = 365 nm) for 20 h. Complete 

transformation of the gel to sol was observed. The sol was then dried using a rotary 

evaporator maintained at a water bath temperature <35 oC. The photoirradiation 

resulted in an almost exclusive anti-[4 + 2] cycloaddition product, which indicated 

that molecular packing does not allow for any other mode of cycloaddition. 

 
1H NMR (500 MHz, CDCl3):  = 8.34 (s,1H), 7.93 (d, 2H, J = 8.5Hz), 7.73 (d, 2H, 

J = 7.5 Hz), 7.61 (d, 2H, J = 7.5 Hz), 7.60 (s,1H Hz) 7.39 (s, 1H),  7.32-7.30 (m, 

4H), 7.23-7.16 (m, 4H), 7.14 (d, 2H, J = 8.5 Hz) 7.09 (d, 2H, J = 6.8 Hz), 6.99-6.97 

(m, 4H), 6.86 (s, 2H), 6.46 (d, 2H, J = 8.5 Hz), 5.74 (s, 1H), 4.02-3.99 (m, 6H), 3.96-

3.91 (m, 6H), 1.82-1.78 (m, 4H), 1.77-1.68 (m, 8H), 1.48-1.40 (m ,12H), 1.27-1.25 

(m, 96H), 0.90-0.86 (m, 18H) ppm. 

 

13C NMR (125 MHz, CDCl3): = 165.36, 153.26, 153.15, 145.31, 144.66, 144.16, 

141.40, 133.01, 132.13, 131.38, 130.57, 128.33, 127.08, 126.81, 119.45, 119.11, 

105.78, 105.61, 100.00, 73.59, 69.37, 58.35, 31.93, 30.32, 29.71, 29.68, 29.65, 

29.61, 29.40, 29.36, 26.08, 22.69, 14.12 ppm. 

 

FT-IR (KBr):  = 3282.84, 3051.39, 2924.08, 2852.72, 2360.87, 2341.58, 1647.21, 

1581.63, 1512.19, 1494.83, 1465.90, 1425.39, 1404.18, 1334.74, 1238.29, 1209.37, 

1116.78, 1012.63, 885.33, 842.89, 781.17, 752.24, 734.88, 719.44, 669.29, 650.01, 

601.79, 540.06, 460.98, 418.55 cm-1. 
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Chapter 3 

 

Lower Critical Solution Temperature (LCST) Modulation 

of Amphiphilic π-Systems by Photocycloaddition for 

Controlled Transmission of Solar Radiation 
 

 

3.1. Abstract 

Residential buildings in the tropical regions consume huge amount of energy for 

maintaining indoor temperature. Energy inefficiency and solar radiation induced 

indoor heating in the architectural sector is attributed to the energy loss through 

windows. Therefore, the development of low-cost and scalable responsive smart 

materials exhibiting controllable light and heat transmission for application in smart 

windows is a prerequisite towards effectively managing indoor energy consumption. 

Herein, we report the design and study of an amphiphilic liquid π-system having an 

LCST based thermoresponsive behavior in the range 27-32 oC at a minimum 

concentration of 0.25 mM. This molecule upon photoirradiation at 365 nm yielded 

the [4 + 2] photocycloadduct which is a bolaamphiphile that exhibited LCST 

[4+2]

cycloaddition
T > LCST

T < LCST

Amphiphile

Bolaamphiphile
Properties
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behavior at a lower temperature range of 24-27 oC and at a minimum concentration 

of 6 M. The lowered LCST behavior of the photocycloadduct at ~42 times lower 

concentration when compared to that of the parent molecule is of advantage for the 

fabrication of near room temperature responsive dynamic windows. As a proof-of-

concept, we fabricated smart window prototypes by sandwiching the aqueous 

solutions of the amphiphilic molecule between two parallel glass panels. The 

prototypes fabricated from the amphiphile exhibited transparency below 29 oC with 

>92% visible light transmittance. However, above 32 oC, the window turned opaque 

and blocked >80% of the solar radiation. The photoadduct exhibited a lower LCST 

transition temperature of 24 oC, below which ~90% transparency was achieved and 

transmission of light was blocked upto 64% at temperatures above the LCST. 

Variable temperature DLS correlation coefficient analysis of the molecules before 

and after photoirradiation revealed the formation of globular particles of 760 nm 

and 845 nm respectively, above their LCST transition, causing the visible and near 

infrared solar radiation to scatter off, thereby reducing the indoor heating effect. 

Thus, one of the extensively studied classical photoreaction has been used for the 

design of smart windows that can modulate light and heat transmittance, with 

implication in energy saving and management. 

3.2. Introduction 

Innovations in stimuli-responsive smart materials is of contemporary interest for the 

construction of energy efficient devices and buildings. One such example is dynamic 

windows that control light transmission in response to the ambient conditions and 

user demands. In this context, materials exhibiting lower critical solution 

temperature (LCST), that exhibit changes in transparency in response to 

temperature, have attracted immense attention.1 In addition to the modulation of 

light transmission, molecular systems that exhibit LCST transitions are particularly 

attractive because, the insoluble aggregates formed above the LCST can be used as 

nano/microenvironments for catalysis2,3, drug delivery4, ion/logic gates5,6, bacterial 

aggregation7, photoresists8 and sensors9. A majority of LCST materials reported till 
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date are polymeric in nature, as exemplified by poly (N-isopropylacrylamide) 

(PNIPAM), that displays an LCST transition around 32 C in water.10,11 Hydrophilic 

acrylamide-based polymers and co-poymers such as NIPAM undergo phase 

transition or change in their size or volume upon increasing the temperature beyond 

LCST (Figure 3.1).12 Several reports have indicated that the phase transitions in 

such polymeric solutions occur due to the reversible transition from hydrated to de-

hydrated states upon temperature variation. 

 

Figure 3.1. (a) A general schematic representation of the thermoresponsive phase transition of a 

polymeric solution. Phase transitions occur due to the reversible transition from hydrated state to de-

hydrated state upon temperature variations. (b) Chemical structures 1-4 of a few polymeric materials 

showing LCST phase transition. (c) Graphical representation of the opaque to clear transitions as a 

function of mole fraction. The insect shows photographs of PNIPAM 1 exhibiting an opaque to 

transparent switching in water.  

Several polymers have been shown to exhibit LCST behavior. Ritter et al. have 

reported the thermoresponsive behavior of the host-guest complex of a co-polymer 

containing 2-methyacrylamido-carprolactum and N,N-dimethylacrylamide. Upon 

host-guest complexation via the addition of 1.5 equiv. of methylated-CD, the 

copolymer cloud point was increased to >50 oC (Figure 3.2a). Creation of such host-
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guest assemblies to achieve thermoresponsive LCST phenomenon are extended to 

supramolecular systems such as bis-p-sulfonatocalix[4]arene based amphiphiles.13 

 

Figure 3.2. (a) Turbidity curves of polymer 5 in the presence and absence of -CD. (b) A 

supramolecular amphiphilic system derived from the naphthalene derivative 6 and its LCST behavior 

based on an inclusion complex. The corresponding photographs of the opaque and transparent 

states are also shown. 
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In supramolecular systems, LCST phase transitions are usually observed due to their 

switching from water soluble assemblies to insoluble net-like cross-linked 

nanoparticles under applied temperature. Such phase transitions are generally 

regulated by multiple weak interactions such as hydrophilic and hydrophobic 

interactions, π−π stacking, and host−guest recognition. A hydrogel with LCST 

behavior was reported to provide a classical example for calixarene induced 

aggregation (CIA) and thermoresponsive self-assembled LCST systems.14 Other 

examples of  small molecule-based LCST systems, though rarely reported, include 

discotic molecules,15 dendrimers,16,17 supramolecular assemblies18-20 and 

photoresponsive host-guest complexes (Figure 3.2b).21 Stang  and co-workers have 

observed coordination-driven self-assembly induced LCST phase transitions in an 

amphiphilic metallacyclic system. The metallacycle 7 showed good 

thermoresponsive behavior with a highly sensitive phase separation and excellent 

reversibility. Furthermore, the clouding point decreased with increasing 

metallacycle concentration and addition of K+ (Figure 3.3).22  

 

Figure 3.3. (a) Chemical structures of the components of the metallacycle 7 and (b) a schematic 

representation of the discrete LCST phase transition in the presence and absence of K+. 
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Interestingly, Tang et al. have reported the thermoresponsive behavior of two 

stereogenic amphiphiles, Z-8 and E-8, based on a tetraphenylethene core, that were 

isolated by HPLC. The isomer Z-8 formed a vesicular morphology and its phase 

transition was easily visualized via an aggregation induced emission behavior. On 

the other hand, the isomer E-8 formed micellar structures. Moreover, the amphiphile 

Z-8 was found to uptake pyrene as guest molecules leading to a detectable change 

in its emission profile and resulted in a nanosheet like morphology (Figure 3.4).23 

 

Figure 3.4. (a) Molecular structures of the amphiphilic isomers Z-8 and E-8 and (b) a schematic 

representation of their thermoresponsive LCST phase transition via the formation of particle and small 

micelle morphologies, respectively. 

Current technologies for dynamic control of Solar Heat Gain (SHG) inside a built 

space via selectively allowing or blocking radiant heat requires high energy inputs. 

In addition, most of the available dynamic SHG control technologies are not cost-

effective and hence have longer payback period preventing its large scale adoption 

in the building sector. Therefore, the development of low cost passive dynamic 

windows has gained much attention, as it offers the possibilities for easy integration 

into energy-efficient buildings with a considerably faster payback period.24 In this 

context, LCST based materials possess huge potential due to their low cost of 

production, easy fabrication, and facile possibilities for integration into the existing 

glass-based building facades.25  
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In this context, Liu et al. have developed a passive dynamic system that switched its 

transparency, concomitant with a controlled transmission of solar radiation at 

temperatures near tropical temperature (32 oC). Such dynamic systems are ideal for 

the design of energy efficient smart windows. Polymeric hydrogel micro particles 

with a defined hydrodynamic diameter (HD = 1388 nm) at low temperature (25 oC) 

allowed solar transmission. Upon increasing the temperature to 35 oC, the particle 

size shrinked to 546 nm leading an opaque state and as a result, the windows were 

found to block >80% of the solar radiation (Figure 3.5).26 

 

Figure 3.5. (a) An illustration of the control of solar light transmission via a temperature induced size 

distinction in thermoresponsive polymer microparticles. (b,c) The visual transition from transparent 

to opaque in the ‘‘palm-print’’ region, owing to the thermoresponsive nature of the polymer. 

A smart window thermotropic composition by adjusting the LCST properties of N-

isopropylacrylamide, N,N-methylenebis(acrylamide), ammonium persulfate and 
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N,N,N,N-tetramethylethylenediamine in water-glycol mixture for improving energy 

efficiency has been reported very recently. The LCST temperature was regulated by 

controlling the amount of glycol in deionized water.27 A blend of two different 

polymer mixtures, poly-α-methylstyrene (PAMs) and polyvinyl methyl ether 

(PVMe) was also proposed as materials with a sharp temperature-dependent optical 

permeability.28 A thermally programmable co-polymer system consisting of poly(N-

isopropylacrylamide), poly(N-ethylacrylamide) or poly(N,N-dimethylacrylamide) 

was found to exhibit low temperature LCST behavior leading to a hydrophobic-to-

hydrophilic transformation, wherein the acid-base properties of the system was 

found to be responsible for the phase change. The proposed application of this 

system involves the sequestration of gaseous CO2.29
 Further, a smart window 

comprising of a thermo-responsive hydrogel that changed its transparency in 

response to temperature exposure via an LCST behavior has also been reported.30 

Having mentioned that small molecules exhibiting LCST behavior are rarely found 

in scientific literature, molecules with inherent LCST behavior at ambient 

temperature, preferably in the range 25-30 oC, though they are of high demand for 

the development of smart windows, are even rarer. While several photoinduced 

processes have been exploited for tuning of LCST behavior,31 photoinduced 

cycloadditions have never been considered for such property modulation. Therefore, 

we thought of exploring the potential of the classical Diels-Alder 

photocycloaddition to design new materials with intriguing properties. In Chapter 2, 

we have reported the selective [4 + 2] cycloaddition of a 9-phenylethynylanthracene 

derivative and its application in the construction of white OLEDs.32 These studies 

prompted us to explore the potential of [4 + 2] photocycloaddition in other 

applications. To this end, we herein report the selective [4 + 2] photocycloaddition 

of an amphiphilic fluidic system 19 resulting in a bolaamphiphile 20 (Scheme 

3.1), both exhibiting an LCST behavior within a temperature range of 20-35 oC. 

Liquid systems are an emerging class of soft materials for optoelectronic 

applications.33 The amphiphilic molecule 19 with oligoethylene glycol (OEG) 
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chains exhibits an LCST behavior in a temperature range of 29-32 oC in water. This 

temperature depedent disparity in optical permeability is attributed to a dehydration 

assisted coil-globule transition. On the other hand, the [4 + 2] photocycloadduct 20, 

which is a bolaamphiphile, exhibited LCST phase transition in 10% THF/water 

within a temperature range of 23-28 oC due to the formation of nano-to-micro sized 

spherical particles. Furthermore, we have exploited this LCST phase transition to 

fabricate smart windows by sandwiching their aqueous solutions between two 

parallel glass plates. Such an engineering using the amphiphile 19 could block >80% 

of solar transmission at temperatures above 32 oC, whereas below 29 oC, it allowed 

>92% visible light transmission. The use of the photoadduct 20 resulted in 

transparency below 24 oC and opacity above 27 oC. Such thermoresponsive behavior 

was found to be reversible over a number of cycles. As a proof-of-concept, we have 

further advanced the fabrication of dynamic windows by introducing a rotatable 

design that enabled us to achieve transparency even when the outdoor temperature 

was above its LCST.     

3.3. Results and Discussion 

3.3.1. Synthesis of Amphiphile 19 and Bolaamphiphile 20 

We adopted a multistep synthetic strategy to synthesize the target molecule 19 as 

shown in Scheme 3.1.34 The amphiphile 19 was synthesized by Sonogashira-

Hagihara C-C coupling between 9-ethynylanthracene 17 and the amide 18 in 

THF/triethylamine mixture (1:1) using PdCl2(PPh3)2/CuI as catalyst.  The precursors 

17 and 18 were synthesized using previously reported procedures.34 All the 

intermediates and final compound were characterized by various spectroscopic and 

spectrometric analyses.  
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Scheme. 3.1. Synthesis of the amphiphile 19. 

The structure of compound 19 was elucidated by the analysis of its 1H NMR 

spectrum (CDCl3, 500 MHz, 25 oC) as shown in Figure 3.6. The amide proton, Hh 

was found to resonate as a broad singlet at 8.80 ppm. Two of the anthracene protons, 

Hb and Ha, appeared at 8.67 (doublet) and 8.43 (singlet) ppm, respectively. The Hc 

Hd and He protons appeared respectively at 8.03 ppm (doublet), 7.77 ppm (doublet) 

and 8.02 ppm (doublet). The peaks corresponding to the phenyl protons (Hg, Hf) 

ortho to the triple bond were found to appear as two multiplets between 7.62 and 

7.50 ppm. The phenyl protons Hi, belonging to the second benzene ring were found 

to have a chemical shift of 7.28 ppm and appeared as a singlet. The remaining glycol 

protons appeared as characteristic peaks resonating in the range 4.25-3.33 ppm. 13C 

NMR spectrum was found to correlate well with the expected structure of compound 

19. HRMS further corroborated the existence of a chemical species corresponding 

to the expected structure of compound 19 (calcd. mass for the molecular formula of 

19: 883.4143, experimentally found: 884.4244 [M+H]+, 906.4059 [M+Na]+). The 

complete characterization data is provided in the experimental section.  
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Figure 3.6. 1H NMR spectrum in CDCl3 (500 MHz, 25 oC) and the chemical structure of compound 

19. The protons are labelled in red (a-i). The middle panel shows the expanded region of the spectrum 

corresponding to the aromatic protons. 

The amphiphile 19 was dissolved in oxygen free toluene in a quartz vessel and 

irradiated for 20 h with UV light (λmax = 365 nm) to obtain the photoadduct 20 in 

70% yield. (Scheme 3.2). Formation of the anti-[4 + 2] cycloaddition product was 

confirmed by 1H NMR and NOESY spectroscopy. The 1H NMR spectrum of 20 

showed the appearance of a new peak at 5.74 ppm that was assigned to the 

dearomatized proton (red), that is spatially close (< 4.5 Å) to the proton  indicated 

in green (Figure 3.7). MALDI-TOF analysis of the photoirradiated product 20 

confirmed the existence of a chemical species of molecular mass 1789.48, that 

correlates to the corresponding [4 + 2] cycloadduct ([M+Na]+). Formation of the [4 

+ 2] adduct indicates that the bimolecular Diels-Alder reaction occurred between the 

CC bond (dienophile) of one molecule and the anthracene (diene) ring of another 

molecule. 
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Scheme 3.2. Light induced conversion of the amphiphile 19 to the bolaamphiphile 20 via a 

bimolecular [4 + 2] Diels-Alder photocycloaddition. 

 

Figure 3.7. 2D NOESY spectrum of the bolaamphiphile 20 in CDCl3, indicating special interactions 

between protons indicated in red and that indicated in green, confirming the formation of the anti-[4 

+ 2] cycloaddition product. 
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3.3.2. Thermal and Spectroscopic Characterization 

In the solvent-free state, the amphiphile 19 and the bolamphiphile 20 were found to 

exist as sticky liquids (Figure 3.8a). Differential scanning calorimetry (DSC) 

thermogram showed a glass transition at 160 C for the amphiphile 19 whereas that 

for the bolamphiphile 20 was found to be 159C (Figure 3.8b).  

 

Figure 3.8. (a) Photographs of 19 (top) and 20 (bottom), exhibiting their solvent-free fluid states. (b) 

DSC thermograms showing the glass transition (Tg) of 19 at 160 oC (red) and 20 at 159 oC (blue). 

An expanded version of the DSC thermogram is shown on the right.  

In THF, the absorption spectrum of compound 19 (c = 2.5 x 10-5 M) showed the 

characteristic vibronic structure of anthracene with absorption bands at 365, 387, 

406 and 429 nm (Figure 3.9a). A hypsochromic shift of 34 nm (from 429 nm to 395 

nm) was observed in the absorption spectrum of compound 20 (c = 2.5 x 10-5 M) in 

THF and was composed of its structural vibronic bands appeared similar to that of 

an isolated anthracene moiety 354, 374, and 395 nm (Figure 3.9b). The emission 

spectrum of compound 19 (c = 2.5 x 10-5 M) in THF showed peaks at 440, 464, 496 

and 530 nm corresponding to the molecularly dissolved species (Figure 3.9a). The 

fluorescence spectrum of compound 20 (c = 2.5 x 10-5 M, THF) showed a broad 

peak with a maximum at = 439 nm (Figure 3.9b). 
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Figure 3.9. Normalized absorption (red) and emission (blue) spectra of (a) compound 19 and (b) 

compound 20 in THF (c = 2.5 x 10-5 M). The corresponding peak maxima (nm) are also marked. 

3.3.3. LCST Phase Transition of the Amphiphile 19 

While preparing the aqueous solutions of the amphiphile 19 and the bolaamphiphile 

20 for photophysical studies, we observed a reversible, temperature dependent phase 

transition between transparent and opaque states. For instance, the transparent 

aqueous solution of 19 appeared as pale yellow, below 32 C and became cloudy 

above 32 C (Figure 3.10a). Realizing this behavior as an LCST phenomenon, we 

performed a detailed investigation of the phase changes occurring during this 

transparency switching. The thermoresponsive behavior of an aqueous solution of 

the amphiphile 19 (0.25 mM) was confirmed by the temperature dependent 

differences in scattering intensity at 500 nm (Figure 3.10b). The scattering intensity 

increased with increase in concentration and changes were predominant for a 5 mM 

solution at 30-32 C. The heating and cooling curves showed a thermal hysteresis of 

4.1 C during the LCST phase transition process (Figure 3.10c) and was found to 

be reversible with no sign of fatigue over several cycles (Figure 3.10d).  



 LCST Modulation in -amphiphiles                                                                                                                         

107 

 

 

Figure 3.10. (a) Photographs showing the change in the physical appearance of an aqueous solution 

of compound 19 before and after phase transition at 32 oC (c = 5 x 10-3 M). (b) Scattering intensities 

showing the phase change of compound 19 as a function of temperature at various concentrations. 

(c) Scattering intensity during the heating and cooling cycles of an aqueous solution of compound 19 

(c = 0.1 mM) showing the hysteresis and reversibility. (d) Change in scatteing intensity for multiple 

cycles between 27 C and 40 C (c = 1 x 10-4 M). 

 

A gradual decrease in Tcloud point was observed with increase in concentration of the 

compound 19 in water (Figure 3.11a). Any point in the colored part of the plot of 

Tcloud vs concentration indicates the prevalence of a clear solution. Crossing the tie 

line at a constant concentration results in turbidity.  The transmittance was found to 

decrease considerably in response to a slight change in temperature around Tcloud. 

DLS analysis of the aqueous solution of compound 19 below its LCST revealed the 

coexistance of very small (~10 nm) and large aggregates (~400 nm). Upon heating 

the solution to 40 C, the average hydrodynamic diameter was increased to ~760 nm 

with an increased scattering intensity (Figure 3.11b). 
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Figure 3.11. (a) Variation of the clouding temperature with concentration of compound 19 in water. 

(b) Variable temperature DLS measurement (intensity vs size, c = 1 mM) of an aqueous solution of 

compound 19 and (c) the corresponding plot of average particle size vs temperature.  

3.3.4. LCST Phase Transitions of the Bolaamphiphile 20 

The photochemical conversion of the amphiphile 19 to the bolaamphiphile 20 and 

the subsequent increase in the number of glycol chains influenced the assembly of 

the core, resulting in the modulation of its LCST. At a constant concentration of 

the compound 20 in water, the cloud formation was accelerated by the addition of a 

small percentage of THF (up to 10%). The opacity in 9:1 water-THF mixture was 

found to increase by twenty fold, as compared to that in water (Figure 3.12a,b). The 

light scattering intensity at 500 nm was found to increase with increase in 

concentration whereas the Tcloud was significantly reduced to 25 C at a 

concentration of 100 M (Figure 3.12c). Moreover, the bolaamphiphile 20 showed 

an LCST transition at relatively lower concentrations when compared to that of the 

amphiphile 19 and the Tcloud was found to be in the range of 23-28 C, which is one 

of the lowest values reported for any LCST system. (Figure 3.12d). As observed for 

the parent compound 19, a clear solution of compound 20 was found to exist at any 

point in the colored part of the plot of Tcloud vs concentration and turbidity emerged 

upon crossing the tie line at a constant concentration. The transmittance was also 

found to be highly sensitive to slight changes in temperature around Tcloud. 
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Figure 3.12. (a) Photographs showing the difference in phase transitions and opaqueness of a 

solution of compound 20 in water (bottom) and 10% THF-water (top). (b) Temperature dependent 

variations in scattering intensity (500 nm) for a solution of compound 20 in water (red) and 10% THF-

water (blue). (c) Temperature dependent scattering intensity variations at 500 nm for a 10% THF-

water solution of compound 20 at various concentrations (6-100 µM). (d) Variation of the clouding 

temperature with concentration of compound 20 in 10% THF-water.  

Similar to the parent compound 19, a thermal hysteresis was observed between 

heating and cooling cycles of the compound 20, indicating the reversible behavior 

of the system. However, the hysteresis (2.53 oC) of the bolaamphiphile 20 was 

relatively narrow in comparison to that of the compound 19 (4.1 oC), which is 

indicative of a faster switching between the transparent and opaque states (Figure 

3.13a). DLS measurements suggested a sudden increase in particle size above the 

Tcloud is most likely the reason behind turbidity. The particle size was found to 

increase by 141 fold at 30 C (mean diameter, 848.5 nm) in a 10% THF-water 

mixture, when compared to that at 15 C (mean diameter, 6 nm, Figure 3.13b). 
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However, in pure water, only ~8 fold increase in particle size was observed, 

corroborating an inefficient LCST transition. 

 

Figure 3.13. (a) Variable temperature DLS measurement showing the particle size variation in a 10% 

THF-water solution of compound 20. (b) Heating and cooling cycles of a 10% THF-water solution of 

compound 20 showing the hysteresis and reversibility.  

3.3.5. Structural Changes during LCST Transition  

The LCST behavior of compound 19 is believed to originate from the spatial 

arrangement of the monomeric species leading to aggregation in water. The 

hydrophobic cores are most likely positioned away from the aqueous environment 

via stacking, simultaneous with the exposure of the glycol chains to form strong 

H-bonds with water molecules. Thermally reversible perturbation of H-bonds 

between water molecules and glycol chains facilitate the hydrophobic part of the 

molecules to come closer and form globular structures leading to light scattering and 

opacity.1,35 Below the cloud point (Tcloud), non-covalent interactions between the 

glycol chains of compound 19 and water molecules are predominant, whereas above 

the Tcloud, dehydration of glycol chains results in the creation of a hydrophobic 

pocket, leading to larger spherical aggregates. However, the morphological 

disparities during the LCST phase transition could not be imaged using microscopic 

techniques, since both the systems are fluidic in their solvent-free states. Therefore, 

we relied on dynamic light scattering (DLS) experiments to determine the size and 

structure of the supramolecular aggregates.36 The correlation co-efficient decay time 

for an aqueous solution of compound 19 is longer at low temperature than that at 
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higher temperatures and was not found to be sigmoidal in nature (Figure 3.14a). 

This observation is indicative of the non-spherical nature of the molecular assembly 

below LCST, leading to the possible formation of fibril-like supramolecular 

aggregates at low temperature.37 At 35 C, the plot of the DLS correlation coefficient 

with time exhibited a sigmoidal decay, indicating that the aggregates transformed 

into larger spherical particles which was confirmed by particle size measurements 

via DLS (Figure 3.11b,c).  

 

Figure 3.14. DLS correlation co-efficient decay profile with time for (a) the amphiphile 19 and (c) the 

bolaamphiphile 20. The emission profiles (c = 1 x 10-4 M) of (b) 19 and (d) 20 above and below LCST. 

The experiments were performed using a water solution of compound 19 and a 10% THF-water 

solution of compound 20. 

On the other hand, a 10% water-THF solution of compound 20 exhibited a sigmoidal 

correlation co-efficient decay with time, irrespective of the temperature of the 

solution, indicating the presence of spherical particles below and above its LCST 

(Figure 3.14c). The observed dimension of the low-temperature aggregates (6 nm) 
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can be attributed to hydrated lower order aggregates comprising of a few molecules. 

Upon increasing the applied temperature, the smaller spherical aggregates grew into 

larger sphereical aggregates with a  mean diameter of 848.5 nm at 30 C (Figure 

3.13b). 

Emission spectra obtained below and above the LCST for an aqueous solution of 

compound 19 (c = 1 x 10-4 M) and 10% THF-water solution of compound 20 (c = 1 

x 10-4 M) provided an indirect evidence for the nature of molecular aggregates 

present in the two phases. Below and above LCST, an aqueous solution of 

compound 20  (c = 2.5 x 10-5 M) exhibited a 225 fold decrease in the monomeric 

emission intensity (THF, c = 2.5 x 10-5 M) along with a bathochromic shift of max 

to 550 nm due to molecular aggregation. The fluorescence life time decay profile 

confirmed that the emission at 550 nm originate from the excimer formation with a 

value of 13.42 ns and comparably low quantum yield (Table 3.1). At this point, it 

is worth mentioning that anthracene excimers are reported only in rare cases.38 

Above LCST, the solution did not exhibit any change in the emission profile 

corroborating the retention of the packing of the core before and after clouding 

(Figure 3.14b). On the other hand, the weak fluorescence spectra of compound 20 

in 10% THF-water at 20 C (below LCST) showed a broad excimer emission at 586 

nm and at 50 C (above LCST), with an increase in intensity with a bathochromic 

shift of 34 nm (Figure 3.14d).  

Table.3.1 Emission properties, quantum yeild and fluorescence life-time decay profile of compound 

19 in THF and water  

 

The  interaction between the anthracene moieties in the self-assembled state of 

compound 19 was further confirmed by absorption band corresponds to 1Bb 
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transition of anthracene core around 240-260 nm in THF and water. The absorption 

band of compound 19 was found to be broadened upon increasing the water content, 

whereas that of the bolaamphiphile 20 was not affected to a large extent (Figure 

3.15).  

 

Figure 3.15. Comparison of the absorption profiles of (a) compound 19 in THF and water, and (b) 

compound 20 in THF:water in the range 230-300 nm. 

Based on DLS and photophysical investigations, a plausible mechanism of the 

LCST phase transition of the amphilphile 19 and the bolaamphile 20 and the 

associated cloud formation is shown in Figure 3.16.  In water, the amphiphile 19 

formed aggregates in which the hydrophobic core was hidden and the hydrophilic 

side chains were exposed, resulting in fibrous assemblies below its LCST (Figure 

3.16a, State I). However above its LCST, the fibrillar assemblies transformed into 

globular structures as a result of the dehydration of the fibrils without any major 

change in the overall molecular packing as evident from the fluorescence spectra 

(Figure 3.16a, State II). On the other hand, the bolaamhiphile 20 formed smaller 

aggregates in THF-water mixture below its LCST (Figure 3.16b, State I). Upon 

increasing the temperature above its LCST, the smaller aggregates coalesced to form 

large spherical aggregates as evident from the DLS analysis. As the particles grew 

in size, the local concentration and the tight packing of the chromophore increased 

leading to a corresponding increase in the intensity of the excimer emission with a 

concomitant red-shift (Figure 3.16b, State II). 
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Figure 3.16. Schematic representation of a plausible mechanism for the LCST phase transition of 

(a) compound 19 in water due to the transformation of the hydrated fibrils to dehydrated globular 

assembly and (b) compound 20 in 10% THF-water, wherein the discrete hydrated molecules get 

transformed into larger spherical aggregates. 

3.3.6. Modulated Transmittance of Solar Radiation  

With an objective of developing energy efficient windows for dynamic modulation 

of heat and light transmission, we further obtained the visible, NIR and IR 

transmission profiles of the water solution of compound 19 and 10% THF-water 

solution of compound 20 in response to applied temperature. It was observed that 

the solutions of both compounds 19 and 20 were transparent in the whole range of 

interest (250-2500 nm) below their LCST temperature (Figure 3.17). Upon increase 

in temperature, the solutions gradually turned opaque and solar radiation was 

blocked. Such transitions were found to be reversible for a number of cycles. Careful 

manipulation of the controllable visible-NIR-IR profiles of such systems is expected 

to provide a strategy for energy efficiency in indoor environment via dynamic 
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modulation of heat and light transmission, wherein the temperature dependent 

transparency of window directly correlates to the amount of energy required for 

indoor lighting and maintaining indoor temperature.  

 

Figure 3.17. The modulation of solar light transmission in the temperature dependent states of (a) 

the amphiphile 19 in water and (b) the bolaamphiphile 20 in 10% THF-water mixture 

3.3.7. Transmission Modulated Dynamic Window Prototypes and 

Thermal Imaging 

As indicated in the previous sections, an aqueous solution of the amphiphile 19 was 

found to exhibit a reversible LCST behavior between 27 oC and 32 oC, a temperature 

range that is very attractive for regulated heat/light transmission. This observation 

motivated us to design and fabricate proof-of-concept smart window prototypes 

using an aqueous solution of molecule 19. The solution was sandwiched between 

two parallel glass plates of size 10 cm × 10 cm and sealed. The fabricated dynamic 
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window rendered a transparent yellow color in the light transmission mode (T < 30 

oC) and an opaque yellow shade above 30 oC with an almost complete blockage of 

light. This switching in opacity below and above the LCST was also readily 

observed in both indoor and outdoor conditions. For instance, with temperature 

below 27 oC inside an air-conditioned room, the prototype maintained its 

transparency and switched to the opaque state upon exposure to an outdoor 

temperature above 32 oC (Figure 3.17). 

 

Figure 3.17. (a) The design principles behind the fabrication of smart windows using an aqueous 

solution of the amphiphile 19. (b) An illustration of the stable switched states of the dynamic window 

(10 cm × 10 cm) at temperature < LCST (left), and temperature > LCST (right), and a 10 cm × 10 cm 

prototype showing (c) transparency at cold (26.8 oC, left) and opacity at hot (32.5 oC, right) 

temperatures.  



 LCST Modulation in -amphiphiles                                                                                                                         

117 

 

Furthermore, facile color tunability can be rendered to the dynamic windows via the 

addition of water soluble dyes such as ‘Methylene Blue’ for green coloration and 

‘Rhodamine B’ for red coloration at defined weight percentages, thereby adding to 

to the aesthetics of the installations.  Interestingly, the addition of such water soluble 

dyes at a particular wt% did not alter the LCST phase transition and light/heat 

transmission behavior of the active compound. Such multi-component systems 

allow access to the generation of color tunable LCST switching of optical 

transparency (Figure 3.18). 

 

Figure 3.18. The color tunability of the thermoresponsive solutions of the compound 19 with the 

addition of water soluble dyes such as Methylene Blue for green (left) and Rhodamine B for red (right) 

opacity switching. 

In order to investigate the surface temperature variations of the dynamic window 

prototypes during their LCST phase transitions, we mapped their temperature 

profiles via thermal imaging. During the transition from clear to opaque states, an 

increase in surface temperature was observed. The mapped surface temperatures 

were found to be comparable to the LCST temperature (Figure 3.19).  

3.3.8. Rotatable Smart Windows  

Depending upon the geographical location and seasonal variations, the energy 

demand to achieve a comfortable room temperature in response to heating/cooling 

will vary in the range of 25-32 oC. Hence, enabling active control for both radiative 

and conductive heat transfer is of utmost importance for reducing the 

heating/cooling energy demands.  Energy efficiency in such environments can be 
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achieved via different approaches: (a) by reducing the conductive heat loss from 

indoor to outdoor and (b) by dynamic solar heat regulation.  To minimize heat loss 

via conduction, insulating glass-based transparent windows/facades are currently 

preferred, as it renders visual comfort and meets the requirement for energy-efficient 

daylight modulation.  However, the blockage of radiative heat transfer using 

insulating glass is challenging, and leads to an increased cooling energy load.   

 

Figure 3.19. Visible images (top) and the corresponding thermal mapping (bottom) of a 10 cm × 10 

cm dynamic window prototype fabricated from the aqueous solution of the amphiphile 19 at different 

stages of phase transitions (below LCST: left, above LCST: right, and an intermediate stage: middle). 

The direction of increase in temperature is represented by the arrow. 

In order to achieve active energy management, we further designed a rotatable 

dynamic window that addresses the specific demands for visual comfort, daylight 

regulation, and radiative heating. The dynamic window prototypes fabricated from 

the aqueous solution of the molecule 19 using a simple sandwich-type architecture 

did not allow for transparency above its LCST temperature (>30 oC). However, the 

rotatable design provided the opportunity to have a transparent window even though 

the outdoor temperature was > 30 oC with a simultaneous blocking of conductive 

heat flow from outdoor to indoor. Depending on the requirement, the user can rotate 

the window 180o vertically/horizontally to switch the transparency. The rotatable 

window consists of four parallel glass panels, designed in such a way that one of the 



 LCST Modulation in -amphiphiles                                                                                                                         

119 

 

two chambers bordered by these 4 glass panels is filled with the thermoresponsive 

aqueous solution, and other one is air filled and sealed. In order to achieve 

transparency when the indoor temperature is below the LCST and outdoor 

temperature is above the LCST of the compound 19, the window was rotated such 

that the chamber filled with the thermoresponsive aqueous solution faced indoors. 

The air-gap in the design offered thermal insulation from the outside environment, 

thereby preventing conductive heat transfer and at the same time allowing visible 

light transmission through the window (Figure 3.20a). To block the radiative heat 

from outdoors, the window may be rotated 180o, resulting in the exposure of the 

thermoresponsive solution to the outdoor temperature, which is above the LCST 

temperature, triggering a transparent to opaque transition, thereby blocking the 

transmission of solar radiation. (Figure 3.20b). The indoor temperature under both 

the aforesaid conditions remained constant, irrespective of the outdoor temperature, 

as evident from the thermal mapping. Thus, by adopting a rotatable smart window 

design, indoor energy efficiency can be achieved via the active modulation of heat 

and light transmission. The temperature-dependent switching of the dynamic 

window effectively manages the energy demands for indoor lighting and 

maintaining indoor temperature as well as enable need based privacy, simultaneous 

with added aesthetics of the architecture. 

3.4. Conclusion 

In conclusion, a fluidic system comprising of an anthracene moiety coupled with 

self-assembling motifs via a triple bond upon photoirradiation in toluene resulted in 

[4 + 2] cycloaddition, facilitating an amphiphile-to-bolaamphiphile transition. The 

starting amphiphile and the final bolaamphiphile (cycloadduct) showed distinct 

LCST phase transitions within ambient temperatures and excellent thermal 

reversibility. However, for the bolaamphiphile, small amount of a co-solvent (10% 

THF in water) was required to achieve optimum LCST phase transitions. The 

amphiphile showed LCST phase transition due to a fibril-to-globule transformation 

between its hydrated and dehydrated states.39 However, in the case of the 
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bolaamphiphile, turbidity arose via the growth of initially formed small aggregates 

to higher order spherical particles. Further, the amphiphile was used in the 

development of dynamic window prototypes, that could effectively block solar 

transmittance and ensure need based privacy upon demand. We believe that the 

developments made in this study will contribute to the design of novel stimuli-

responsive materials with controlled light transmission, particularly useful for 

dynamic windows leading to efficient energy management and utilization. 

 

Figure 3.20. (a,b) Schematic representation (left) of rotatable insulating window design for active 

switching of light and heat transmittance. Corresponding visible and thermal images of the window 

before (i,ii) and after (iii,iv) LCST phase transitions are provided in the right panels. The surface 

temperatures indicated in the thermal images represent the indoor temperature, that remained 

constant even when the outside temperature is greater than LCST. 
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3.5. Experimental Section 

3.5.1. Materials and Methods 

Differential Scanning Calorimetry (DSC): DSC analyses were carried out 

with a TA analysis instrument at a temperature range of -60 ºC to 300 ºC under N2 

atmosphere and at atmospheric pressure. 

Dynamic Light Scattering (DLS): DLS analyses were carried out with a 

Zetasizer Nano S from Malvern Instruments at 25ºC. 10-3 M solutions of the 

compound 19 in water and 20 in 10% THF-water were prepared. The sample was 

injected and the readings were taken at an interval of 10 min. for one hour. The 

average hydrodynamic radii was calculated from Stork-Einstein equation 

(RH=kBT/(6πŋD). ‘D’ is translational diffusion coefficient [m²/s]. kB = Boltzmann 

constant [m²kg/Ks²], T = Temperature [K],  = viscosity [Pa.s], RH = Hydrodynamic 

radius [m]. All solutions used for detecting hydrodynamic diameter by DLS were 

passed through Millipore filters with a pore size of 0.22 μm to remove any dust 

particles. 

Preparation of LCST Solutions: Compound 19 in the required concentration 

was added to Millipore filtered water purched with nitrogen for 10-15 min. The 

solution was then kept in cold water bath (<20 oC) and gently shaken to ensure 

homogeniety. The solution was sealed and kept at a temperature < 22 oC. Similar 

experimental procedure was used for the molecule 20, but using a 10% THF-water 

mixture.   

Preparation of 10 cm × 10 cm Glass Window Prototypes: The set-up 

consists of two glass plates, each of size 10 cm × 10 cm and thickness of 2.8 mm. 

The glass plates were sealed with an internal spacing of 1 mm, using a UV-epoxy 

resin. An aqueous solution of 19 (18 mL, 22 mM) was injected into the system and 

was sealed further to obtain the window prototypes. 
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Development of Rotatable Smart Windows: The rotatable smart window 

was fabricated by stiching the previously mentioned 100 cm2 prototypes to a sealed 

insulating glass unit (IGU) having an air gap (12 cm × 12 cm × 6 mm, Figure 3.21). 

The assembled window structure was attached to a wooden box with a horizontally 

rotable screw. The wooden box was sealed from every side to restrict any heat 

leakage. The temperature inside the wooden chamber was maintained at 22-24 oC.  

 

Figure 3.21. Rotatable smart window in (a,b) closed and open state, respectively. (c) Image of a 

clear state when the solution containing glass panel projected inside the wooden box. (d) Image of 

the an opaque state when the the solution containing panel was projected outside. As the 

temperature outside was higher than the LCST, opacity resulted on blocking the visibility. 

3.5.2. Synthesis and Characterization  

Synthesis of the Amphiphile 19 

The aryl halide 18 (1.94 g, 0.80 mmol), bis(triphenylphosphine)palladium (II) 

dichloride (115 mg, 10 mol%), and copper (I) iodide (90 mg, 10 mol%) were added 

to an oven-dried two-neck round bottom flask equipped with a magnetic stirring bar. 

The round bottom flask was then sealed with a rubber septum, evacuated and filled 

with argon three times. Degassed triethylamine (10 mL) was added followed by 

degassed THF (10 mL). After stirring for 5 min. at room temperature, 9-

ethynylanthracene 17 (0.405 g, 0.96 mmol) dissolved in degassed 
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trimethylamine/THF (10 mL, 1:1 v/v) was added and the reaction mixture was 

stirred at room temperature until the completion of the reaction was confirmed by 

TLC. The reaction mixture was then extracted using chloroform and was washed 

with dilute hydrochloric acid. The combined organic extracts was washed with 

brine, dried over anhydrous sodium sulphate and evaporated under reduced pressure. 

The crude product was then purified by column chromatography on silica gel (120 

mesh) using chloroform/methanol (95:5) as eluent. Yield: 69% 

1H NMR (500 MHz, CDCl3): = 8.80 (s, 1H), 8.67 (d, J = 9.5 Hz, 2H), 8.43 (s, 

1H), 8.02 (d, J = 8.5 Hz, 2H), 7.84 (d, J = 8.5 Hz, 2H), 7.77 (d, J = 9 Hz, 2H), 7.62-

7.59 (m, 2H), 7.53-7.50 (m, 2H), 7.28 (d, J = 14.5 Hz, 2H), 4.24-4.22 (m, 6H), 3.87-

3.80 (m, 6H), 3.73-3.71 (m, 6H), 3.67-3.63 (m, 12H), 3.55-3.52 (m, 6H), 3.36 (s, 

3H), 3.33 (s, 6H) ppm. 

13C NMR (125 MHz, CDCl3): 165.51, 152.50, 142.13, 138.86, 134.16, 132.55, 

132.37, 131.23, 129.92, 128.71, 127.54, 127.25, 126.82, 126.58, 125.71, 120.21, 

119.07, 117.46, 108.16, 100.83, 85.98, 77.29, 77.04, 76.79, 72.41, 71.95, 71.90, 

70.67, 70.58, 70.52, 70.41, 69.88, 69.26, 59.03, 58.97 ppm. 

HRMS: calcd. for C50H61NO13 883.4100, found: 884.4244 [M+H]+, 906.4059 

[M+Na]+ 

Synthesis of the Bolaamphiphile 20 

Compound 19 (15.0 mg, 16.9 mmol) was dissolved in oxygen free toluene (3 mL) 

in a quartz cuvette and irradiated for 20 h with UV light (365 nm). The crude mixture 

was then purified on silica-gel using chloroform:methanol (95:5) as eluent. Yield = 

10.8 mg, 70%.  

1H NMR (500 MHz, CDCl3): = 8.69 (s, 1H), 8.49 (d, J = 8.6 Hz,  2H), 8.31 (d, J 

= 8.2 Hz, 2H), 7.73 (d , J = 8.5 Hz, 4H), 7.62 (d, J = 5 Hz,  2H), 7.48-7.43 (m, 4H), 
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7.27 (s, 2H), 7.23-7.15 (m, 5H), 7.02 (s, 1H), 6.94 (s, 1H), 6.44 (br s, 2H), 5.74 (s, 

1H) 4.16-4.04 (m, 12H), 3.76-3.48 (m, 48H), 3.41-3.21 (m, 18H) ppm. 

13C-NMR (125 Hz, CDCl3): δ = 165.39, 152.42, 152.32, 148.42, 145.40, 144.73, 

143.97, 131.95, 131.39, 130.56, 128.38, 126.83, 125.57, 125.25, 125.14, 125.02, 

122.73, 107.60, 91.06, 84.26, 70.64, 59.05, 58.95, 58.89, 58.36, 56.26, 29.67 ppm. 

MALDI-TOF: calcd. for C100H122N2O26 1766.83 found: 1789.48 [M+Na]+ 
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Chapter 4 

 

Thermally Assisted Supramolecular Film Formation 

within a Monophasic Solvent Medium 
 

 

4.1. Abstract 

Despite decades of intense investigations, feasible strategies towards the creation of 

free-standing organic films are confined to solvent evaporation or chemical or 

physical processes at interfaces. Formation of an organic film within a single phase 

solvent medium is hard to achieve and still remains elusive. Herein, we exploited a 

thermoresponsive supramolecular co-polymerization approach to achieve film 

formation in an aqueous medium comprising of a completely miscible monophasic 

water/THF mixture. By thermally manipulating solvent-molecule interactions via 

changes in amphiphilicity and dipole-dipole interactions, the supramolecular co-

assembly of oligo(phenyleneethynylene) amphiphiles resulted in free-standing films 
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in (9:1 Water-THF), mediated by a coalescence process.   Morphological 

investigations suggested that the films were composed of 1D tubular networks. 

Thermally assisted ejection of water molecules from the initially formed molecular 

assembly leads to the formation of cross-linked tubular fibers, resulting in the 

formation of free-standing films. This could be a rare example of an entropy-driven 

supramolecular co-polymerization of a two-component -system leading to the 

formation of free-standing macroscopic organic films with variable emission 

profiles. 

4.2. Introduction 

Crystallization is fundamentally a dynamic self-assembly process, where the self-

assembling molecules/atoms periodically extend over a long range in a controlled 

manner within a solvent medium.1 Engineering of the crystallization processes have 

been primarily focussed on obtaining a thermodynamically stable structure under 

controlled environmental conditions.2-3 The process is mainly governed by the 

interfacial chemical potential of the crystal and liquid interface.4 There has been a 

long-standing curiosity to realize crystallization under non-equilibrium conditions 

in a monophasic medium. Understanding the nucleation and growth mechanism 

leading to crystal formation has recently been of prime significance.5 Lee and co-

workers have investigated the complicated process of crystallization of a simple salt, 

(KH2PO4).6,7 It was observed that high concentration of KH2PO4 initially resulted in 

a metastable crystal before reaching its thermodynamically stable crystal at room 

temperature. However, a less concentrated solution resulted in different localized 

structures, which directly transformed into the stable crystalline phase (Figure 4.1).   

On the other hand, studies on the kinetic aspects of crystal growth of metal-organic 

frameworks and other self-assembled structures have gained momentous attention 

in recent years.8 For instance, Maspoch and co-workers have investigated in detail, 

the non-classical crystal growth process involving MOFs in microfluidic devices 

(Figure 4.2a). 
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Figure 4.1. The pathway complexity of KH2PO4 crystallization at different concentrations. Normal 

crystallization at low concentration is shown and a three-step nucleation process, starting with a 

precursor phase, a metastable phase and ending with stable tetragonal crystal structure at high 

concentration are also shown.7 

It has been demonstrated for the first time, that concentration gradient plays a 

significant role in controlling the crystallization process under microfluidic 

environments, thereby enabling the formation of out-of-equilibrium crystals.9 XRD 

patterns corroborated a similar structural identity of these crystals as compared to 

those synthesized using conventional methods (Figure 4.2b). TEM images further 

confirmed the evolution of crystal growth as trapped crystalline phases ranging from 

needles to hollow frames to plate‐like crystals (Figure 4.2c,d). 

Akin to crystallization, film growth is also a multi-step process.10 Though highly 

interesting for several applications, formation of organic macroscopic films from 

solution is basically confined to the controlled evaporation of solvents or interfacial 

processes. In the solvent evaporation technique, a film is formed via multiple steps 

involving particle ordering, deformation, and coalescence, whereas chemical 

modifications and reactions facilitate film formation at a solid-liquid, liquid-liquid 

or liquid-air interface.11 Organic solvent based paint and coating formulations form 

films upon solvent evaporation (Figure 4.3a).12,13 The advantage of using organic 
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solvents is that they plasticize the polymer particles by reducing the particle shear 

modulus.14 Consequently a facile viscous deformation of particles takes place and a 

mechanically strong film is formed at ambient conditions. 

 

Figure 4.2. (a) A schematic representation of the microfluidic device. (b) XRD patterns of the crystals: 

simulated (black), and synthesized at a flow rate ratio (FRR) of 0.1 (dark blue), 1 (violet), 2 (blue), 4 

(green), and 5 (red). (c) TEM images of crystals fabricated in the microfluidic device at different FRR 

(from left to right: FRR 5, 4, 2, 1 and 0.1). Scale bar = 1 μm. (d) An illustration of the progressive 

filling of the internal area of the hollow frames depicting the crystal growth process. 

Nevertheless, such self-assembly and particle ordering is not limited to paint or latex 

particles. Controlled formation of superstructures has been reported for several 

organic (Eg: polystyrene, acrylates) and inorganic substances (Eg: silica).15,16,17 For 

instance, ordered three dimensional superstructures in the millimetre regime was 

reported by Maspoch et al. via solvent evaporation on a clean glass surface.18 When 

a colloidal solution of the metal organic framework, ZIF-8 was drop cast on a 

substrate, the nanocrystals organised themselves into three dimensional 

superstructures upon drying at 65 oC (Figure 4.3b).  
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Figure 4.3. (a) A schematic representation of the steps involved in solvent evaporation mediated film 

formation. (b) SEM images showing the 3D superstructure formation of ZIF-8 nanocrystals via heat 

induced solvent evaporation. Scale bar = 10 m (top left), 1 m (all others). 

Organic nanocrystals of aromatic systems such as perylene diimides 1-4 have 

been reported to form free-standing crystalline films upon filtration (Figure 4.4). 

The nanostructured films were shown to have good mechanical strength and thermal 

stability. These films with a non-linear optical response were further demonstrated 

to have applications as ultrafiltration membranes owing to their controllable 

porosity.19 

 

Figure 4.4. Chemical structures of the PDI derivatives 1-4 and photographs of the corresponding 

free-standing films obtained via the filtration of their aged nanocrystal solutions. 
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Self-assembly at air/liquid20 or liquid/liquid interface is yet another strategy widely 

employed for film formation via interfacial processes.21,22 The process of film 

formation at an air/liquid interface is popularly known as Langmuir-Blodgett (L-B) 

method.23 Amphiphiles with a polar head group remain well organised on the surface 

of a polar solvent like water, whereas their hydrophobic subunits would be projected 

away so as to minimize the interactions with water. Formation of a monolayer 

amphiphilic assembly on the surface of water reduces surface tension and the film 

is referred to as an LB film. LB method has been extensively used to fabricate 

ordered 2D membranes. For instance, Lai et al. have reported the fabrication of a 

membrane 2D based on a covalent organic framework (COF) 5 using LB method. 

The membrane was found to be highly crystalline and was formed by a layer-by-

layer assembly under LB conditions (Figure 4.5). The membranes exhibited 

excellent molecular sieving properties with onset-cut off between 600-900 Da. 

Moreover, the well-ordered thermally stable crystalline membrane exhibited better 

solvent permeability than its amorphous counterpart.24  

 

Figure 4.5. (a) Chemical structures of the precursors (left) and the COF 5 (right). (b) A schematic 

representation of the LB method for film formation at the air-water interface. 
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Films are also formed at a liquid-liquid interface via chemical reactions or non-

covalent modifications (Figure 4.6a).25 Exploiting the donor-acceptor interactions 

between the molecules 6 and 7 and their inclusion complexation with cucurbit[8]uril, 

Fang and co-workers have successfully prepared monolayers of a 2D 

supramolecular organic framework (SOF) (Figure 4.6b).26 At the liquid-liquid 

interface, the SOF formed free-standing large area films with a hexagonal layered 

arrangement and excellent homogeneity and mechanical strength.  

 

Figure 4.6. (a) An illustration of the 2D growth of supramolecular networks in a biphasic solvent 

interface via coordination, supramolecular H-bonding or host-guest interactions. (b) TEM image of 

the 2D monolayer film formed by the donor 6 and the acceptor 7 via inclusion complexation of the D-

A adduct with CB[8] at the liquid-liquid interface. 

Interfacial chemical reactions involving polymerizing units are also reported to form 

films or 2D sheet like structures.27 Although several strategies for crystallization and 

film formation are well-established, the evolution of freestanding films in a 

monophasic solvent medium is rather poorly understood. In this context, Hamachi 

and co-workers have demonstrated a reversible solvent expelled supramolecular 

assembly of a pH responsive hydrogel. Upon protonation, the hydrogel showed a 

reversible shrinkage or swelling unlike other reported supramolecular hydrogels, 

that displayed simple sol-gel transitions with changes in pH (Figure 4.7). 

Protonation induced expulsion of solvent in these hydrogels allowed the formation 

of an opaque film-like soft material (Figure 4.7b top).28 
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Figure. 4.7. (a) Chemical structures of the gelators 8-9 and (b) the protonation induced reversible 

switching of the hydrogel between its swollen and shrunken states. The photographs (top) of the 

swollen and shrunken gel and the corresponding mechanism (bottom) are shown. 

Herein, we report the formation of free-standing films synchronized with 

supramolecular polymerization, utilizing lower critical solution temperature (LCST) 

phase transitions of two amphiphiles in a monophasic solvent medium (Scheme 

4.1). This strategy provides a novel route to fabricate free-standing macroscopic 

films in a monophasic solvent, that makes it unique compared to existing film 

processing techniques. We envisage that the realization of macroscopic films via 

thermally assisted self-assembly processes in a single phase solvent would open up 

new opportunities for further developments in thin film processing and 

supramolecular chemistry of stimuli-responsive smart materials, the understanding 

of phase transitions involving polymeric solutions, and controlling chemical 

processes leading to the elucidation of complex structural components in biology. 

The formation of the freestanding film was achieved using a co-assembly process 

between of two amphiphilic molecules PE and PECN, with the application of heat 

as an external stimulus. One of the amphiphiles PECN is a cyano derivative that 

possesses a permanent dipole moment. A completely miscible solvent mixture of 

water and tetrahydrofuran (9:1 v/v) was used, wherein discrete supramolecular 

assemblies of the amphiphiles were found to be dispersed. Typically, a preformed 
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assembly was prepared by adding water to the THF solution of PE and PECN 

(water:THF = 9:1). 

 

Scheme 4.1. A schematic representation of the proposed approach to create a free-standing 

macroscopic film within a monophasic solvent system via controlled manipulation of the molecular 

level interactions between the solvent and the aggregated amphiphiles. 

While the amphiphile PE alone did not form any macroscopic film via hierarchical 

self-assembly at varying concentrations and temperatures, film formation was 

observed upon mixing PE with PECN in varied proportions ranging from 9:1 to 

0:10, under gentle heating. Monodispersed co-assemblies were observed 

irrespective of the ratio of PE and PECN and macroscopic free-standing films were 

formed under the application of a thermal stimulus. With increasing amounts of 

PECN in the co-assembly, the critical film forming temperature also increased. For 

instance, while a 9:1 PE:PECN co-assembly formed a film at 49.7 oC, a 2:8 mixture 

required a temperature of 61 oC for effective film formation. Morphological studies 

revealed that monodispersed nanostructures formed at room temperature under the 

influence of higher temperatures, got transformed to hierarchical micrometer sized 

films. However, their emission profiles were found to be identical, that is indicative 

of an unaltered molecular arrangement with disparities in morphologies.  

Solvent expulsion from outer core of dispersal, 

leading to formation of flocculated dispersion

External heat flow

Particle deformations and film formation

Stable dispersion at room temperature

Container shaped macroscopic agglomeration of 

polymer aggregates
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4.3. Results and Discussion 

4.3.1. Synthesis of the Amphiphiles PE and PECN 

We have adopted a multistep strategy to synthesize the target molecules PE and 

PECN (Scheme 4.2). The synthesis of PE was previously reported from our group29 

and PECN was synthesized using a similar strategy involving the Sonogashira-

Hagihara cross-coupling between the acetylene derivative 15 and 4-iodobenzonitrile 

16 under inert conditions, in 68% yield. All the intermediates and final compounds 

were purified and then characterized by nuclear magnetic resonance spectroscopy 

(NMR) and high–resolution mass spectrometry (HRMS).  

 

Scheme 4.2. Synthetic protocol adopted for the synthesis of the amphiphile PECN. PE was 

synthesized using a previously reported procedure.29 

The characterization data obtained for PE was identical to those already reported.29 

1H NMR of PECN in CDCl3 (25 oC, 500 MHz, Figure 4.8) featured the most de-

shielded amide proton Hg at 8.85 ppm (singlet). The phenyl protons ortho to the 

cyano group Ha were found to resonate at 7.74 ppm and those meta to the cyano 
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group appeared at 7.65 ppm. Other aromatic protons (Hc, Hd, He and Hf) of the OPE 

core were observed between 7.62 and 7.27 ppm. The glycol protons appeared 

between 4.27 and 3.24 ppm. 13C NMR spectrum (CDCl3, 25 oC, 125 MHz) further 

corroborated the expected chemical structure of PECN. High resolution mass 

spectrum of PECN unanimously confirmed the chemical structure of PECN with 

an [M+Na]+ peak at 930.80. The detailed characterization data is presented in the 

experimental section. 

 

Figure. 4.8. 1H NMR spectrum of PECN in CDCl3 (500 MHz, 25 oC) and the chemical shift assignment 

corresponding to the chemical structure of PECN. An expanded spectrum (7-9 ppm) is also shown. 

4.3.2. Design Strategies of PE and PECN 

Both the amphiphiles PE and PECN feature hydrophobic polyethyleneglycol 

chains, connected to an extended aromatic core through an amide bond. The 

molecule PECN has a polar cyano group covalently attached to the extended core 

that differentiates it from the molecule PE. The amide group and the aromatic core 

are envisioned to facilitate intramolecular non-covalent interactions such H-bonding 
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and stacking respectively, that in turn leads to supramolecular polymerization of 

the amphiphiles in an aqueous medium (Scheme. 4.3).  

 

Scheme. 4.3. Molecular structures of the amphiphile PE (top) and PECN (bottom). Incorporation of 

the cyano group (Hammett para-substitution constant = 0.67) ascribes a permanent dipole moment 

to PECN. 

The presence of cyano group (Hammett para-substitution constant p= 0.67)30 

induces a permanent dipole moment to PECN, thereby facilitating the amphiphile 

to self-assemble into highly thermostable supramolecular aggregates via dipole-

dipole interactions31 in addition to H-bonding and stacking.32 Inspired by our 

previous studies, it was expected that both molecules may exhibit LCST 

characteristics in water. Subsequent temperature dependent morphological changes, 

for instance, from fibrillary or cylindrical structures to globular or spherical 

structures, may follow the LCST phase transitions. However, due to the presence of 

a polar cyano group in PECN, the resulting dipole-dipole interactions may further 

facilitate the alignment of the initially formed supramolecular polymers, thereby 

leading to detectable deviations from the normal LCST pathways. Moreover, it 

would be of interest to follow the supramolecular assembly pathways for the 

mixtures of PE and PECN at different molar ratios, that may provide unprecedented 

opportunities to control and manipulate their morphological features. 

4.3.3. Mole Fraction Variable Matrix Assembly and Film Formation 

Since PE alone was not found to result in the formation of films and in view of the 

above design strategies, we decided to adopt a variable mole fraction mixing strategy 

of PE and PECN to evaluate their macroscopic film forming properties within a 

PE

PECN
p = 0.67

p = 0

Hammett substituent constant 

at para position (p)
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single phase solvent medium (10% THF-water) at a constant total concentration of 

PE + PECN (c = 1 × 10–4 M), inside a tightly closed 1 mm rectangular cuvette. 

Upon application of temperature, film formation was observed in all cases except 

for the single component assembly of PE (PE:PECN = 10:0). All the films were 

found to be stable for several weeks at room temperature and retained their original 

size/shape and the emission of films could be directly correlated to the amounts of 

PE and PECN in the mixture (Figure. 4.9). 

 

Figure 4.9. Variable mole fraction mixing of PE:PECN (total concentration = 1 x 10-4 M) in 10% THF-

water. The film formation was observed upon heating to the tightly closed cuvettes containing a 

mixture of PE:PECN except for the single component system (PE:PECN = 10:0). The photographs 

of the cuvettes under 365 nm light before (top) and after heating (bottom) and the cases of film 

formation (bottom) are shown. 

4.3.4. Spectroscopic Investigations   

UV-vis spectra of the monodispersed co-assemblies at room temperature before film 

formation revealed a bathochromic shift in the absorption maximum with increasing 
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amounts of PECN, and were found to be in between the individual  absorption 

maxima of PE (max = 324 nm, 100% PE) and PECN (max = 342 nm, 100% PECN) 

in 10% THF-water. Simultaneous with the shift in max, an increase in the intensity 

of the band at 297 nm was also observed (Figure 4.10a). Absence of a distinct 

absorption band for the co-assembly that is different from the individual bands of 

PE and PECN neglects the possibilities for self-sorting in these supramolecular 

architectures. To further confirm that the assemblies are not self-sorted, we recorded 

the emission profiles by exciting at their respective absorption maxima (Figure 

4.10b). It was observed that the emission maximum also shifted to longer 

wavelengths, with PE featuring a cyan emission (max = 485 nm, Stokes shift = 

10240 cm-1) and PECN having a yellowish emission with high Stokes shifts (max = 

575 nm, Stokes shift = 11848.5 cm-1). As expected, all the co-assemblies exhibited 

a broad emission maximum that shifted bathochromically with increasing amounts 

of PECN (Figure 4.10b,c). A plot of Stokes shift vs the mole fraction of PECN for 

all the co-assemblies exhibited a linear relationship with an average Stokes shift of  

11523.95 cm-1 per mole fraction (Figure 4.10d). This trend in the shifts of absorption 

and emission maxima (1.8 nm and 8 nm respectively per mole fraction of PECN), 

and Stokes shift (98.13 cm-1 per mole fraction) is indicative of the significance of 

the amount of PECN in the co-assembly. A large Stokes shift, whereby self-

quenching can be minimized, is highly advantageous for better bioimaging and 

accurate colour mapping with high colour contrast.33  

To achieve the objective of obtaining macroscopic hierarchical supramolecular films 

within monophasic solvent system, we exploited the well-established relationship 

between temperature and solubility or hydrated/dehydrated states of an amphiphilic 

assembly in water. Lower Critical Solution Temperature (LCST) phase transitions 

have been shown to play a decisive role in controlling the assembly process in such 

thermoresponsive systems.34 Further ordering of the PE-PECN self-assembled 

structures, driven by LCST phase transitions under the influence of applied 

temperature, provides a novel strategy for macroscopic film formation with 
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excellent control, in a monophasic solvent system. It was observed that, in the 

presence of an external heat supply, all the co-assemblies of PE:PECN started 

forming flocculated nanostructures. Finally, a film composed of coagulated 

micrometer long supramolecular structures was observed within the solvent system 

(Figure 4.9).  The photographs were taken after cooling the solution to 22 oC and 

keeping the films submerged for 24 h. In fact, the free-floating films inside a closed 

cuvette was found to be stable for several weeks.  

 

Figure 4.10. Normalized absorbance (a), and emission (b) of the self-assembled mixtures of PE and 

PECN (10:0 – 0:10) in 10% THF-water (total concentration = 0.1 mM, 22 oC). (c) Variation of 

absorption maximum (green), emission maximum (red) and stokes shift (blue) with increasing mole 

fraction of PECN. (d) A plot of Stokes shift vs the mole fraction of PECN exhibiting a linear 

relationship. 

A minimum of 5% PECN is required to obtain a stable film. Notably, the 

temperature required for film formation varies with the amount of PECN present in 

the mixture. With the increasing amounts of PECN in the co-assembly, higher 
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temperature was required to obtain stable films (Figure 4.11a). Following the change 

in absorbance at onset (via Mie scattering) with varying temperature, it was observed 

that the co-assembly of a 9:1 mixture of PE-PECN formed a film at 49.7 oC. 

However, in the absence of PE (PE:PECN = 0:10) the film formation was found to 

start at 59.6 oC (Figure 4.11b).  

 

Figure 4.11. (a) Plot of change in absorption at λonset (via Mie scattering) vs applied temperature of 

the PE-PECN co-assemblies. (b) The enlarged area of the plot of change in absorption at λonset vs 

applied temperature for an assembly of PECN alone (PE:PECN = 0:10). (c) Film formation monitored 

via absorption changes for different mole fraction of PECN depicted as a plot of temperature vs mole 

fraction of PECN. The black squares represent the deformation temperature (temperature at which 

the deformation of the aggregates started), the red circles represent the temperature up to which the 

deformation process continued, the blue triangles represent the temperature at which film formation 

was observed and the pink triangles represent the temperature at which the film stayed within the 

path-length of incident light (After this temperature, the films shrunk and floated away from the 

incident light). (d) Changes in the mole fraction and its respective emission maxima shift before and 

after heating. 
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Heating a solution of PE alone in 10% THF-water (PE:PECN =10:0) resulted in the 

emission changed from cyan (485 nm) to blue (410 nm) and traced back its original 

colour (cyan) reversibly upon cooling. However, the Mie scattering increased during 

heating, which implies an increase in the particle size, simultaneous with 

deformation at the molecular level (Figure 4.11d). As observed for the co-assemblies 

at room temperature, the emission maxima of the films were broad and shifted to 

longer wavelengths with increasing amounts of PECN (Figure 4.12). 

From DLS measurements, the hydrodynamic diameter of the self-assembled 

aggregates of both PE (Figure 4.13a,d) and PECN (Figure 4.13c,d) in 10% THF-

water increased continuously with increasing temperature, whereas the co-

assemblies of PE:PECN did not show any logical relationship between applied 

temperature and particle size as film formation via particle coalescence was 

observed. An example of PE:PECN (8:2 ratio) is shown in Figure 4.13b,d.  

 

Figure 4.12. Emission profiles of the self-assembled aggregates and films (as indicated) of PE and 

PECN (10:0 – 0:10) in 10% THF-water (total concentration = 1 x 10-4  M). 

As expected, the correlation co-efficient decay profile for the self-assembled 

aggregates of both PE (Figure 4.14a) and PECN (Figure 4.14c) in 10% THF-water 

was nearly sigmodal irrespective to temperature changes. This observation indicates 

the presence of spherical aggregates in these systems, though film formation is 

observed for PECN at high temperatures. However, PE:PECN mixtures at other 

ratios exhibited a rather non-sigmoidal correlation co-efficient decay profiles, 
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indicating the formation of films without the presence any spherical aggregates. An 

example of PE:PECN = 8:2 ratio is shown in Figure 4.14b. 

 

Figure 4.13. Temperature variable Dynamic Light Scattering measurements showing the size 

distribution plots (number vs size) of (a) PE only (b) PE:PECN (8:2) (c) PECN only and (d) plots of 

the obtained particle size vs temperature for a-c. 

 

Figure 4.14. Temperature variable Dynamic Light Scattering correlation co-efficient decay profile for 

(a) PE alone, (b) 8: 2 PE:PECN and (c) PECN alone (c = 1 x 10-5 M) in 10% THF-water mixture. 

To get better insights into the temperature induced changes in the photophysical 

properties of the co-assemblies during their transformation from aggregates to films, 

their fluorescence life time decay profiles were obtained. Transformation of the 
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monodispersed aggregates to the respective macroscopic films did not affect the 

shape of the emission spectra of the co-assemblies of PE-PECN. However, a slight 

shift in their emission maxima (±7 nm) was observed (Figure 4.12), which is a 

significantly smaller effect when compared to their Stokes shifts (Figure 4.10c,d). 

A similar effect was observed in life time decay profiles. PE was found to be weakly 

emissive in its monomeric state, whereas PECN showed a blue emission with a 

lifetime decay of 0.54 ns. The life time decay of all the co-assemblies are from multi-

emissive species with one of them being an eximeric emission with a life time value 

>20 ns even after the film formation (Figure 4.15, Tables 4.1, 4.2). These data 

suggest that the supramolecular organization of the emissive part of amphiphiles PE 

and PECN remain mostly unaltered during the thermally assisted phase transitions.  

 

Figure 4.15. Fluorescence lifetime decay profiles of PE:PECN mixture in 10% THF-water mixture (a) 

before and (b) after heating.  

Therefore, we propose that no significant correlation exists in the chromophore-to-

chromophore packing during the thermoresponsive transformation of the 

hierarchical assembly. Film formation is essentially a macroscopic transformation, 

where the core packing remains more or less same before and after heating. 

4.3.5. Shape Influenced Growth of Superstructures  

An interesting observation during the film formation involving PE and PECN in 

different ratios was that, the hierarchical superstructure is influenced by the shape 

of the container used. Figure 4.16 shows the photographs of the films formed in 

containers of different shapes, when viewed under UV light illumination. For 
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instance, in a thin cuvette, thin elongated films were formed, whereas, the formation 

of a thick film was observed within a rectangular cuvette. The use of an NMR tube 

led to the formation of a rod-shaped structure, however, inside a test tube, a thicker 

elongated film with curved edges was formed. Thus, a templating effect of the shape 

of the container was obviously reflected in the nature of the superstructures/films 

formed. Over-heating the films caused them to shrink in size, most likely due to 

solvent expulsion, without detectable changes in their shape. The shrunk film neither 

returned to its original position nor got dismantled or precipitated even after 

prolonged storage. This study provides the first instance of robust macroscopic film 

formation in a monophasic solvent medium based on a non-covalent supramolecular 

system. 

Table 4.1. Summary of the fluorescence lifetime decay of PE:PECN aggregates in 10% THF-water 

at 22 oC (before heat stimulation). 

 

4.3.6. Mechanistic Understanding of the Film Formation 

To a have a better understanding of the mechanism behind film formation, we 

carefully followed the temperature dependent changes in their absorbance and linear 

dichroism profiles.  
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Table 4.2. Summary of the fluorescence lifetime decay of PE:PECN films in 10% THF-water at 22 

oC (after heat stimulation). 

 

 

Figure 4.16. Photographs (under UV light) showing the templated formation of the superstructures 

inside (a) a 1 mm cuvette, (b) a cylindrical vial, (c) a 1 mL rectangular cuvette, (d) a larger vial, (e) 

an NMR tube, (f) a 1 mm Cuvette with small quantity of PE:PECN aggregates (g) a 1 cm cuvette and 

(h) a tube. 
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Temperature controlled variations in the intensity of absorption at the λmax of PE 

(10:0) and PE: PECN (9:1) in 10% THF-water showed a major distinguishable 

spectral behaviour. (Figure 4.17). Upon heating a solution of PE, the optical density 

(OD) was found to remain unchanged with increase in temperature up to 39.9 oC (1′, 

Figure 4.17). Above 39.9 oC, a sharp decay of OD at 324 nm was observed up to 

42.6 oC, followed by a slow decay until 55 oC (2′, Figure 4.17). However, the Mie 

scattering intensity increases and decreases reversibly as a response to heat. In the 

case of PE: PECN at a ratio of 9:1, the OD remained unchanged up to 44.5 oC (1, 

Figure 4.17) followed by dip between 45-49.7 oC (2, Figure 4.17). A sudden 

increase in absorbance within a short temperature range (49.7 - 51.4 oC) indicates 

the formation of the film (3, Figure 4.17). Subsequent sudden drop in the OD 

represents the shrinkage of film, wherein the incident light was not falling on the 

film anymore. Therefore, absorbance (i.e scattering intensity) reduced drastically (4, 

Figure 4.17).  

 

Figure 4.17. Temperature dependent absorbance changes at max for the composition PE:PECN 

(9:1, red) and PE alone (blue) at a concentration of 1 x 10-4 M in 10% THF-water mixture. Region 1: 

minimal changes in the absorbance intensity upon heating; Region 2: Deformation of molecular 

arrangement started upon heating resulting in reduction in intensity; Region 3: Film formation leading 

to increased light scattering; Region 4: Shrinkage of films leading to deviation from the light path and 

hence a sharp decrease in absorbance.  

The co-assembly with other combinations of PE:PECN followed nearly the same 

thermoresponsive absorbance change except in the case of PECN alone. The 
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transformation of monodispersed aggregates to the films occurred after a lag phase 

corresponding to the deformation process of the aggregates of PE:PECN. The lag 

phase may be dependent on the rate of water expulsion and subsequent formation of 

flocculated aggregates. Nevertheless, no films were formed in the case of PE alone. 

We infer that external heating altered the hydrophilicity balance of the 

monodispersed aggregates to form hydrophobic flocculated nanostructures leading 

to the finally observed large hierarchical superstructures. Similar rationale can be 

extended to other ratios of PE-PECN and PECN alone. 

4.3.7. Linear Dichroism (LD) 

Linear dichroism (LD) spectroscopy analysis provides valuable information on the 

structural orientation of assembled chromophores within a supramolecular system.35 

Therefore, we recorded the changes in linear dichroism for PE-PECN mixtures in 

solution state upon heating from room temperature to the corresponding film 

forming temperature (Tfilm). The LD measurements of PE and PECN mixtures with 

different combinations in 10% THF-water (c = 1 × 10–4 M) exhibited significant 

positive LD signals indicating greater parallel (A∥) absorption of the polarized light 

than perpendicular (A⊥). The observed higher parallel absorption of the polarized 

light is most likely due to the predominant parallel orientation of the transition dipole 

moment with respect to the film formation direction.36 Thus, the films obtained upon 

heating in an aqueous medium arose from a unidirectional orientation of the 

chromophores (Figure 4.18a).37  

Strong LD responses were obtained for the film-forming combinations of PE: 

PECN co-assemblies. However, the LD value for the pure aggregates of PE (OD 

= 3 x 10-3) was rather low. While the spectral profile for the assemblies of PE alone 

displayed a slight increment at λmax = 324 nm with increase in temperature, the rest 

of the combinations of PE-PECN exhibited a strong increment at the absorption 

maxima upon heating. These LD spectral features are, however, inconsistent with 

our claim that PECN bearing a cyano group could contribute to induce anisotropy 
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in the system leading to the formation of stable films and superstructures. It has 

already been shown that cyano group is capable of inducing chromophoric 

orientation in the supramolecular assemblies via strong dipole correlation effects.32 

The amphiphile PE, that is devoid of any –CN group, did not form any such 

superstructure. Pure aggregates of PE are less ordered where compared to that of the 

co-assemblies of PE and PECN.  

 

Figure 4.18. (a) Temperature variable linear dichroism of PE:PECN co-assemblies in 10% THF-

water solution (constant total concentration, c = 1 × 10−4 M) obtained using a 1 mm path length 

cuvette. The ratio of PE:PECN is shown in each spectrum. (b) The assignment of longitudinal and 

perpendicular axes for the cuvettes containing the films of PE:PECN mixtures. 
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The films obtained from the co-assemblies of PE and PECN consist of tubular 

structures oriented in a direction parallel to the film (mostly along the b2 axis). 

However, a pure PECN film consists of small spherical aggregates randomly 

organized in both directions (a1 and b1) (Figure 4.18b). 

4.3.8. Morphological Analysis 

The self-assembly of amphiphiles PE and PECN individually in 10% THF-water 

resulted in spherical aggregates of varying size (20-50 nm). However, upon heating, 

the aggregates of PE transformed into larger ill-defined structures, whereas those of 

PECN transformed into macroscopic films via the coalescing of the initially formed 

particles. Scanning Electron Microscopy (SEM) images revealed the initial 

formation of spherical aggregates of PE in 10% THF-water (Figure 4.19a), that 

flocculated upon heating leading to an ill-defined morphology (Figure 4.19b,c). 

PECN also formed spherical structures initially at room temperature (Figure 4.19d), 

which then fused to form film like superstructures upon heating (Figure 4.19e,f). 

The co-assemblies of PE and PECN at varying molar ratios formed films upon 

heating. (Figure 4.19g-i). As indicated in the previous sections, dynamic light 

scattering (DLS) measurements further support these observations (Figures 4.13, 

4.14). 

The films obtained via the thermal stimulation of PE:PECN co-assemblies were 

further examined by TEM and AFM (Figures 4.20, 4.21). The co-assembly of PE 

and PECN at different molar ratios form network-like structures with high aspect 

ratio (Figure 4.20). These nanofibers with diameter 10-30 nm, were several 

micrometres long and were found distributed throughout. The fibril-like 

morphologies were not very evident from the SEM images due to the coating of the 

surfaces with gold and due to the higher concentration of solution used for drop-

casting. It was observed from the TEM images that increasing concentration of 

PECN leads to the formation of more particle like features in the film (Figure 
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4.21d) as opposed to fibril-like morphologies (Figure 4.21a-c) at lower 

concentrations. 

 

Figure 4.19. SEM Images of the supramolecular assemblies obtained from a 10% THF-water solution 

of PE (a) before and (b,c) after heating. (d) SEM Images of the supramolecular assemblies obtained 

from a 10% THF-water solution of PECN (d) before and (e,f) after heating. The film was obtained via 

the coalescence of small aggregates. A zoomed-in image of the selected area of (e) is shown in (f). 

SEM Images of the supramolecular assemblies obtained from a 10% THF-water solution of PE: 

PECN (1:1) mixture (g) before and (h,i) after heating demonstrating the film formation. 

The formation of the film is a macroscopic transformation wherein the molecular 

level chromophoric interactions are believed to be unaltered upon heating, as 

indicated by the emission profiles that remain the same before and after heating 

(Figure 4.10c). In contrast to the PECN film that follows a particle deformation 

pathway followed by coalescence of the initial spherical aggregates, the co-assembly 

of PE and PECN initially formed lamellar type aggregates with a height of ~3 nm. 
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Upon heating, these aggregates transformed into hollow nanofibers. Expulsion of 

water from the amphiphilic lamellar assembly and balancing the thermal energy, 

these lamellar aggregates are believed to be transformed into tubular nanofibers and 

formed aligned network-like structures. 

 

Figure 4.20. AFM images (top) and the corresponding height profiles (bottom) of the films formed 

by a mixture of PE-PECN at ratios of (a) 9:1, (b) 8:2, (c) 7:3, (d) 5:5, (e) 3:7, and (f) 2:8. 

 

4.3.9. Molecular Organization in the Macroscopic Films 

AFM image of a 7:3 mixture of PE:PECN drop cast on a mica substrate before 

forming the film is shown in Figure 4.22a. A continuous fractured 2D layer was 
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observed over a large area. The typical length of the sheets was found to exceed 

several hundreds of micrometers.  

 

Figure 4.21. TEM images of the films formed by a mixture of PE-PECN at ratios of (a) 9:1, (b) 8:2, 

(c) 7:3, (d) 5:5 and (e) 3:7.  

The formation of robust and free-standing flat nanostructures is more favorable 

within the bulk solution due to favorable interactions with water. The AFM height 

profile of the zoomed-in area (Figure 4.22b) revealed planar sheets with an average 

thickness of 2.91 nm, which matches well with the height of a single layer (Figure 

4.22c).  Molecular organization inside the sheet can be estimated from the length of 

the PE and PECN molecules. The amphiphiles PE and PECN possess rigid 

molecular cores of lengths 2.65 nm and 2.81 nm respectively (Figure 4.22d).  
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Figure 4.22. (a) AFM image of PE:PECN (7:3) co-assembly on a hydrophilic mica substrate at room 

temperature before forming the film. (b) Zoomed-in image of an area from (a). (c) AFM height profile 

of the marked area in (b) having an average height of 2.91 nm. (d) Molecular structure showing the 

length of the rigid cores of PE and PECN. (e) A schematic representation of the co-assembly having 

an anti-parallel arrangement of PE and PECN. 

In water, such a layered superstructure will be free-standing only if the outer surface 

of sheets remain hydrophilic and water accessible. Considering such a situation, an 

anti-parallel arrangement of PE-PECN molecules is highly favorable where 

hydrophobic cores are hidden inside (Figure 4.22e). In contrast with individual PE 

and PECN aggregates, the co-assembly provides lamellar type morphology, even 
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with a minimum percentage of PECN (10%) as the co-monomer or dopant to induce 

a local dipole moment into the PE:PECN nano-assembly. Such an induced dipole 

environment favors an anti-parallel organization to nullify the local area dipolar 

effects. 

4.3.10. Effect of Temperature in Molecular Organization  

In order to elucidate why the PE:PECN sheets with a lamellar-type arrangement 

irreversibly transformed into tubular structures upon heating to form a stable free-

standing film in a bulk monophasic solvent medium, we hypothesized the role of 

temperature induced variation in chemical potentials of H-bonded water molecules 

and bulk water molecules at the interface of the hydrophilic segment of the well-

dispersed aggregates at room temperature. The solvent system used can be 

considered to exist in a liquid-liquid equilibrium that comprises two liquid layers:  

the bulk water molecules [noted as A1 (nH2O) and D1 (nH2O)) and the H-bonded 

water molecules (noted as B1 (mH2O) and C1 (mH2O)]. 

At lower temperatures, the system fulfilled the thermodynamic requirements for 

equilibrium: the chemical potential of B1(mH2O) molecules at the interface, B1 is 

equal to that of A1 (nH2O) in the bulk, A1, and therefore A1 - B1 = 0. Similarly, for 

the other interface of the formed sheets, C1 - D1 = 0. The potential difference of 

both sides could be equal or indistinguishable, such that A1 - B1 = C1 - D1. 

Hydrated states of PE or PECN are in anti-parallel arrangement and well fitted with 

the 2D layered assembly (Figure 4.23a). During directional heat flow from walls of 

the cuvette to the bulk solution, one side of the sheets gets heated up preferentially. 

As a result, the water expulsion and folding of glycol chains starts from the heated 

surface of these supramolecular sheets due to the breakage of H-bonding between 

water and glycol chains, thereby disturbing the equilibrium between bulk water 

molecules and H-bonded water molecules (Figure 4.23b).  

Thus, the heated surface becomes comparatively hydrophobic and its solvent 

accessible area gets reduced, leading to a convex structure that upon folding forms 
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the tubular structures to balance the temperature effect (Figure 4.24). As the sheets 

were found to be several hundreds of micrometers long and uniformly dispersed 

over whole volume, an elongated film is envisioned to form inside the cuvette. 

Further heating leads to the shrinkage of the macroscopic film via solvent exclusion. 

Such fine tuning of thermoresponsive interfacial chemical equilibrium in a 

supramolecular amphiphilic assembly can open up new ways to prepare uniform 

macroscopic films within a monophasic solvent medium. 

 

Figure 4.23. (a) Hydrated state of the supramolecular sheets and their indistinguishable interfacial 

chemical potential difference between H-bonded water and bulk water molecules. (b) Preferential 

heat flow to the one side of the layered structures that disturbed the chemical equilibrium between 

H-bonded and bulk water molecules at the interface and expulsion of water molecules from hydrated 

glycol chains.   

4.4. Conclusion 

In conclusion, a unique strategy to prepare macroscopic free-standing films of 

organic molecules with a monophasic solvent medium is described. The amphiphilic 

molecular assemblies underwent a balancing of hydrophobic-hydrophilic, dipolar-
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dipolar, and other non-covalent intermolecular interactions via a thermal stimulus. 

As a result, a hierarchical film was obtained by coalescence of the initially formed 

spherical structures. The supramolecular co-polymerization of monomers having 

non-polar and polar aromatic cores attached to a hydrophilic group exhibiting LCST 

behaviour is the key to the formation of the free-standing films.  

 

Figure 4.24. (a) Water expulsion from the heated surface of the 2D sheets (see Figures 4.22e, 4.23) 

and the resultant volume disparities between hydrated and dehydrated surfaces leading to a 

curvature of the surface. (b,c) The convex surface thus formed undergoes coiling to form tubular 

structures leading to extended networks and film formation. 

The fluorescence of the resultant film could be varied by changing the molar ratio 

of the molecular components. While there are many examples for the formation of 

organic free-standing films at the air-solvent or solvent-solvent interfaces, the 
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present work could be the first example for the formation of films within a miscible 

monophasic solvent system. 

4.5. Experimental Section 

4.5.1. Materials and Methods 

Linear Dichroism (LD) Measurement: LD experiments were performed on 

a JASCO 810 spectrometer using a quartz cuvette of 1 mm path length. The LD 

spectra were recorded as ΔOD (A║ – A┴) at variable temperatures and were 

processed by subtraction of the non–rotating baseline spectra. The temperature of 

the solutions was controlled using an attached Peltier thermostat. The solutions of 

PE: PECN were prepared at least 10 h prior to the measurement and kept at 20-25 

oC. 

Scanning Electron Microscope (SEM): SEM images were obtained using a 

Zeiss EVO 18 cryo SEM Special Edn. equipped with a variable pressure detector 

working at 20–30 kV. The images were obtained by transferring solvent immersed 

film over a freshly cleaved mica substrate, attached to the SEM stub followed by 

drying under vacuum. 

Dynamic Light Scattering (DLS) Measurements: For DLS 

measurements, all PE: PECN samples (c = 1 x 10-5 M) were prepared in 10% 

tetrahydrofuran (THF)-water (Milli–Q deionized water and filtered through 0.22 m 

PVDF filter. Temperature variable particle size measurements were performed on 

DLS instrument (Malvern Instruments Limited, Model No:- ZEN 3600, Serial No:- 

1026421) equipped with a solid-state laser operating at 532 nm. The scattered light 

intensity was collect at angles (𝜃) ranging from 30 to 100°, and around over 2 runs 

of 14 seconds per angle. 

Time-Correlated Single-Photon Counting (TCSPC) Measurements: 

The measurements were performed on a DeltaFlex(TM), Horiba Jobin Yvon IBH 
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Ltd System (Serial No:- 14094), armed with a laser excitation source operating at 

331 nm. All PE: PECN mixtures (c = 1 x 10-4 M) were taken in a 1 mm quartz 

cuvette and measured before and after film formation. The film formation was 

carried out externally and measurements were done at room temperature. 

General Procedure to Prepare PE: PECN Mixtures of Different 

Compositions:  From individual monomeric stock solutions of PE and PECN in 

THF (c = 1.0 × 10–2 M), the mixtures were prepared by mixing PE and PECN in 

varying ratios of 10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9, 0:10 so that the total 

concentration and volume remained constant (c = 1.0 x 10-4, 1 mL). The aggregates 

were preserved at ~22 oC in closed and air-tight vials. Required dilutions were 

achieved diluting into 10% THF-water mixture. 

General Procedure for the Preparation of Films from PE:PECN 

Mixtures: A mixture of PE:PECN (as required) was taken in 10% THF-water in 

a container of the preferred shape and size. The closed containers were then 

immersed into a temperature-controlled water bath. The temperature of the water 

bath was slowly increased to the required film forming temperature of PE-PECN at 

a controlled heating rate of ~2 oC/min. The films formed were confirmed visually 

under 356 nm light. However, further increase in the water-bath temperature beyond 

the film forming temperature, resulted in the shrinkage of the films. Rapid and non-

uniform heating, either using a hot-air gun or by direct immersion into a pre-heated 

water-bath, is not recommended for film formation at any concertation or 

composition of PE-PECN mixtures. 

General Procedure of Sample Preparation for AFM and TEM 

Analyses: A pre-formed PE: PECN film in its solution was gently shaken for 1 

min and diluted 10× with 10% THF-water. The aliquot was drop cast either over 

freshly peeled mica sheet for AFM measurements or on carbon coated TEM grids 

for TEM analysis. The samples were dried by slow evaporation followed by vacuum 

at room temperature prior to the measurements. 
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4.5.2. Synthesis and Characterization  

Synthesis of the amphiphiles PE and  PECN 

PE was prepared as per a reported procedure in 69% yield.29 For the preparation of 

PECN, compound 16 (0.5 g, 1.67 mmol), Pd(PPh3)2Cl2 (0.1 g, 0.17 mmol) and CuI 

(0.03 g, 0.1 mmol) were added to an oven dried two neck round bottom flask purged 

with argon. Degassed trimethylamine - THF (20 mL, 1:1 v/v) was added under a 

flow of argon. Compound 15 (0.2 g, 2.0 mmol) was then added to the reaction 

mixture and stirred at room temperature under an argon atmosphere for 12 h. After 

completion of reaction, chloroform (50 mL) and 10% HCl were added and stirred 

for 15 min. The organic layer was washed with water and brine and then dried over 

anhydrous sodium sulphate. After the removal of the solvent, the residue was 

purified by silica gel column chromatography using 5% methanol/chloroform as 

eluent.Yield = 68%  

1H–NMR (500 MHz, CDCl3): δ = 8.85 (s, 1H, N–H), 8.75–8.73 (d, J = 10 Hz, 2H, 

Ar–H), 7.66–7.64 (m, 2H, Ar–H), 7.62–7.60 (m, 2H, Ar–H), 7.54–7.52 (m, 6H, Ar–

H), 7.27 (s, 2H, Ar–H), 4.26-4.22 (m, 6H), 3.86-3.84 (t, J = 5 Hz, 4H), 3.81-3.79 (t, 

J = 5 Hz, 2H), 3.73-3.70 (m, 6H), 3.67-3.65 (m, 6H), 3.64-3.62 (m, 6H), 3.55-3.51 

(m, 6H), 3.37 (s, 3H), 3.33 (s, 6H) ppm.  

13C–NMR (125 MHz, CDCl3): δ = 165.5, 152.4, 142.1, 132.3, 132.1, 131.7, 131.5, 

129.8, 128, 124.3, 121.7, 119.9, 111.6, 108.2, 93.5, 92.1, 89.1, 88.2, 71.9, 70.3, 69.2, 

58.8 ppm. 

HRMS: calcd. for C51H60N2O13 908.4100, found: 930.8000 [M+Na]+ 
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