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Preface

This thesis presents the design, synthesis and properties of novel organic and organic-
inorganic hybrid supramolecular assemblies of m-conjugated chromophores for improved optical

and electronic functions.
The thesis is majorly divided into five parts.

Part-1 presents the introduction, which aim to summarize the state of the art strategies
employed in the field of functional organic and hybrid materials derived via self-assembly. We
have mainly focused on the design principles of various amphiphilic and charge-transfer =-
conjugated assemblies and organic-inorganic light-harvesting hybrid assemblies.

Part-2 describes the synthesis and self-assembly of novel n-type coronene bisimide (CBI)
amphiphiles and bolaamphiphiles. This part is divided into two sections. In Part-2.1, self-assembly
and optoelectronic properties of various amphiphilic coronene bisimide (CBI) derivatives are
discussed. The optical properties and morphology of these molecules have been fine-controlled by
the composition of good/poor solvent mixture. The amphiphilic design of these molecules triggered
a bilayer self-assembly in water, with tightly =-stacked chromophores in J-type fashion. The
enhanced structural order in these nanostructures is further evident from their decent n-type
mobility in the order of 102 cm?V.s. In Part-2.2, mechanistic insights into the self-assembly
process of CBI amphiphiles have been investigated using chirality as a probe. For this purpose,
chirality was introduced to the CBI core via covalent and non-covalent functionalization with
chiral side chains. Helical self-assembly and self-assembly mechanisms of these chiral CBI
derivatives have been probed via circular dichroism spectroscopy and various microscopic
techniques. Temperature dependent circular dichroism measurements provide insights into self-
assembly mechanism and significant chiral amplification was observed in the co-assembly of chiral

and achiral CBI derivatives.

In Part-3, synthesis of charge-transfer (CT) nanofibers through a non-covalent amphiphilic
design strategy is described. Charge-transfer (CT) crystals formed from donor (D) and acceptor (A)
molecules, which are organized either in a segregated (orthogonal, ..D-D-D.. and ..A-A-A..) or
mixed (alternate, ...D-A-D...) fashion have gathered immense attention because of their excellent
conducting properties. In this context, the supramolecular one-dimensional analogues of these
binary CT complexes would provide novel conducting nanostructures through inherent doping and

hence can provide new opportunities for nano-sized electronics. We have constructed various CT

viii



nanostructures with alternate and orthogonal D-A organization using a non-covalent amphiphilic
design of appropriately functionalized donor and acceptor molecules. These results are compiled in
three sections. In Part-3.1, design, synthesis and properties of CT-nanofibers and nanotubes with
mixed D-A organization is presented. In this construct, the D and A molecules are designed in such
a way that the face-to-face CT pair resembles surfactant structure, which ensures its extended self-
assembly in polar solvents. In Part-3.2, we have described a novel supramolecular cross-linking
strategy for the alignment of CT-columns in solution and on surface. Part-3.3 demonstrates the
supramolecular synthesis of photoconductive nanostructure having non-covalently connected bi-
continuous D-A heterojunctions with wide donor-acceptor interface and high charge-carrier
mobility.

Part-4 presents the design and synthesis of novel, solution processable, luminescent soft-
hybrids via an organic-inorganic hybrid co-assembly. Part-4 is divided into two sections based on
two different strategies that have been employed for achieving solid-state luminescent soft-hybrids.
Part-4.1 presents the electrostatic co-assembly of ionic donor and acceptor molecules with
aminoclay (AC) are described. The resultant hybrids are water soluble and forms hydrogels with
amplified fluorescence via Forster Resonance Energy Transfer (FRET), which can be efficiently
transferred on to solid substrates by drop-casting. This concept was further extended to achieve
highly pure solid-state white light emission. In Part-4.2, alternate co-assembly of charged
chromophores and laponite (LP) nano particles is demonstrated for controlling the molecular
organization of m-conjugated molecules from non-fluorescent aggregated state to fluorescent state

in order to construct processable luminescent hybrids.

In Part-5, functional properties of superabsorbent dynamic microporous polymers derived
from pyrene are described. Owing to their dynamic framework, these polymers showed reversible
swelling and fluorescence response in most of the organic solvents. This has been further used for
rapid encapsulation of various chromophoric guests such as Cg and fluorescent dyes, and

investigated for photoinduced electron/energy transfer process.
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PART-1

PART-1

Introduction

PART-1.1 Amphiphilic and Charge-Transfer Designs for
Self-Assembled Organic Nanostructures of -Systems

PART-1.2 Organic-Inorganic Light-Harvesting Scaffolds for Luminescent
Hybrids

Controlling the molecular organization of m-conjugated systems is of paramount
importance in the design of functional optoelectronic materials. Self-assembly offers a simple
and innovative way to control the hierarchical organization of m-systems under thermodynamic
control. On the other hand, orgnization of z-conjugated systems with the aid of inorganic
components is also an efficient approch for the design of functional organic-ionorganic hybrid
materials. However, self-assembled nanostructures of z-conjugated systems often showed poor
performance on devices, whereas hybrid materials suffer from their solution processability.
This thesis presents our attempts to improve the optoelectroinc functions of organic materials
and solution processability of organic-iorganic hybrid materials constructed from self-
assembled z-conjugated systems. The first half of this thesis presents our molecular designs to
improve the optoelectronic functions of self-assembled =-systems using amphiphilic and
charge-transfer approaches. The second half of the thesis provides our strategies to construct
solution processable organic-inorganic hybrid materials via non-covalent co-assembly between

m-systems and inorganic clays (soft-hybrid approach).

This introduction part provides an overview on the various design principles of wide
variety of self-assembled organic and hybrid materials reported in literature for improved
optoelectronic functions. Since this research area is very vast, we restrict ourselves to the
examples related to designs presented in this thesis. This introduction Part is divided into two
sections. Part-1.1 presents amphiphilic and charge-transfer (CT) approaches for the design of
self-assembled organic nanostructures. Part-1.2 concentrates on various luminescent organic-

inorganic light-harvesting hybrids.
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PART-1.1
Amphiphilic and Charge-Transfer Designs for

Self-Assembled Organic Nanostructures of w-Systems

Abstract

The performance of organic electronic devices not only depends on the chemical
structure of organic molecules but also on different hierarchies of their supramolecular
organization. Thus, the self-assembly of wn-conjugated systems has been a topic of immense
interest for supramolecular chemists. In this context, self-assembly of wide variety of -
conjugated molecules have been investigated in detail to control their supramolecular
organization. However, these self-assembled structures often showed poor device performance.
The first half of this thesis presents our attempts to improve the optoelectronic functions of
various self-assembled n-systems. We have mainly employed two strategies, namely,
amphiphilic and charge-transfer (CT) approaches, towards this objective. In this section of
introduction, we provide an overview on the design principles and optoelectronic functions of
various self-assembled z-systems based on amphiphilic and charge-transfer (CT) approaches

reported in literature.

First we discuss about the optoelectronic functions of self-assembled amphiphilic z-
conjugated oligomers. Amphiphilic self-assembly of m-systems results in nanostructures with
well defined supramolecular ordering and with high association constants. Recent advances in
the amphiphilic self-assembly of well known n-type and p-type semiconductors such as perylene
bisimides (PBIs), hexabenzocoronenes (HBCs), oligo(p-phenylenevinylene)s (OPVs) and oligo-
thiophenes are mainly discussed. Next, we discuss about the CT-assemblies of z-systems having
mixed stack (MS) electron donor (D) and acceptor (A) organization. Our discussion is centred
on ferroelectric, luminescence and ambipolar charge transport properties of various MS-CT

crystals and CT- nanostructures.

Ambipolar Charge Transport Self-assembly Tunable Luminescence
107

s 3
%

Abs [15] (&)
3

=60 -50 -40 -30 -20 -10 0 10 20 30 40 50 ﬂlﬂ
A

Amphiphilic/ MS-CT
m-systems




PART-1.1

1.1.1 Why Self-Assembly of a-Conjugated Systems?

Semiconducting, m-conjugated oligomers/polymers are the promising candidates for
optoelectronic functions in the context of cost-effective and flexible plastic electronic devices."
The performance of these devices not only depends on the chemical structure of w-systems but
also on their different hierarchies of supramolecular organization.” In this context, self-
assembly offers an efficient way to control the hierarchical organization of m-systems under
thermodynamic control.®> Enormous efforts have been performed in the last decade to obtain
ordered structures of m-Systems with anisotropic electronic coupling and to have control over
their performance on devices.* Moreover these self-assembled nanostructures can be used as

conducting components in nanosized (5-100 nm) electronic devices.

) ) Macroscopic
' ’ Properties
Chemical Structure Supramolecular

Ordering

Figure 1.1.1. Schematic representation on how the macroscopic properties of materials are
related to chemical structure and supramolecular organization.

In the last decade, significant progress has been achieved in the supramolecular self-
assembly of m-conjugated oligomers in the view of nanosized electronics.® The challenges for
using conjugated polymers in devices are their poor charge transport, luminescence and
photovoltaic performances. This could be due to low n-m ordering between polymer chains on
devices. This can be addressed by self-assembly of well defined small conjugated oligomers
without sacrificing the ease of solution processability. In this section, some of the recent
advances in the supramolecular design principles of various p-type and n-type m-conjugated
oligomers towards improved optoelectronic functions are discussed. This section is mainly
focused on amphiphilic and charge-transfer approaches which are featured as two promising
strategies to achieve self-assembled nanostructures with high efficient transport and

luminescence suitable for optoelectronics.
1.1.2 Amphiphilic Approach

One of the reasons for low efficiencies in supramolecular chromophoric systems could
be the molecular design with solubilizing side chains, which hamper the molecular order and
disrupt the extended n—= stacking in the assemblies. In this regard, an amphiphilic design for
self-assembly of chromophores can be of particular interest. Moreover, it has been shown that

hydrophobic interactions between the amphiphilic systems can give rise to less dynamic
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assemblies with high association constants. Hence, an amphiphilic design combined with the
electroactive chromophores can give rise to highly ordered assemblies with stronger m—n
interactions and hence better mobilities. In this section we summarize the design principles and
optoelectronic functions of self-assembled nanostructures of various p-type and n-type
amphiphilic n-conjugated oligomers. Although, various other non-covalent interactions such as
hydrogen bonding have also been extensively used for the supramolecular organization these -

2,3,6

systems,~*> we restrict ourselves to the amphiphilic design, keeping in mind the theme of this

thesis.

1.1.2a Amphiphilic PBIs
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Figure 1.1.2. a) Molecular structures of amphiphilic PBls. b) SEM image of nanobelts of 3
[reproduced from ref. 14]. ¢) I-V curves measured on a nanobelt of 3 in air (open rectangle)
and in saturated hydrazine vapour (closed rectangle) [reproduced from ref. 15].

Perylene bisimides (PBIs), also known as perylene diimides (PDIs) are one of the well
studied organic semiconductors in organic electronics owing to their elegant molecular
structure and outstanding optoelectronic functions (Figure 1.1.2a).” Considering their efficient
electron transport, PBI dyes are one of the prime choices for n-type organic field effect
transistors (OFETSs)® and in organic photovoltaics as alternatives to fullerene acceptors.® In this
context various non-covalent strategies have been employed to improve the supramolecular
ordering of PBIs in devices for efficient optoelectronic functions.’® Wiirthner et al. have
extensively investigated the supramolecular self-assembly of PBI dyes in water'* and organic
solvents™ by employing various non-covalent interactions in addition to strong n-n interactions
between PBI chromophores. They observed that —= stacking of PBIs in water is very efficient
with an association constant of K>10° M™; as a result, self-assembly of PBI amphiphiles in

water would be a potential approach for the creation of n-type materials, with improved
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optoelectronic functions.

Chang et al. first studied the self-organization of water soluble cationic PBI
amphiphiles (1 and 2, Figure 1.1.2a)." Both these molecules form lyotropic phases in water at
appropriate concentrations, resulting in highly aligned assemblies on substrates with dichroic
ratios comparable with that of commercial polarizers. Zang et al. prepared the self-assembled
nanobelts of propoxyethyl PBI (3) by injecting it’s molecularly dissolved solution in
chloroform into methanol (Figure 1.1.2b).* Upon exposure to hydrazine vapours nanobelts of 3
displayed high conductivity of 10° S cm™ at room temperature, due to the formation of PBI
radical anions (Figure 1.1.2¢).™® They have also achieved millimeter long nanobelts by the self-
assembly of asymmetric PBI amphiphile (4) in ethanol-water mixtures, with n-stacked PBIs
oriented along the length of nanobelt.® Two probe device made from a single nanobelt of 4 also
showed three orders of magnitude increase in current after reduction with hydrazine vapours

than pristine nanobelts.
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Figure 1.1.3. a) Molecular structures of wedge shaped amphiphilic PBIs (5 and 6). b) Emission
spectra and corresponding solution photographs of 5 in THF-water mixtures [reproduced from
ref. 17]. c) Schematic illustration of the donor (7)-loaded polymerized vesicles with pH-tunable
energy transfer. d) Photograph of donor-loaded polymerized vesicles in aqueous solution at
different pH under an ultraviolet lamp (366 nm) and corresponding CIE 1931 chromaticity
diagram [ Figure 1.1.3c and d, reproduced from ref. 18].

Warthner et al. reported the self-assembly and co-assembly of various glycol
functionalized PBI amphiphiles (5 and 6) in THF-water mixtures (Figure 1.1.3a). The solution
state emission colours of these amphiphiles were tuned from green to red by modulating the

extent of aggregation with THF-water mixture (Figure 1.1.3b)."" Interestingly, the co-assembly
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of 5 and 6 resulted in the formation of supramolecular vesicles, which were further stabilized
by covalent cross linking of hydrophobic segments through photopolymerization (Figure
1.1.3c). These membrane vesicles are further loaded with pH responsive bispyrene derivative
(7) and fluorescence of these vesicles was tuned through pH controlled resonance energy
transfer from 7 to membrane PBIs (Figure 1.1.3d)."® Interestingly, at pH 9 white light emission
was observed due to partial energy transfer. In basic conditions (pH > 9) 7 shows excimer
emission having overlap with PBI absorption, as a result efficient resonance energy transfer is
feasible from 7 to PBI aggregates which becomes less efficient in acidic conditions due to poor
overlap of monomeric emission of 7 with PBI absorption, as it prefers unstacked conformation
(Figure 1.1.3c).
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Figure 1.1.4. a) Molecular structures of p-cyclodextrin functionalized PBI amphiphiles. b)
Schematic illustration of self-assembly and vapour sensing of organic amines by
nanostructures of 9 embedded in PVDF matrix [reproduced from ref. 19b].

Liu and coworkers explored the emission properties of supramolecular aggregates of j-
cyclodextrin functionalized PBI amphiphiles (8 and 9, Figure 1.1.4) formed in water for sensing
of various organic amine vapours (Figure 1.1.4)."° Interestingly, 8 self-assembles in water to
form fluorescent 1D nanorods due to weak zm-m interactions between PBI units as a result of

steric repulsions caused by p-cyclodextrin pendants.*®*

Asymmetric amphiphile 9 also self-
assembles into fluorescent nanorods and vesicles in methanol and 9:1 water/methanol mixtures,
respectively (Figure 1.1.4b).*** Furthermore, these fluorescent supramolecular aggregates were
embedded in polyvinylidene fluoride (PVDF) membranes for turn-off fluorescence sensing of
organic amine vapours via both photoinduced electron transfer from amines to PBIs and
disturbing the exciton migration among PBIs in the aggregate through amine inclusion (Figure

1.1.4b).
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R = ethyl propyl
PEG =CH,CH,(OCH,CH,);6CHs

Figure 1.1.5. a-c) Molecular structures of oligo PBI amphiphiles. d) Self-assembled nanosheets
of 13 formed in water and e) schematic representation of exciton migration in these nanosheets
[Figure 1.1.5d and e, reproduced from ref. 22].

Rybtchinski et al. extensively investigated the self-assembly oligo PBI amphiphiles in
water (Figure 1.1.5).*° Remarkably, self-assembled networks of polyethylene glycol (PEG)
functionalized oligo PBI amphiphile (10) were very robust like covalent systems and
demonstrated their application as nano filtration membranes (Figure 1.1.5a).%" Interestingly,
PBIs 11-13, self-assemble in water into crystalline 2D structures and showed efficient exciton
migration up to 120 nm length scales (Figure 1.1.5b-e).”> Moreover exciton diffusion
coefficients of these crystalline assemblies are better than PTCDA (perylene tetracarboxylic
dianhydride)® crystalline films. Furthermore, wide spectral coverage and 2D morphology of
this class of PBIs would be advantageous for the fabrication of efficient artificial light-

harvesting systems.
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Figure 1.1.6. Molecular structures of acid/peptide functionalized PBI amphiphiles and
melamine (16).

Hydrogels through supramolecular assembly of PBI chromophores guided by hydrogen
bonding have been made by Malik et al. and Tovar et al. (Figure 1.1.6, 14-18). Malik’s group
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showed the spontaneous formation of hydrogels by acid functionalized PBIs (14 and 15) when
treated with melamine (16) due to intermolecular H-bonding.?* In these hydrogels, PBIs exist as
H-aggregates and fluorescence of these aggregates is probably due to excimer formation. Later
they have also found that, aspartic acid functionalized PBIs (17) are also efficient gelators for
water, under acidic conditions and gelation is promoted through inter molecular H-bonding and
J-aggregation of PBIs.” Tovar et al. functionalized PBIs with g-sheet forming peptides to make
PBIl-peptide (18) hydrogels.®® However the resultant hydrogels are non-fluorescent probably
due to strong H-aggregation of PBI units. Banerjee et al. showed the multifunctional behaviour
of peptide functionalized PBI (19) assemblies.”” L-tyrosine functionalized PBI (19)
amphiphiles, self-assemble in water and form pH responsive luminescent hydrogels.?”
Interestingly, these gel networks showed photo-switchable conductivity when shined with
visible/white light with high on/off ratios. Recently Li et al. also reported the fine tuning of L-
lysine-functionalized PBI (20) nanostructures by varying the ratio between acetone and water.?®
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Figure 1.1.7. a) Molecular structure of polyglycerol dendron functionalized PBI amphiphile
(21). b) Molecular structure of spermine functionalized PBI amphiphile (22) and photograph
showing its monomeric fluorescence in acidic water [reproduced from ref. 30]. ¢) Molecular
structures of dicationic PBI amphiphile (23). d) Photographs of 23 (left) and 23-CB[8] (right)
complex in water upon irradiation with a 450 nm light source [reproduced from ref. 31].

Monomeric form of PBIs often exhibits fluorescence quantum yield close to unity,
which will be often suppressed by many orders of magnitude in their aggregates. Moreover, this
is inevitable in water due to their high association constants (vide supra). In this context,
Wirthner and co-workers showed that quantum yields of PBIs in water can be improved by
suppressing PBI aggregation through modification on imide side chains with water soluble
functional groups (Figure 1.1.7). For this purpose, several PBI derivatives functionalized with
different generations of polyglycerol dendrons (Figure 1.1.7a, 21) were made and increase in
the quantum vyield of these derivatives in water was observed with increase in the dendron
generation and reached near to unity with fourth generation dendron due to effective
suppression PBI aggregation by dendron fences.?® This approach was further demonstrated in

spermine functionalized PBIs (22) where the electrostatic repulsion between spermines in
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acidic water enhances the PBI fluorescence quantum yield while hindering n-n stacking
between PBI units (Figure 1.1.7b).° Scherman et al. used host-guest interactions to amplify the
fluorescence quantum yield of PBIs in water (Figure 1.1.7c and d).** The simple dicationic PBI
(23) alone in water has poor quantum yield due to its H-aggregation, which was amplified near
to unity by spatially separating PBI molecules through complexation with CB[8] (Figure
1.1.7d). These highly fluorescent PBI dyes in water can be potential candidates for bioimaging
owing to their high photo-stability and tunable emission.

1.1.2b Amphiphilic HBCs
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Figure 1.1.8. a) Molecular structures of various HBC amphiphiles. b) Schematic illustrations
of the hierarchical structures of a nanotube formed from HBC-24 and c) TEM images of
amphiphilic HBC (alkyl chain is Cy3H,;) nanotubes at different magnifications [reproduced
from ref. 33b]. d) Schematic illustration for the formation of a co-assembled graphitic
nanotube from HBC-24 and HBC-25. TEG s triethylene glycol. €) Plot of transient
photoconductivity maximum values versus mole fractions of HBC-25 in HBC-24 nanotubes
[Figure 1.1.8d and e, reproduced from ref. 35c].

Hexa-peri-hexa-benzocoronenes (HBCs), are another class of well studied organic
semiconductors owing to their efficient hole transporting behaviour and strong tendency to self-
organize through n-n stacking (Figure 1.1.8a). Miillen et al. extensively investigated the self-
organization of hydrophobic HBCs and their charge carrier mobility in the liquid crystalline
state.** Aida et al. described a bottom up synthesis of supramolecular graphitic nanotubes by

the self-assembly of amphiphilic HBCs (Figure 1.1.8a and b, 24).*® In solution these nanotubes
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are formed by hierarchical self-assembly of HBC chromophores driven by m-n stacking
between HBC units and bilayer formation by partial interdigitation of alkyl chains (Figure
1.1.8b and c). The resultant nanotubes are redox active and a single nanotube exhibits
resistivity of 2.5 megohms at 285 K after oxidation with NOBF,. Recently, they have shown
that HBC nanotubes made from chiral derivative form macroscopic fibers via unidirectional
alignment of nanotubes and they can be processed with a glass hook.** As a result, these
macroscopic fibers exhibit high anisotropic conductivity upon iodine doping.

a) Me Me b)
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27 28

Figure 1.1.9. a) Molecular structures of amphiphilic HBCs used in supramolecular
construction of linear heterojunction nanotubes. b) Schematic representation of non -covalently
connected HBC-27 and HBC-28 nanotubes to form a linear heterojunction.

The glycol chains of these amphiphilic HBC derivatives were further covalently
functionalized with various electron deficient acceptor (A) molecules to have nanoscale phase
segregation between covalently linked electron rich donor (D, HBC core) and A molecules for
efficient photocurrent generation.® In this design, amphiphilic interactions provided by glycol
chains are crucial for segregation of D and A molecules without any ground state charge-
transfer (CT) interactions. In this context amphiphilic HBC was covalently liked with one of
the two well known A molecules, trinitrofluorenone (TNF)/Cq at triethylene glycol termini
(Figure 1.1.8a, 25 and 26). The resultant covalent D-A amphiphile self-assembles to form
coaxial nanotubes in which p-type HBC stacks in the tubular wall are laminated by the n-type
TNF/Cq at the outer and inner surfaces of the nanotube. Efficient photoinduced electron
transfer and charge separation was observed in these coaxial nanotubes owing to their spatially

isolated nanoscale p-n heterojunction configuration and efficient exciton migration along HBC
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stacks. As a result, these nanotubes showed fast photoconductivity response with high on/off
ratios. High charge carrier mobilities (~3 cm?/V.s) along a single nanotube was observed in
flash-photolysis time-resolved microwave conductivity (FP-TRMC) measurements when D-A
HBC amphiphile was co-assembled with HBC amphiphile, compared to the homoassembly of
D-A-HBC alone (Figure 1.1.8d and e). This is attributed to the suppression of defects in HBC
stacks caused by clustering of TNF/Cgq layers in homotropically assembled D-A HBC
nanotube.® This covalent amphiphilic D-A strategy was further demonstrated for nanoscale
tailoring of various p-type and n-type heterojunction assemblies such as oligothiophene-Ceo,*’
porphyrin-Ce,*® oligothiophene-PBI* dyads and dibenzo[a,c]phenazines.” We have achieved
segregation of D and A stacks with a non-covalent approach in which D and A molecules are
non-covalently connected through ionic interactions to form a heterojunction. The self-
assembly of this ionic complex results in the formation of heterojunction nanostructures with
wide D-A interface and high charge carrier mobility (1.2 cm?/V.s) which is discussed in Part-
3.3 of this thesis. On the other hand, recently Aida et al. demonstrated for the first time a non-
covalent synthesis of supramolecular linear p-n heterojunctions through the supramolecular
growth of an electron deficient HBC (28) amphiphile nanotube on the seed of electron rich
amphiphilic HBC (27) nanotube (Figure 1.1.9).** These non-covalently connected p-n junction
nanotubes communicate electronically through the heterojunction interface and showed five
times longer lifetime for photogenerated carriers than their homotropic nanotubes (Figure
1.1.9b).

1.1.2c Amphiphilic Oligo(p-phenylenevinylene)s (OPVs) and Thiophenes

OPVs are another important class of p-type semiconductors and their polymer counter
parts (PPVs) are widely utilized in photovoltaics and electroluminescent devices owing to their
excellent luminescence properties.”” Amphiphilic design strategy is also employed in OPV
chromophores to improve their supramolecular ordering as it plays crucial role in their device
performance. In this context, Stupp et al. investigated the self-assembly of amphiphilic OPV
(29) derivatives asymmetrically substituted with PEG (polyethylene glycol) and hydrophobic
alkyl chains (Figure 1.1.10a).* These molecules self-assemble in water and in other polar
solvents by forming both thermotropic and lyotropic liquid crystalline mesophases, while
forming luminescent gels at high concentrations (Figure 1.1.10b). The optoelectronic properties
of these amphiphiles are sensitive to the length of PEG chain. Interestingly, films of OPV
molecule with longest PEG chain retain its monomer emission in the solid state with high

fluorescence quantum yield due to suppression of OPV aggregation by PEG chains.
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Figure 1.1.10. a) Molecular structures of OPV amphiphiles functionalized with PEGs having
different chain lengths. b) OPV ampbhiphile (29, n = 24) derived hydrogel irradiated under 365
nm UV light [reproduced from ref. 43]. ¢) Molecular structures of OPV amphiphiles having
oligo(ethylene glycol) functionalized gallic wedges. d) Schematic representation of energy
transfer process from 30 to 31 in single co-assembled vesicles. e) Scanning confocal
microscopy images and f) resulting fluorescence spectra (Aee = 411 nm) of mixtures of 30 and
31 (2 mol% of 31). The fluorescence of these single vesicles (solid lines) is compared to the
corresponding solution spectra (dashed lines) [Figure 1.1.10d-f, reproduced from ref. 44a].
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Figure 1.1.11. Proposed head-to-tail organization of 32 in the vesicles formed in water and the
resulting photocycloaddition [reproduced from ref. 44b].
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Meijer and co-workers studied the solution state self-assembly and optoelectronic
functions of various amphiphilic OPVs linked with gallic wedges (30-32).** All these
amphiphiles self-assemble to form vesicles in water through synergistic n-stacking between
OPV chromophores and amphiphilic interactions. Since self-assembled n-stacks are versatile
scaffolds for excitation energy/electron transfer process,* energy transfer from 30 to 31 was
investigated in their co-assembled vesicles state (Figure 1.1.10c-f).*** In the co-assembled form,
efficient energy transfer was observed from 30 to 31 which can be visualized using scanning
confocal microscopy images (Figure 1.1.10e and f). Interestingly, energy transfer was also
observed (after 48 h) in the mixed individual vesicular assemblies of 30 and 31 owing to their
dynamic nature. In an interesting study, Meijer et al. found that cationic OPV amphiphile (32)
self-assembles in a head-to-tail fashion to form supramolecular vesicles due to interaction
between ammonium and glycol chains (Figure 1.1.11).*" This special organization facilitates
the photo-induced [2+2] cycloaddition between OPVs under ambient conditions, resulting in

covalently polymerized vesicle membranes.

a) Cr2Ha50, o—/_/
c]szso—’—\ \ '
O \Y O w0 W 0 2 e) HO\KO o ) )
o bR g b H g eHs HJLITHJLIrOH
(e} (e} H O
35

e} 'OH
HOtO
Y 0, O s M\ s A w2 §u g
Ho A N A i iy
T(\ﬁj\r YN NTS G s ‘)LNJ\n’ ‘:)LOH
o CH; O H o 1
36

Hy O CHs

0“7 oH

500 um

Figure 1.1.12. a) Molecular structures of OPV peptide amphiphiles (33 and 34). b) Molecular
structure of an antiparallel [ -sheet conformation of a monolayer of 33. ¢) AFM image of
nanofibers of 33 formed in water. d) cryo-TEM image of 34 in water [Figure 1.1.12b-d,
reproduced from ref. 46]. d) Molecular structures of OPV and oligothiophene peptide
amphiphiles that form hydrogels. Representative SEM images of aligned structures composed
of f) 35 and h) 36. Optical birefringence of macroscale peptide fibers composed of g) 35 and i)
36 as seen under crossed polarizers [Figure 1.1.12f-i, reproduced from ref. 47].
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Amphiphilic self-assembly of OPV chromophores is also promoted by conjugating
them with S-sheet forming peptides (Figure 1.1.12, 33-35). Scanning tunnelling microscopy
(STM) at the submolecular level on OPV-peptide conjugates reported by Meijer’s group reveals
the formation of bilayers with antiparallel orientation of OPVs in a f-sheet conformation of
peptide chains and in water they self-assemble to form various 1D nanostructures such as
nanofibers and nanotubes (Figure 1.1.12b-d).* On the other hand, the class of OPV-peptide
conjugates reported by Tovar et al. form hydrogels and highly aligned nanowires on substrate
were obtained via extrusion from syringe (Figure 1.1.12e-g).*” This design was further extended
to oligothiophene-peptide (36) conjugate to achieve aligned nanowires with high anisotropic
mobility (~0.03 cm?/V.s) (Figure 1.1.12h and i).

a)

Iq(nA]

Figure 1.1.13. a) Molecular structure of OPV amphiphile (37) and b) schematic representation
of its molecular organization in the sheets. ¢) Transconductance curves for sheets made from
37 in top contact bottom gate FET and inset shows the schematics of the device structure with
these sheets as active layer [Figure 1.1.13b and c, reproduced from ref. 48]. d) Molecular
structure of butterfly shaped amphiphile (38). d) SEM image of 2D nano sheets of 38. f)
Transfer characteristics of a 2D film transistor of 38 nanosheets [Figure 1.1.13e and f,
reproduced from ref. 50].

Recently our group investigated the self-assembly of amphiphilic OPV chromophores
for improved electronic functions (Figure 1.1.13a-c).*® For this purpose, OPV chromophore is
asymmetrically functionalized with tetraethylene glycol and hydrophobic alkyl chains (Figure
1.1.13a). In THF-water mixture, 37 self-assemble into 2D sheets through a combination of ©-n
and solvophobic interactions with well defined supramolecular ordering between the
chromophores (Figure 1.1.13b). As a result, these nanosheets shows hole mobility up to 0.008
cm?’/V.s which is three orders magnitude higher than non-amphiphilic OPV assemblies (Figure
1.1.13c).* Similar design was also reported by Pei et al. for a butterfly shaped thiophene
derivative (38) which also self-assembles into free standing nanosheets in chloroform-methanol
mixtures and exhibit hole mobility as high as 0.02 cm®/V.s (Figure 1.1.13d-f).”® We further

extended this amphiphilic approach to new n-type coronene bisimide based nanostructures,
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with efficient electron transport properties which are discussed in Part-2.1 of this thesis.

1.1.3 Mixed Stack Charge-Transfer D-A Assemblies
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Figure 1.1.14. a) Schematic representation showing the face-to-face orientation of D and A in
mixed stack CT assembly. b) Molecular structures of A (39) and D (40-42) molecules that show
room temperature ferroelectricity in their MS-CT crystal state.

Mixed stack (MS) charge-transfer (CT) assemblies,” in which D and A molecules are
organized in a face-to-face manner, have attracted attention in recent years due to their
applications in optoelectronic and ferroelectric materials (Figure 1.1.14a). On the other hand,
one-dimensional (1D) supramolecular nanowires obtained by the self-assembly of single
component w-conjugated oligomers showed significant charge transport only after external
doping (vide supra). In this context, 1D stacks of MS-CT complexes from the co-assembly of D
and A molecules have gathered immense attention since this concept would furnish highly
conducting nanowires through inherent doping and hence can be a viable tool for
nanoelectronics. Although rich amount of literature exists on MS-CT crystals in last four
decades, only recent attempts have been focused on their optoelectronic functions. In this
session, we focus on the ferroelectric and optoelectronic functions of MS-CT assemblies

reported recently.

MS-CT crystals exhibiting strong CT interactions are proposed as potential candidates
for ferroelectric applications owing to their ability to show displacive-type ferroelectricity.*
One dimensional (1D) ferroelectricity was first observed in MS-CT complexes of
tetrathiafulvalene (TTF) with p-bromanil® or p-chloranil.>* However, these complexes show
ferroelectric transition only under cryogenic conditions. With an elegant molecular design,
Stupp et al. synthesized MS-CT crystals that can show ferroelectric polarization switching at
room temperature.”® These are made from pyromellitic diimide (39) based acceptor and
TTF/naphthalene/pyrene (40-42) based donors in which 1D D-A stacks are interconnected by

H-bonding interactions.

On the other hand, Brédas et al. predicted high ambipolar mobility in MS-CT crystals
using density functional theory calculations and mixed quantum/classical dynamics
simulations.® They propose that, similar charge transport characteristics of hole and electron

along D-A stacking directions are responsible for their ambipolar charge transport while

16



Amphiphilic and CT Assemblies of n-Systems

featuring them as potential candidates for organic electronics. This is quite remarkable because
high mobilities in organic polymers or self-assembled nanostructures of m-systems have been
achieved majorly through external doping which is often tedious and may not be uniform
throughout the sample.”” Experimental reports on various MS-CT-pairs indeed showed
enhanced charge transport in their CT state. Saito et al. first experimentally showed the metallic
conductivity in the MS-CT crystals formed between tellurafulvalene (43) donor and diethyl-
tetracyanoquinodimethane (DE-TCNQ, 44) acceptor (Figure 1.1.15a).”® Interestingly, Brédas’s
prediction of ambipolar mobility is experimentally proved in MS-CT crystals of various D-A
pairs, investigated in recent years. For example, high ambipolar mobility (u, = 0.13 cm?/V.s and
e = 0.04 cm?/V.s) are observed in MS-CT crystalline microrods of dibenzotetrathiafulvalene
(45) and TCNQ (46) pair (Figure 1.1.15a).”° Similarly, Wakahara et al. reported MS-CT
crystalline nanosheets composed of Cgy (48) and ferrocene or cobalt porphyrin (47) (Figure
1.1.15a and b).%° Nanosheets of latter CT pair showed ambipolar mobility of 10° cm?V.s and
10 cm?/V.s for holes and electrons respectively (Figure 1.1.15c).
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Figure 1.1.15. a) Molecular structures of various D (43, 45 and 47) and A (44, 46 and 48)
molecules. b) TEM image of a single crystalline nanosheet of 47 and 48 CT complex. ¢) The
transfer characteristics of 47-48 nanosheets in the dark for positive and negative gate biases.
The solid lines show the drain current versus gate voltage for various Vps, and the open
symbols show the square root of drain current [Figure 1.1.15b and c, reproduced from ref.
60a].

Interestingly, MS-CT crystals of distyrylbenzene (49) and dicyanodistyrylbenzene (50)
chromophores reported by Park et al. showed much higher ambipolar mobility (un, = 0.0067
cm?/V.s and x. = 0.067 cm?/V.s) than Cgo-cobalt porphyrin system with remarkable luminescent

properties (Figure 1.1.16a-c).*" The CT complex emission is red shifted than individual D or A
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molecules emission with a quantum yield of 0.31. Authors attribute this high fluorescence of
CT complex to the non-negligible oscillator strength of S; state and low non-radiative decay in
the CT crystal state. Wilson et al. also observed strong fluorescence from aqueous
suspensions/solid-state powders of MS-CT complexes formed between hydrophobic
naphthalene diimide (NDI) derivative (51) and various m-conjugated D molecules (52-57)
which are non fluorescent in organic solvents (Figure 1.1.16d and €).* Moreover, the CT
emission is more red-shifted compared to the individual D or A emissions and can be tuned by
changing the energy of the HOMO of the D molecules (Figure 1.1.16e). Authors proposed that
exclusion of solvent from D-A molecules is the main driving force for fluorescent CT complex
formation in water or solid-state. These fluorescent CT complexes self-assemble in water into
nanoparticles which are further exploited for bio-imaging owing to their emission above 550
nm. Similarly, Lee et al. synthesized luminescent crystalline microtubes utilizing MS-CT
interactions of tetracyanobenzene (60) with various n-conjugated molecules (58 and 59) (Figure
1.1.17a).® In this case, authors attribute CT emission to aggregation-induced emission
enhancement (AIEE) effect. Interestingly, by doping 60 and 58 CT microtubes with different
concentrations of 59, tunable solid-state emission including white light was achieved due to
controlled energy transfer from TCNB-naphthalene (blue emission) CT state to TCNQ-pyrene
(yellow emission) CT state (Figure 1.1.17b-d).®* In an interesting study, Pei et al. reported the
luminescent photoconductive crystalline CT microwires composed of truxene (D, 61) and
truxenone (A, 62) derivatives (Figure 1.1.17e-g).** Though this pair shows ground state CT

interactions, orientation of D and A molecules in these microwires is not well documented.
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Figure 1.1.16. a) Chemical structures of D (49) and A (50) molecules studied by Park et al. b)
Transfer and output characteristics of the 49-50 single CT crystal OFET, fabricated by solvent
vapor annealing. Inset shows the schematic drawing of the device. ¢) Optical microscope image
of a single-crystal OFET under UV light [Figure 1.1.16a-c, reproduced from ref. 61]. d)
Chemical structures of naphthalene diimide A (51) and various polyaromatic D (52-57)
molecules. R = isoamyl. e) Photographs of particle dispersions of CT complexes of 51 with
various pyrene derivatives (52, 54 and 56) under 365 nm UV light irradiation [reproduced
from ref. 62].
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Figure 1.1.17. a) Molecular structures of D (58 and 59) and A (60) molecules used in the
synthesis of luminescent CT microtubes. Fluorescence microscopy images of mixed 58 and 60
CT complex microtubes with a doping concentration of b) 0, ¢) 0.015%, and d) 0.1% of 59
excited with unfocused UV light (330-380 nm) [Figure 1.1.17b-d, reproduced from ref. 63a].
All scale bars are 30 um. e) Molecular structures of truxene (61) and truxenone (62)
derivatives and f) the photographs of 61, 62 and their 1:1 mixture in CH,Cl,. g) Fluorescence

microscopy images of CT microwires of 61 and 62 precipitated from hexane [Figure 1.1.17f
and g, reproduced from ref. 64b].
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Figure 1.1.18. a) Molecular structures of pyrene derived D (63) and nitro derived A (64) and
schematic representation of the transformation of 63 from b) tubes to c) vesicles due to CT
interactions [Figure 1.1.18a-c, reproduced from ref. 67]. d) Molecular structures of anionic D
(65) and cationic A (66) and schematic representation of the preparation of the pH-responsive
nanofibers through self-assembly of 65-66 supramolecular amphiphile. TEM images of 65-66

amphiphile in e) pH 9 buffer and in f) pH 10 buffer solution [Figure 1.1.18d-f, reproduced from
ref. 68].

Despite having interesting optoelectronic functions, CT crystals/microwires are very
difficult to process for thin film based large area device fabrication. To address this issue

Percec et al. investigated the optoelectronic functions of various dendrimer attached D-A CT
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complexes in their liquid crystalline (LC) state.®® Remarkably, LC state of these CT complexes
exhibits good electron and hole mobility which are two to five orders of magnitude higher than
their amorphous state and better than many conjugated polymers. On the other hand, recent
advances in self-assembly resulted in the non-covalent synthesis of 1D nanowires having MS-
CT D-A organization (Figure 1.1.18). In this context, Zhang et al. extensively
investigated the self-assembly and morphological features of various D-A supra-
amphiphiles in water (Figure 1.1.18 and 1.1.19).°° Zhang et al. observed that, when
amphiphilic pyrene (63) derivative treated with electron deficient nitro (64) derivative,
it forms a supramolecular CT amphiphile with self-assembly and morphological
features that are completely different from homotropic assembly of pyrene donor
(Figure 1.1.18a-c).*” When this design was extended to anionic pyrene derivatives (65)
and viologen (66), the resultant CT complex self-assembled in water like classical
surfactants and formed wormlike like micelles whose stiffness can be tuned with pH
(Figure 1.1.18d-f).%® Latter this design was extended to alkoxynaphthol (67) and
naphthalene diimide (68) CT pair and control over dimensionality of morphologies
such as 2D nanosheets and 1D nanofibers of these CT amphiphiles was achieved by
changing the size and shape of D/A molecule and through introduction of dual CT
interactions with pyrene donor (65) (Figure 1.1.19).®® However, performance of these
soft CT nanostructures on devices is not yet known.

supra-amphiphile

“H-shape” \

Figure 1.1.19. a) Molecular structures of D (67 and 65) and A (68) molecules and schematic
representation of the rational fabrication and programmable evolution of well-defined
nanofibers and nanosheets by supramolecular engineering of supra-amphiphiles having dual
CT interactions. TEM images of b) 67-68-65 mixed CT nanofibers and b) 67-68 CT nanosheets
in pH 9 buffer solution [reproduced from ref. 69c].
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Figure 1.1.20. a) Molecular structures of TTF donor (69 and 71) derivatives and F,TCNQ
acceptor (70). b) Time-dependent UV/Vis spectra of 1:1 mixture of 70 and 71 in 50%
chloroform-methanol solvent mixture (0.1 mM). Inset shows the photo-graph of solution color
changes of CT complex at 0 and 4 h. ¢) |-V curves of state A (star) and state B (triangle)
respectively. Inset shows the respective optical microscopy images (transmittance mode) of the
nanostructures between the gold electrodes [reproduced from ref. 70].

We have recently investigated the supramolecular self-assembly of non-covalent CT
complexes of amphiphilic (69) and hydrophobic (70) TTF derivates with F,TCNQ (71) (Figure
1.1.20a).” In case of amphiphilic TTF (69), we have observed a morphology transition from
spherical particles to nanorods upon co-assembly with 71. On the other hand, 70 alone form
nanofibers in chloroform-methanol mixture which is retained in its CT complex state with 71.
Interestingly, the latter CT complex showed spontaneous molecular reorganization between D
and A molecules from MS (state A) to segregated (state B) stacks within 4 h owing to their
dynamic behaviour (Figure 1.1.20b). Two probe electrical measurements on these CT fibers in
both states showed conductivity in the order of 10° S/cm (Figure 1.1.20c). Latter, we have
achieved MS-CT 1D nanostructures having high mobility/conductivity with improved
molecular design of D and A molecules which are discussed in Part-3.1 of this thesis.
Moreover, MS-CT interactions are also extensively utilized by Scherman et al. for
supramolecular cross-linking of covalent polymers to create stimuli responsive supramolecular

materials.”
1.1.4 Conclusions and Outlook

In conclusion, amphiphilic and MS-CT strategies are proved to be very useful to
improve the optoelectronic functions of self-assembled n-systems. However, only few =-
conjugated oligomers and polymers’ have been investigated in this direction and amphiphilic
self-assembly can be extended to many potential m-systems. Most of the photovoltaic devices
investigated so far were with non-amphiphilic n-conjugated oligomers/polymers and we believe
that introducing amphiphilic interactions to these molecules can improve the morphology of
active layers and thereby an increase in their photo-conversion efficiency. In addition, MS-CT

combined with amphiphilic interactions can adopt the benefits from both the approaches and
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can yield well defined self-assembled nanostructures with excellent charge-transport properties.
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PART-1.2
Organic-Inorganic Light-Harvesting Scaffolds for

Luminescent Hybrids

Abstract

In this section, a brief overview on organic-inorganic light-harvesting scaffolds for solid-
state luminance applications is provided. Luminescent light-harvesting organic-inorganic hybrid
materials form a curious field not only because of its potential to deal with a variety of device
related challenges but also because it breaks new ground with the current trend of merging both
organic and inorganic functionality. This section is majorly focused on design principles and
luminescence properties of four types of organic-inorganic light-harvesting scaffolds, Periodic
Mesoporous Organosilica (PMO), dye loaded Zeolites, Multilayered Inorganic Minerals (MIMs)
and Metal-Organic Frameworks (MOFs). The design principles and challenges associated with
these materials motivated us to formulate the aim and scope of second half of this thesis towards
luminescent soft-hybrids.

Organic-Inorganic Light-Harvesting Scaffolds

Dye loaded MIMs
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1.2.1 Introduction

Light-harvesting multi-chromophoric synthetic scaffolds offer a promising option for the
design of functional materials with high and tunable luminescence.! These artificial photonic
antennas made up of donor (D) chromophores can harvest the light to the acceptors (A), which
are incorporated either covalently or non-covalently, via a Forster Resonance Energy Transfer
mechanism (FRET). However, in order to parallel the nature’s efficiency, well defined,
hierarchically organized chromophores, analogous to the anisotropic chlorophyll arrays are
crucial for efficient energy migration. Most studied among this has been the use of
supramolecular assemblies of organic chromophores, in which the molecular organization is
guided by the non-covalent forces.? Although, they have excellent solution processability, they
lack in monodispersity and invariably lead to decrease in emission due to strong intermolecular
n-n interactions. In this respect, scaffolding of organic fluorophores using structurally ordered
inorganic materials has emerged recently as an attractive and efficient design for luminescent

materials.®

Inorganic counterparts serve as ideal materials for the highly ordered scaffolding of
organic chromophores, because of their characteristic nanoscopic periodicity and/or well-defined
pore channels. The nanostructured periodicity present in the inorganic component can be
translated for the spatial organization of the chromophores via co-polymerization or co-assembly,
whereas the nano/micro channels can host non-covalently embedded organic chromophores in
their channels. Thus in these organic-inorganic scaffolds inter-chromophoric interactions are
minimized resulting in highly luminescent hybrids. In addition these multichromophoric hybrids
provide highly organized arrays of donor and acceptor molecules for efficient light harvesting,
which facilitate the tuning of emission colour. Advantages of synthetic simplicity and
transparent nature (important for luminescent devices) compared with the organic assemblies are

extra add ons.

In this section, various organic-inorganic light-harvesting hybrid scaffolds designed
recently for tunable luminescence are described. This section is majorly focused on the
luminescent hybrids based on Periodic Mesoporous Organosilica (PMO), dye loaded Zeolites,
clay sheets (Multilayered Inorganic Minerals (MIMs)) and Metal-Organic Frameworks (MOFs).
In PMOs the co-organization with organics is based on taking advantage of their periodic
covalent arrays as well as mesoscopic channels. Whereas, in other materials like Zeolites, MOF
or clay, nanopores, channels and interlayer galleries were used, respectively for incorporating

chromophores.
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1.2.2 Periodic Mesoporous Silica (PMO)

PMO is a product of a polycondensation between organosilane precursors.* The whole
process is soft-templated by a surfactant with its aggregate dimensions and packing giving the
resultant silicate its porosity and periodicity.> The structure of the final material contains
hexagonally packed mesoporous channels (meso channels) surrounded by the silicate cross-
linked organic moiety (walls). Co-condensation of more than one organosilane precursors has
also been extensively employed for PMO synthesis to tailor the density of functionalization on its
surface as well as to render them with multi-component features.®’ The organization of
chromophores in the PMO wall along with appropriate guest molecules in their meso-channels
makes it a versatile donor scaffold for FRET process (Figure 1.2.1a).

One of the major challenges to achieve such a goal was to synthesize a crystalline wall
structure with organic chromophores. This challenge was overcome by Inagaki and co-workers
by making use of a directional supramolecular strategy where m-stacking in tandem with
hydrophobic interactions of a benzene silane derivative has been used.® This was a major
breakthrough because it paved the path for densely and covalently embedded ordered
chromophores in PMO wall. Also, despite having high density of chromophores, the structural
versatility of PMO allows their spatial separation without giving any room for aggregation to
yield high solid-state fluorescence quantum yield of these hybrids. Consequently, a plethora of
chormophores’ such as oligophenylenevinylenes (OPV), anthracene, divinylazo-benzene and
benzoimines have been used to design luminescent PMOs. Lack of inter-chromophoric
interactions in these hybrids is supported by the high rotational mobility around the Si-C bond
which has been probed by NMR spin relaxation experiments. In naphthalene functionalized
PMOs, monomeric emission was observed from the crystalline solid powder.? Similarly, in OPV
derived PMOs aggregation was discouraged by the alkoxy groups present on the chromophore®

Apart from the chormophores embedded in PMO walls, their pores can host a variety of
hydrophobic and hydrophilic molecules, their position in the pore however can vary. For
example, hydrophilic dye molecules such as coumarin and rhodamine are concentrated near to
the polar head of surfactant micelle (near to wall), whereas hydrophobic guests such as ruberene
tend to be embedded in the hydrocarbon tails of micelle (at the pore centre).’

An intriguing single molecular diffusion study of dyes in the surfactant micelles inside
porous channels of PMO films not only showed their 1-dimensional diffusion confirming
presence of long channels, it also shows their size dependence on the diffusion distance.
Importance of this study lies in the fact that photo processes like FRET are highly dependent on

direction of molecular dipole, which in turn is caused by rotational dynamics.™
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Figure 1.2.1 Schematic representation of energy transfer process in chromophore embedded
PMO. b) Molecular structures of donor-silane precursors and acceptor dyes. c¢) Fluorescence
spectra for 72/73-PMO powders with 0-2.35 mol% of 73 [reproduced from ref. 11].

Si(OEt)s

A powerful PMO derived light harvesting system can emerge combining their ability to
have chormophores in two separate compartments (walls and mesochannels), which has been
exploited by Inagaki and co-workers. D-A compartmentalization in PMOs was reported initially
using biphenyl (72) bridges as donors and coumarin dye (73) encapsulated in the mesochannels
as acceptors (Figure 1.2.1a and b)."* FRET process was investigated in both film and powder
forms loaded with different mol% of 73. Increase in the percentage of 73 loading resulted in
concomitant decrease in biphenyl emission and increase in intensity of 73 (Figure 1.2.1c). The
guantum yield of the material doubled by addition of mere 0.8% of 73 with nearly 100% FRET
efficiency. Similar strategy was later used to design visible light-harvesting PMO with acridone
(74) bridges and DCM (76) dye channels. Use of n-methylated acridone silanes (75) further
enhanced the transmittance (> 93%) of these PMOs by disrupting the intermolecular interactions
mediated by H-bonding.*? This concept has also been used for amplified metal sensing.™

Use of FRET in PMO subsequently has led to the development of materials with tunable
emission so as to achieve multiple colours with an ideal combination of them to get even a white
light emission. Partial energy transfer (ET) from PMOs bridged with highly blue emitting dyes
such as tetraphenylenepyrene (77) or oligophenylenevinylenes (78) to yellow emitting dyes such
as rhodamine (80) or ruberene (79) resulted in the white light.*

Light-harvesting process was investigated in dye doped PMOs prepared in two different

methods. The first one is a pre-synthetic method where donor silane and acceptor molecules were
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added together to the surfactant micelle solution followed by silica condensation reaction to make
antenna PMOs. The second method is a post-synthetic approach where donor PMO scaffolds
were soaked with acceptor solution to make antenna materials. Even though, ET efficiency was
found to be more efficient in the later approach, former one is more preferred in the view of
device fabrication. This is mainly due to its ease of solution processability, because the solution
having all the precursors to make PMO antenna can be drop-casted on required substrate before
condensation (Figure 1.2.2a). Using this pre-synthetic method, highly luminescent and
transparent light-harvesting PMO films were made on glass substrates and prototype LEDs
coated with PMOs were also demonstrated (Figure 1.2.2b).
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Figure 1.2.2. a) Schematic representation for the pre-synthetic method for the design of light-
harvesting PMO films and b) photographs of multicoloured luminescent films and prototype
white LED thus prepared [reproduced from ref. 14].

As summarised above PMOs are excellent materials for light harvesting and related
applications. An added incentive however here is that apart from having great adaptability in

terms of function, their morphology is very well controllable.
1.2.3 Dye Loaded Zeolites

Zeolites comprising of nanochannels with uniform pore diameters can act as a template for
the 1-D end-to-end organization of fluorophores. This characteristic makes it a unique substrate
that opens up many avenues in light-harvesting hybrids. Among a wide variety of zeolite
materials, hexagonal Zeolite L crystals (ZLCs) have been extensively used due to their two major
advantages. Firstly, because of their ability to organize both neutral and cationic dye molecules
inside their anionic tubular nanochannels and secondly due to the ease of synthesis of these

materials."® To incorporate the dyes inside ZLCs methods like ion-exchange and vapour
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deposition are used with latter being for neutral dyes and former for cationic. The well-defined
diameter of 7.1 A, of these nanochannels allows the dyes to organize in a longitudinal fashion
without any 7-m interaction even at high concentrations.”® This anisotropic organization of
molecules is further responsible for efficient 1D hopping of excitons and polarized emission

which can be further trapped at desired positions of ZLCs via FRET.
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Figure 1.2.3. Molecular structures of various D, A and stopcock molecules used to load in ZLC
channels.

One of the unique advantages of Zeolite based systems is that, different molecules can be
sequentially encapsulated into the nano-channels, thereby providing the flexibility of placing the
desired D and A chromophores at predetermined positions. One of the FRET pair extensively
investigated in ZLCs are green emitting pyronine (81) and red emitting oxonine (82) owing to
their cationic nature and efficient spectral overlap (Figure 1.2.3).” ZLC nanochannels loaded
with 81 in the middle and 82 at either ends showed a very fast energy migration from 81 to 82,
thereby amplifying its solid-state quantum yield close to unity (Figure 1.2.4a and b)."®

Multicoloured luminescent materials ranging from green to red could also be obtained by
the random loading of D (81) and A (82) molecules in different compositions, thereby controlling
the extent of energy transfer. Taking again the advantage of the sequential incorporation of dyes
in zeolite channels multiple acceptor molecules can also be loaded to facilitate a directional,
cascade energy transfer.®?° In order to construct one such systems, first nanochannels were
loaded with neutral blue emissive 83 or 84 via gas phase double ampoule method followed by
loading of 81 (green) and finally of 82 via ion exchange, thus locating red dyes (82) at the
channel ends. In this three chormophoric hybrid system, intense red emission due to 82 was

observed at the ends of ZLCs because of cascade energy transfer. Additionally they also showed
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white luminescent regions due to the superposition of the fluorescence of all three dyes apart

from the blue and red regions of individual dyes.

Figure 1.2.4. a) Schematic representation of ET process in ZLC loaded with D (green) and A
(red) molecules. b) Emission spectra of 81-ZLC crystals loaded with increasing amounts of 82
[reproduced from ref. 18a]. ¢) Schematic representation of stopcock plugged ZLC based
antenna. FM images of 2um sized 82-ZLC modified with two stopcocks (85) per channel upon
exciting d) 85 and e) 82 [reproduced from ref. 21]. The emission spreading out of the crystals
border is due the presence of stopcocks. Schematic illustration of the ET process in f) ZLCs
loaded with fluoro benzophenone and the erbium (I1I) ions, and g) QDs modified 82-ZLC
channels [reproduced from ref. 23b].

A “stopcock” molecular design has been elegantly introduced to end-cap the ZLCs with
a bulky chromophore which can further act as an extraction/injection point of excitation energy
(Figure 1.2.3c). Stopcock molecules contain a large dye (D/A) molecular head appended by a
flexible tail (85 and 86). The bulky chromophoric head cannot enter the ZLC channels, whereas
the flexible tail ensures the anchoring of these molecules at the channel entrances. This concept
was first demonstrated with two BODIPY derivatives 85 or 86 as stopcocks (Figure 1.2.3 and
1.2.4c-e).”* When 81-ZLCs were end-capped with two 85 molecules per channel, emission from
stopcock was observed, as a result of ET from 81. Similarly, when 82-ZLCs were modified with
86, efficient injection of electronic excitation energy into the ZL.Cs was observed due to energy
transfer from stopcock. Fluorescence microscopy images indeed showed the emission spreading
out of the crystals border due to the presence of stopcock molecules (Figure 1.2.4d and e). This

concept was extended with a variety of n-conjugated stopcock molecules.?

The excellent light-harvesting properties of dye loaded ZLCs were further extended to
create composite antenna materials by conjugating them with inorganic luminescent components
such as lanthanide ions and quantum dots QDs. ZLCs loaded with fluoro benzophenone dyes and
erbium (III) ions showed FRET induced NIR emission at 1.54 um with a quantum yield of 2.5%
(Figure 1.2.4f).%® In another interesting approach by De Cola et al. QDs were conjugated on dye

33



PART-1.2

loaded ZL Cs for better spectral coverage and injection of excitation energy from QDs to the dye
molecules (Figure 1.2.4g).** This has been demonstrated using 82 loaded ZLCs decorated with
green emitting amine capped CdSe/zZnS core-shell QDs through non-covalent interactions on

their surface.
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Figure 1.2.5. a) Schematic representation of dye—ZLC organization in oriented monolayers. b)
FM images of 82-ZLCs organized by a surface-tension-driven self-assembly process [reproduced
from ref. 27]. ¢) FM images of the alternate longitudinal assembly of 82-ZLC and 81-ZLCs
mediated by metal-coordination [reproduced from ref. 28]. d) FM images of red emitting ZLCs
embedded in the polymer nanofibers [reproduced from ref. 29]. e) Schematic of ZLCs embedded
in a polymer matrix for processability. f) Photographs of processable dimethyl derivative of 83
loaded ZLCs with CR39 polymer under ambient (left) and under UV illumination (right)
[reproduced from ref. 31].

Several efforts have been made to integrate and to improve the device performance of
dye loaded Zeolite antenna materials by organising them on surfaces.?® In this respect, oriented
monolayers of dye—zeolite crystals in which the crystals are longitudinally aligned on a surface
would be highly beneficial because of the anisotropic nature of the energy-transfer along the
length of ZLCs (Figure 1.2.5a).° Covalent linking of ZLCs to the glass surfaces using Cgo as a
linker yielded stable monolayers with good mechanical strength. Furthermore, hexagonal arrays
of 82-ZLCs obtained by a surface-tension driven self-assembly, which exhibited bright polarized
emission (Figure 1.2.5b).%" Longitudinal end-to-end assembly of ZL.Cshave been achieved with
anthracene derived stop-cock molecules due to the m-m interactions between the anthracene

aromatics. Alternatively, zinc-terpyridine coordination bonds have also been used for the linear,
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alternate co-assembly of green and red emitting ZLCs (Figure 1.2.5c).” These could be helpful

in nano-barcode devices.

In order to address the solution processability of ZLCs, attempts such as conjugating
them with organic polymer chains or embedding them in polymer matrixes have been made.
Electrospinning the mixture of dye-loaded zeolites with polymers such as poly(ethylene oxide)®
gave composite nanofibers (Figure 1.2.5d).¥ By conjugating ZLCs with Columbia Resin 39
(CR39), highly transparent and fluorescent monoliths of polymer-Zeolite composites have been
made (Figure 1.2.5e-f).*

1.2.4 Dye Loaded MIMs
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Figure 1.2.6. a) Molecular structures of cationic D and A molecules used in energy transfer
experiments. b) Fluorescence spectra of 87 (10 uM) and 88 (0-6.36 uM) in the presence of
BAZrP (0.00896 by weight) [reproduced from ref. 32].

Clays are the multilayered inorganic materials (MIMs) that can be synthesised so as to
tune their surface charge characteristics. Moreover these layers act as a platform to organize the
dye molecules in their interlayer galleries to facilitate light-harvesting among the organized
components. However, only charged molecules can be incorporated into these MIMs via ion
exchange. First demonstration on MIMs as energy transfer platforms was given by Kumar et al.*
using anionic a-zirconium phosphate (a-ZrP) layers and ammonium (cationic) derivatives of
naphthalene, anthracene and pyrene (Figure 1.2.6). To enhance the binding of hydrophobic dyes,
a-ZrP was absorbed with butylamine hydrochloride (BAZrP). Efficient excitation energy
transfer was observed from 87 to 88/89 in the presence of BAZrP as evidenced from the efficient
quenching of 87 emission with increase of 88 concentration (Figure 1.2.6b). In addition,

amplification in 88 emission when 87 was excited further indicates the efficient energy migration
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between D molecules in the present system. Interestingly, the absence energy transfer from 87 to
88/89 when there is no BAZrP due to the absence of spatial organization provided by inorganic
platform (BAZrP).

Dye loaded clay sheet

| Size matching:a = b |

Figure 1.2.7. a) Molecular structures of D/A cationic porphyrins and b) schematic
representation maximum adsorption of these molecules clay surface due to size matching effect.

Later Inoue and co-workers have utilized Sumecton SA (SSA), an anionic clay as host to
promote energy transfer between various cationic porphyrins (90/91 to 92) (Figure 1.2.7).® To
control the aggregation of the porphyrins, the surface charge density of clay has been modulated
by using various ratios of inorganic precursors. The net charge on a clay sheet was determined by
a factor called as cationic exchange capacity (CEC).*® Experiments with clay of varied CEC
suggested that a high density of dye organization on surface occurs when inter charge distance on
the clay matches with the inter charge distance on the chromophores structure (size matching
effect) (Figure 1.2.7b).3* By using this size matching methodology, clay surfaces with densely
packed D and A porphyrins exhibiting a very efficient energy transfer were obtained.
Interestingly, in these hybrids the energy transfer mode differed for different loadings of the
porphyrins.®* At lower chromophores loadings (< 0.2%) intra sheet energy transfer was observed
whereas with increased loadings (>20%), an inter sheet mechanism predominates because of the
decreased distance between adjacent clays. An alternative explanation of dye exchange was ruled
out due to the lack of dye dynamics after being adsorbed on the clay surface. Despite having
excellent light-harvesting properties, these anionic clays tend to aggregate in water which
hampers their solution processability. We have addressed this issue by selecting soluble clay

sheets and their efficient solution state co-assembly with luminescent D and A dyes led to the
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formation of solution processable luminescent light-harvesting hybrids which are discussed in
Part-2 of this thesis.

1.2.5 Metal Organic Frameworks (MOFs)

a) Strutto strut b) Strutto guest

Figure 1.2.8. Schematic representation of a) strut to strut and b) strut to guest energy transfer
process in MOFs.

MOFs are 3-D crystalline structures formed via the co-ordination between a metal ion
and a multi-functional rigid organic spacer.*® This design endows the MOFs with inherent
porosity as one of the essential properties of these materials. MOFs have emerged recently as
light-harvesting hybrid materials, because of the use of chromophores as linkers or struts between
metal nodes. This organization, due to co-ordination, provides an efficient way to spatially
disperse these chromophores hence creating a photoactive scaffold. Two design strategies have
been used so far for the design of light-harvesting MOFs (Figure 1.2.8). Firstly, both D and A
chromophores being a part of the structural framework as linkers in order to promote a strut-to-
strut energy transfer and secondly, the exploitation of the inherent porosity of MOFs by
incorporating an acceptor into the donor framework to facilitate strut to guest energy transfer.

Hupp et al. have extensively investigated light-harvesting properties of porphyrin derived
MOFs. Elegantly designed pillar-paddle wheel structured MOF having zinc porphyrintetraacid
(93) as a paddlewheel and pyridine functionalized boron dipyrromethene (94) as pillar showed
very efficient energy transfer from pillar strut to paddlewheel strut (Figure 1.2.9, 1.2.10a and b).*
The efficient energy transfer between these geometrically orthogonal struts is attributed to the
slight deviation of their root-mean-square value of the angle from 90°. In addition the clever use
of Zn" with d*° configuration as metal nodes prevented the quenching of struts due to any ligand-
to-metal charge transfer. Interestingly MOFs constructed from dipyridylporphyrins (95 and 96) as
pillars showed very efficient exciton migration up to forty-five porphyrin struts.*” Surface
functionalization of these MOFs with CdSe/ZnS core/shell QDs® resulted in efficient energy-
transfer (>80 %) from the later to the framework ligands, resulting in novel light-harvesting

composite materials having broad spectral coverage in the entire visible region.
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Figure 1.2.9. Structures of molecules used as struts and guests in the synthesis of light-harvesting
MOFs.
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Figure 1.2.10. a) Photographs of 93+94-MOF crystals and their dispersion in ethanol. b)
Emission spectra of 94-MOF with and without 93 [Figure 1.2.10a and b, reproduced from ref.
36]. ¢) TEM image of 97+98-Zn(OAC), nMOFs and their dispersion in DMF [reproduced from
ref. 39]. d) SEM image of Gd'"' (97+2% 100) nMOFs and their dispersion in DMF [reproduced
from ref. 40b].

Scaling down these MOF macrocrystals into nano-regime would be advantageous in
order to increase their solution dispersibility (Figure 1.2.10c and d). Loh et al. first demonstrated
nanoscale MOFs (nMOFs) by the use of ligands having flexible alkyl chains.** nMOFs,
constructed from oligomeric fluorine diacid (97) having hexyl chains and zinc nodes, showed
nanowire morphology with excellent dispersion ability (Figure 1.2.10c). These nanowires further
showed efficient energy transfer to encapsulated red emitting trans-4-styryl-1-methyl-

pyridiniumiodide (98) acceptor molecules. This approach was further extended by Uvdal et al.
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with several derivatives as struts and lanthanide ions as nodes (Figure 1.2.9).*° When 99 was

treated with various Ln""

ions, crystalline thin nanodisks were obtained with long dispersion life
time and excellent luminescence properties. NMOFs made from Gd", also showed efficient
energy transfer to the entrapped 98 acceptors.“® Antenna materials have also been made by using
structurally similar D and A ligands during the nMOF synthesis with Gd"'. Mixed ligand nMOFs
constructed from 97 donors and oligofluorenone (100) showed bright white-light emission due to

partial strut-to-strut energy transfer (Figure 1.2.10d). *®

1.2.6 Conclusions and Outlook

To summarize, we have given a detailed account of the various methodologies adopted to
harness energy transfer in organic-inorganic hybrid materials. Even though single component
materials are shown to have efficient luminescent properties, multicomponent light-harvesting
systems provide easy access to tuneable emission and better spectral coverage. These hybrid
materials are simple to synthesize and have a good control on their internal structure such as
periodicity and surface charge. In order to address the solution processability of these hybrids,
various ways have been exploited such as the formation of thin films in PMOs, polymer
encapsulation in zeolites, and downsizing to nano level in case of MOFs. Though first three have
reached a pretty convenient phase on this issue, we believe that similar strategies are to be
employed in case of MOFs as well, which actually is the youngest member among the four. It
would be unwise to believe that the tale ends here. There are many challenges, diversifications
ahead awaiting these materials for example since organic-inorganic hybrids composed of ionic
chromophores, they can be exploited for light-emitting electrochemical cells. Another big
challenge is to couple this energy transfer process with an electron transfer and this can well be
the next frontier for these materials. The high solid state quantum yield and aqueous stability
(except MOFs) of these materials would be advantageous for use in photocatalysis and water
splitting. This would be further helpful for improving the efficiencies of solar-cells by an
appropriate coupling with the light-harvesting system.“* Also, fluorescence detection of analytes
can be achieved with greater selectivity by using the amplified fluorescence of acceptor via
energy-transfer as in light-harvesting hybrids.** This has been achieved in case of PMOs but is
yet to be translated in other hybrids.

Since the inorganic hosts used in the design of light-harvesting hybrids are environmental
friendly, readily available and takes major weightage of the total material, these systems can
serve the purpose of pure organic materials in a cost effective and echo friendly manner. Also,
recent development on soft-luminescent hybrids seems to be a potential test-bed for various

optical applications and it is worth extending this strategy to other functional chromophores.
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PART-2.1
Synthesis, Controllable Self-Assembly and Optoelectronic

Properties of Novel n-Type Coronene Bisimide Amphiphiles*

Abstract

In this section, an amphiphilic design strategy for an efficient electron transporting
chromophore based nanostructures is described. For this purpose, we have designed and
synthesized two new n-type coronene bisimide (CBI) amphiphilic derivatives, Amph-CBI and
Bamph-CBI decorated with polar glycol and non-polar dodecyl chains to trigger amphiphilic
self-assembly in polar solvents such as water and methanol. This ensures efficient z-z
interaction between chromophores in the self-assembled nanostructures due to the strong
hydrophobic interactions. Amphiphilic self-assembly of both the derivatives showed the
formation of well defined nanostructures with tunable morphology and luminescence depending
on the ratio between good and poor solvents. Field effect transistor (FET) devices made from
these self-assembled nanostructures showed high electron mobility in the order of 10 cm?/V.s,
suggesting the importance of amphiphilic design strategy to create nanostructures with efficient

charge transport suitable for nanoelectronics.

Amphiphilic CBIs

*A Paper based on this work has appeared in Org. Lett. 2010, 12, 2656-2659; Manuscript under

preparation.
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2.1.1 Introduction

Ever since the advent of organic semiconductors in optoelectronic devices, the effect of
structure and organization of the functional w-conjugated components on the performance of
these devices has received continuous attention.® In this context, several attempts have been
made in recent years to synthesize new n-conjugated systems and to control their self-assembly
by utilizing various non-covalent interactions such as H-bonding, n-r stacking and solvophobic
interactions.? However, self-assembled nanowires of these m-conjugated oligomers® often
showed poor performance on devices than their single crystals and vacuum deposited thin
films* due to the absence of the long-range molecular ordering. Moreover the presence of
solubilizing side groups often disturbs the supramolecular order and n-n stacking between the
chromophores thereby making them less efficient for hole/electron transport. In this context,
self-assembly of =-conjugated oligomers through amphiphilic interactions would be more
promising for improving mesoscopic order.” These amphiphilic n-conjugated molecules can
self-assemble in polar solvents such as water like a classical surfactant to yield well defined
nanostructures with tunable morphology.® Moreover, to overcome repulsive interactions with
polar solvents, chromophores stack efficiently with smaller n-n distances. This further would

give rise to less dynamic and stable self-assembled stacks.’

Although, several efforts have been made to self-assemble electron-rich aromatic cores
to generate p-type semiconducting supramolecular stacks,® only a limited number of electron-
acceptor molecules such as perylene bisimides® and fullerenes,'® are exploited for the design of
assemblies with n-type mobility."* Recently amphiphilic self-assembly of p-type oligo(p-
phenylenevinylene)s and butterfly shaped thiophene oligomer are shown to form well ordered
free standing sheets with enhanced mobilities.”” Moreover, self-assembled nanotubes of hole
transporting amphiphilic hexabenzocoronene (HBC) are known to have excellent charge
transport properties.®> Hence, we envisaged that an amphiphilic design of n-type chromophore
would be an ideal choice to achieve highly ordered self-assembled nanostructures for improved
electron transport. Self-assembled nanostructures of amphiphilic n-type perylene bisimides
(PBIs) have been well studied, however they are shown to have significant electron transport
only after external doping.*® Therefore, the synthesis and organization of novel new n-type
organic semiconductor materials is crucial for the development of organic and supramolecular

electronics.”

In this regard, coronene bisimides (CBIs) can be potential n-type semiconductors
owing to their large planar m-surface, ability to have strong n-m interactions and can be made
solution processable through functionalization.* Strong intermolecular interactions between the

extended planar aromatic cores of these derivatives are expected to result in higher charge

46



Self-Assembly and Optoelectronic Properties of CBI Amphiphiles

carrier mobilities and hence can emerge as an alternative to the well-studied class of n-type
perylene bisimide (PBI) molecules as potential electron transport materials. Interestingly,
diimide, tetraester and imidoester derivatives of coronene are known to be liquid crystalline.™*
Although various p-type coronene derivatives such as hexabenzocoronenes (HBCs) have been
exploited for the design of supramolecular one-dimensional nanostructures,®™ there is no

report pertaining to n-type coronene derivatives self-assembly.

b)

Bamph-CBI > Amph-CBI

C12H25NH2

Scheme 2.1.1. a) Molecular structures of amphiphilic CBIs (Amph-CBI and Bamph-CBl). b)
Scheme for the synthesis of amphiphilic CBIs.

In this section we describe the synthesis, self-assembly and optoelectronic functions of
a novel class of soluble n-type coronene bisimide amphiphiles (Scheme 2.1.1a). We have
rendered the coronene bisimide (CBI) amphiphile (Amph-CBIl), with a dodecyl and a
tetraethylene glycol chain, and bolaamphiphile (Bamph-CBI) with tetraethylene glycol chains
on both sides in order to promote a surfactant-like self-assembly in polar solvents.” The optical
properties and the morphology of the self-assembled coronene bisimide nanostructures are
controlled by the solvent composition. Depending on the ratio between good and poor solvent,
various self-assembled nanostructures such as nanotapes, nanotubes, nanorods and
nanoparticles were obtained. Field effect transistors (FETs) made from these amphiphilic
nanostructures showed electron mobilities in the order of 102 cm?V.s, which is one of the
highest values reported so far for n-type self-assembled nanostructures. More importantly, these
FET devices are found to be operative at ambient conditions, whereas many of the reported n-
type semiconductors are shown to be responsive to electric field, only under vacuum or inert
atmosphere.'®
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2.1.2 Design, Synthesis and Characterization

The amphiphilic CBI derivatives were synthesized by condensation reaction between
respective amines and coronene dianhydride (CDA) (Scheme 2.1.1b and see experimental
section). In the case of Amph-CBI, we have performed statistical reaction on CDA with glycol
and dodecyl amines and obtained Amph-CBI as the major product. All the products were
purified by a combination of column chromatography on silica gel and size exclusion
chromatography (Bio-beads, SX-3, chloroform). Both amphiphilic CBI derivatives have been
fully characterized by *H and *C NMR spectroscopy, matrix-assisted laser desorption
ionization mass spectrometry (MALDI-TOF-MS), high resolution mass spectrometry (HRMS)
and elemental analysis. Both amphiphiles are molecularly soluble in THF and chloroform, and
tend to form supramolecular aggregates in THF-water and chloroform-methanol solvent
mixtures. The UV/Vis absorption as well as fluorescence spectra of molecularly dissolved
Amph-CBI and Bamph-CBI in THF (1 x 10”° M) showed all the typical spectral features of
substituted coronene bisimides, reported in literature (Figure 2.1.1).* For both the derivatives,
an absorption band with a vibronic fine structure was observed between 425-500 nm, whereas
the absorption and fluorescence maxima appears at 339 nm and 486 nm, respectively.

2.1.3 Self-assembly in Solution

The self-assembly behavior of amphiphilic CBls in solution was first probed by optical
spectroscopic studies in THF-water solvent mixtures (Figure 2.1.1). Absorption and emission
spectra of amphiphilic CBIls in THF-water mixtures of different compositions showed
significant changes, consistent with the presence of aggregates at higher water percentages. For
example, addition of an increasing amount of water (20-90 %) to a molecularly dissolved
solution of amphiphilic CBIs in THF (¢ = 1 x 10° M) led to a gradual decrease in the intensities
of the absorption bands at 339, 452 and 481 nm with a simultaneous increase in the intensity of
the red-shifted bands at 355, 474 and 502 nm for Amph-CBI and 355, 472 and 506 nm for
Bamph-CBI (Figure 2.1.1a and b). In addition, for both the derivatives, a gradual decrease in
fluorescence intensity at 450-550 nm with the appearance of a new red-shifted, broad and
structure-less bands at higher wavelengths were observed upon the addition of the bad solvent
(water) into the THF solution of amphiphilic CBIs (Figure 2.1.1c and d). These features are
diagnostic of the =-r interactions of the CBI chromophores as a result of the self-assembly of
the amphiphiles and are similar to the J-aggregates of analogous perylene bisimide dyes.”
Self-assembly induced changes in fluorescence could also be monitored by naked-eye, which
showed different emission ranging from the green emission of molecularly dissolved
chromophores in 100 % THF to the orange-red emission of the aggregates in solvent mixtures

containing 90 % water (inset, Figure 2.1.1a). In case of Bamph-CBI significant aggregation
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was observed only above 60% of water, whereas Amph-CBI showed the formation aggregates
even at 50% water indicating better aggregation tendency of the latter CBI derivative.
Interestingly, UV/Vis spectra of Amph-CBI at 50:50 ratio and Bamph-CBI at 30:70 THF-
water compositions showed significant scattering, characteristic of large aggregates which
gradually disappeared at higher water percentages (80-98 %) indicating the presence of two-
different self-assembled structures for both CBI derivatives (vide infra). This is more evident
from the different emission maxima observed for Bamph-CBI in 30:70 (Aem, = 542 nm) and
10:90 (hem = 527 nm) THF-water mixtures (Figure 2.1.1d).

a)0.5- l . b) 0.4+
% of water in THF l % of water in THF
041 —0 THE ——> Water % 0.34 —0
— 30
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0.2 —70
0.2 A —90
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Figure 2.1.1. Absorption spectra of a) Amph-CBI and b) Bamph-CBI in THF-water mixtures.
Inset of Figure 2.1.1a shows the photographs of Amph-CBI in THF-water mixtures under 365
nm UV light. Normalized emission spectra of ¢) Amph-CBI and d) Bamph-CBI in THF-water
mixtures (¢ = 0.01 mM, | =4 mm, Ae. = 450 nm).

Dynamic light scattering (DLS) studies further supported the self-assembly and
different types of aggregates for amphiphilic CBIs in THF-water solvent mixtures (Figure
2.1.2a and b). In the case of Amph-CBI, at 50% of water in THF, large aggregates with
average hydrodynamic radius of 7 um were obtained, consistent with the scattering observed in
the absorption spectra (Figure 2.1.2a). However, further increase in water composition resulted

in significant decrease in the size of the aggregate, thus showing an average diameter of 75 nm
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in 90% of water. Similarly, in case of Bamph-CBI, hydrodynamic radius of aggregates at 70%
of water (~400 nm) is two times higher than at 90% of water (~150 nm) in THF (Figure 2.1.2b).
Since, the increase in water composition is generally expected to result in more efficient and
higher-order self-assembly, thereby an increase in the aggregate size, the unexpected decrease
in the DLS dimensions at higher water percentages could be attributed to a completely different

self-assembly (vide infra).
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Figure 2.1.2. DLS size distribution profiles of a) Amph-CBI (c = 0.1 mM) and b) Bamph-CBI
(c = 0.1 mM) with different amounts of water in THF. c) Absorption and d) normalized
emission spectra of Amph-CBI in CHCI;-MeOH mixtures (¢ = 0.01 mM, I= 4 mm).

We have also studied the self-assembly of Amph-CBI in chloroform-methanol
mixtures (Figure 2.1.2c and d). Similar to THF-water mixtures, increase in the methanol
content in chloroform induced the J-aggregation, as evident from the red-shifted absorption and
emission features at above 70% of methanol. However, compared to THF-water solvent
mixture, in chloroform-methanol solvent mixture more amount of poor solvent (methanol) was
required to induce significant aggregation in Amph-CBI due to its more solubility in this
solvent mixture. Moreover, we have not observed two-different self-assembled structures in

chloroform-methanol solvent mixture as in THF-water solvent mixture.
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2.1.4 Morphology Studies

nanotubes

glycol

chain
e D
1:1 3:97
(THF-Water) (THF-Water)
dodecyl
chain
Amph-CBI

Figure 2.1.3. a) FE-SEM image of Amph-CBI nanotapes formed in 1:1 THF-water. b) TEM
image of Amph-CBI nanotubes formed in 3:97 THF-water. FE-SEM images of Bamph-CBlI; c)
nanorods formed in 30:70 THF-water and d) nanoparticles formed in 10:90 THF-water
mixtures. ) AFM and f) TEM images of Amph-CBI nanotapes formed in 1:1 THF-water. AFM
images of Bamph-CBI g) nanorods formed in 30:70 THF-water and h) nanoparticles formed in
10:90 THF-water mixtures. i) Schematic representation of the bilayer self-assembly of Amph-
CBI to nanotapes (left) and nanotubes (right). All morphology studies were performed with 0.1
mM solutions of amphiphilic CBIs.

In order to get insight into the morphology of the self-assembled amphiphilic CBlIs,
detailed microscopic studies have been preformed (Figure 2.1.3). Remarkably, the observed
differences in the dimensions of aggregates from DLS measurements is clearly reflected in the
microscopic images, where large nanostructures were observed for both amphiphilic CBIs from
the samples made from the lower percentages of water than the high percentage (Figure 2.1.3a-
d). Amph-CBI in 50% THF-water solvent mixture showed long twisted nanotapes whereas the
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corresponding 90% water in THF solvent mixture showed the formation of small nanotubes
(Figure 2.1.3a and b). Similarly, Bamph-CBI also showed the formation nanorods at 70% of
water and small nanoparticles at 90% water in THF (Figure 2.1.3c,d,g and h). The differences
in the dimensions of these nanostructures are consistent with the observed changes in the
hydrodynamic radius from the DLS measurements. This unambiguously suggest the formation

different nanostructures in solution via self-assembly and not due to any surface drying effects.

The supramolecular nanostructures of Amph-CBI were further investigated in detail to
understand the molecular packing in the self-assembled nanostructures. In case of Amph-CBlI,
the self-assembly can be envisaged to involve the stacking of bilayers of the Amph-CBI along
the m-m stacking direction of the chromophore, characteristic of surfactant-like molecules.
Detailed AFM investigation of the nanotapes showed a thickness of 30-40 nm, which could be
due to the presence of multi-bilayers along the height of the tapes (Figure 2.1.3e). The presence
of multi-bilayers is further supported by the TEM analysis of the self-assembled tapes that are
negatively stained with uranyl acetate which showed a clear contrast for different layers with a
thickness of 3.5 nm, at the twisted edges of the nanotapes (Figure 2.1.3f). These dimensions are
in good correlation with the bilayer packing of the amphiphiles (excluding the hydrophilic
part), in which the two hydrophobic chains are fully interdigitated at the interior, implying that
the molecules are positioned with its long axis perpendicular to the =n-r direction in the bilayer.
Based on these observations the proposed molecular organization in the supramolecular tapes
are schematically shown in Figure 2.1.3i, in which the CBI amphiphiles are arranged in a side-
wise manner with it short-axis along the width of the nanotapes. The nanotubes Amph-CBI
formed at high percentages of water (90-99 %) showed the presence of uniform width having
an average diameter of ~12 nm (Figure 2.1.3b). Thickness of the nanotube side-walls is
approximately 3.8 nm, which also matches with the interdigitated bilayer arrangement of
Amph-CBI (4 nm), indicating that most of the nanotubes are single-walled (Figure 2.1.3i).
These nanotubes might have been formed by the rolling of CBI bilayer sheets, as frequently
observed in the case of surfactant molecules. It is evident that the morphology of the self-
assembled Amph-CBI depends on THF-water solvent composition, although the molecular

arrangement in both cases favors typical bilayers.

The self-assembled nanorods and nanoparticles of Bamph-CBI in solution are further
studied using confocal laser microscopy (Figure 2.1.4a and b). The measurements were carried
out by sealing the nanostructures solutions formed in THF-water mixtures between two glass
cover slips. When samples were exposed to 453 nm laser, bright green fluorescent nanorods
and nanoparticles were observed in THF-water mixtures. This further confirm the existence of

Bamph-CBI nanostructures with distinct morphology in solution which are formed due to
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differences in the packing/process of self-assembly by chromophores in different ratios of good
(THF) and poor (water) solvents. Interestingly, FESEM images of Amph-CBI in 90:10
chloroform-methanol mixtures showed the formation of short nanorods having width of 30-50
nm and length of 500-800 nm (Figure 2.1.4c). In addition, TEM images of these rods stained
with uranyl acetate showed the presence of uniform nanoscale striations of ~4 nm (Figure
2.1.4d). This clearly indicates that, these nanorods are formed by lateral association of Amph-
CBI bilayers (4 nm) having interdigitated alkyl chains.

Figure 2.1.4. Confocal fluorescence microscopy images of Bamph-CBI; a) nanorods formed in
30:70 THF-water and b) nanoparticles formed in 10:90 THF-water mixtures. ¢) FE-SEM and
d) TEM images of Amph-CBI nanorods formed in 10:90 CHCI;-MeOH solvent mixtures.
Intensity profile in the inset of Figure 2.1.4d indicates the lateral association of Amph-CBI
bilayers in the nanorods. All morphology studies were done with 0.1 mM solutions of
amphiphilic CBIs.

2.1.5 OFET Device Characteristics

To validate the amphiphilic self-assembly of chromophores for enhanced charge
transport, we have fabricated organic field effect transistor (OFET) devices using both
amphiphilic CBI nanostructures as transport layers (Figure 2.1.5). CBI nanostructures formed
in solution were directly introduced on the dielectric layer to form top-contact, bottom-gated
FET structures. The observed positive output and transconductance curve with the applied
positive gate voltage indicates the n-type transport in these self-assembled nanostructures. The
estimated mobility is as high as 0.95-0.93 x10 % cm?V.s for self-assembled nanotapes and
nanotubes of Amph-CBI with an average mobility of 0.8 x10 % cm?/V.s (obtained from a set of
10 devices) (Table 2.1.1). Similarly nanorods of Bamph-CBI also displayed a high mobility of
0.75x1072 cm%V.s (Table 2.1.1). The current on/off ratios of all these nanostructures are good,
typically in the order of 10% (Table 2.1.1). However, nanoparticles of Bamph-CBI showed poor
mobilities typically in the order of 10™ cm?/V.s, probably due to the lack of long range 1D =-
stacking order (Table 2.1.1). Though electron mobility’” is more sensitive to defects and
external factors than hole mobility, the observed high electron mobility in amphiphilic CBI
nanostructures while operating at ambient conditions is probably due to their well defined order

as a result of amphiphilic self-assembly. This amphiphilic self-assembly approach is also
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recently employed in NIR absorbing diketopyrrolopyrrole polymers to improve their molecular

ordering, as a result these polymers exhibit high field effect electron mobilities (>1 cm?/V.s).*®
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Figure 2.1.5. a) and b) Typical output and transconductance curves for Amph-CBI tubes in
top contact bottom gate FET with L (channel length) =20 um, W (channel width) =1 mm and C
(capacitance per unit area of the gate insulator layer) ~ 4 nF/cm®. ¢) and d) Typical output and
transconductance curves for Bamph-CBI nanorods in top contact bottom gate FET with L =20
um, W=1 mm and C =4 nF/em?.

Table 2.1.1. Electron mobilities and on/off ratios of various nanostructures of amphiphilic
CBls

Morphology Hmax (CM?/V.S) Lo/ Lot
Nanotapes (Amph-CBI) 0.0095 100
Nanotubes (Amph-CBI) 0.0093 100
Nanorods (Bamph-CBI) 0.00756 100
Nanoparticles (Bamph-CBI) 10™ 100

54




Self-Assembly and Optoelectronic Properties of CBI Amphiphiles

2.1.6 Conclusions

In conclusion, we have described the synthesis and self-assembling properties of new
n-type coronene bisimide amphiphiles, decorated with polar glycol and non-polar dodecyl
chains. The amphiphilic nature of these molecules allowed their self-assembly in water similar
to classical surfactants, while promoting strong ©-w interactions between hydrophobic coronene
aromatic cores, to result in stable nanostructures. Interesting features of the present systems are
their diverse optical properties and self-assembled morphology of the self-assembly, which can
be fine-controlled by the solvent-composition. The OFET devices made from these self-
assembled CBI nanostructures of amphiphilic CBIs displayed high electron mobility in the
order of 102 cm?/V.s. Moreover, these functional chromophores could be further exploited for
efficient energy and electron transfer processes and are promising functional components for
mesoscopic optoelectronics.

2.1.7 Experimental Section

General Methods: Field Emission Scanning Electron Microscopy (FE-SEM) measurements
were performed on a NOVA NANO SEM 600 (FEI) by drop casting the solutions on glass
substrate followed by drying in vacuum and were operated with an accelerating voltage of 30
kV. Transmission Electron Microscopy (TEM) measurements were performed on a JEOL, JEM
3010 operated at 300 kV. Samples were prepared by placing a drop of the solution on carbon
coated copper grids followed by drying at room temperature. The images were recorded with an
operating voltage 300 kV. In order to get a better contrast, some samples were stained with
uranyl acetate (1 wt % in water) before the measurements. Atomic Force Microscopy (AFM)
measurements were performed on a Veeco dilnnova SPM operating in tapping mode regime.
Micro-fabricated silicon cantilever tips doped with phosphorus and with a frequency between
235 and 278 kHz and a spring constant of 20-40 Nm™ were used. The samples were prepared
by drop casting aggregate solutions on glass substrate and dried in air followed by vacuum
drying at 40 °C. Electronic absorption spectra were recorded on a Perkin Elmer Lambda 900
UV-Vis-NIR Spectrometer and emission spectra were recorded on Perkin Elmer Ls 55
Luminescence Spectrometer. UV-Vis and emission spectra were recorded in a 4 mm path
length cuvette. Fluorescence spectra of solutions were recorded with 450 nm excitation
wavelength. NMR spectra were obtained with a Bruker AVANCE 400 (400 MHz) Fourier
transform NMR spectrometer with chemical shifts reported in parts per million (ppm) with
respect to TMS. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
spectra were obtained on a Bruker ultraflex 2 MALDI-TOF mass spectrometer with o-Cyano-4-
hydroxycinnamic acid matrix. Dynamic light scattering Experiments (DLS) measurements were

carried out using a NanoZS (Malvern UK) employing a 532 nm laser at a back scattering angle
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of 173°. Confocal Microscopy imaging was done at room temperature using a Zeiss LSM 510
META laser scanning confocal microscope. The microscope objective of 63X (NA 1.4) and
20X (NA 0.5) were employed. Sample was prepared by sealing the solution between two glass

plates.

Field Effect Mobility Measurements: Field effect mobility measurements were performed on
top contact bottom gate transistor structures. The fabrication of the FET device involved
coating of Al electrode (10°° mbar, 40 nm thick) by physical vapour deposition on standard
RCA treated clean glass substrates. This was followed by coating of the dielectric layer of
hydroxyl free divinyl tetramethylsiloxane bis (benzocyclobutene) at 800 rpm for 1 min and
annealed in a glove box atmosphere at 290 °C. The effective capacitance per unit area (C) of
the dielectric films measured using Keithley 4200 semiconductor parameter analyser was found
to be ~4 nF/cm’ for films of thickness 0.5-0.6 um. The surface of the dielectric was further
treated with hexamethyldisilazane in liquid by spin coating at 1500 rpm for 30 s and annealing
at 110 °C for 2 h in N, atmosphere. This was followed by solution casting the nanostructures of
CBI amphiphiles in appropriate THF and water compositions to obtain the films of thickness
~300 nm. The source-drain Au electrode was also vapour deposited (10 ° mbar, 40 nm thick).
The electrical characterization of the FETs were done using a standard set up of Keithley 2400
Source meters and a high impedance electrometer (Keithley 6514). The measurements were
also cross checked with Keithley 2400 semiconductor parameter analyser. The performance
parameters of the devices were extracted in the saturation regime from the transconductance
characteristics curves by using the equation: lgs = (urerWC/2 L) (Vg—Vin)%, where Iy is the drain
current, W and L are respectively the channel width and length, C is the capacitance per unit
area of the gate insulator layer, and V4 and Vy, are the gate voltage and the threshold voltage,
respectively. The mobility values reported are the median values obtained from the
measurements performed on 10-15 devices in each case which are representative of the general

trends in these molecules.
2.1.7a Synthesis

CDA and 3,6,9,12-tetraoxapentadec-14-en-1-amine™® were synthesized according to the

literature methods and dodecyl amine was purchased from Merck.

Amph-CBI: Coronene dianhydride (CDA) (500 mg, 1.14 mmol), dodecylamine (320 mg, 1.73
mmol), 3,6,9,12-tetraoxapentadec-14-en-1-amine (410 mg, 1.73 mmol), imidazole (20 g) and
zinc acetate (317 mg, 1.73 mmol) were thoroughly mixed and heated with stirring at 140 °C for
overnight. Then the reaction mixture was transferred under hot conditions to a 1M HCI solution

and it was extracted with chloroform. The organic layer was repeatedly washed with 1M HCI
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followed by saturated NaCl solution and dried over anhydrous Na,SO,4 and then filtered. After
evaporating the chloroform the obtained brown colour crude product was purified by column
chromatography (silica gel, 100% chloroform to 5% MeOH in chloroform) and Bio-Beads (S-
X3) column chromatography to yield 23% of Amph-CBI (243 mg) as yellowish orange
powder. '"H NMR (400 MHz, CDCls): § 8.53 (d, J = 8 Hz, 2H, ArH), 8.44 (d, J = 8 Hz, 2H,
ArH), 7.57 (d, J = 9 Hz, 2H, ArH), 7.54 (d, J = 9 Hz, 2H, ArH), 5.85-5.92 (m, 1H, CH=CH,),
5.14-5.26 (m, 2H, CH=CH,), 3.97-3.99 (m, 4H), 4.1 (m, 2H), 3.73-3.55(m, 10H, OCH,), 3.89-
3.88 (m, 4H), 1.88-1.90 (m, 2H, CH,), 1.32-1.42 (m, 18H, CHy), 0.91 (t, J = 7 Hz, 3H, CHy);
3C NMR (100 MHz, CDCls): & 168.5, 168.3, 134.7, 127.2, 126.8, 123.0, 122.8, 121.9, 121.8,
119.9, 119.8, 117.1, 116.5, 72.2, 70.7, 70.7, 70.6, 70.6, 70.2, 69.4, 68.2, 38.1, 37.2, 31.9, 29.79,
29.7, 29.7, 29.6, 29.4, 29.3, 28.9, 27.1, 22.7, 14.2; MALDI-TOF MS m/z 845.41 [M+Na]",
862.09 [M+K]"; Analytical calculation for Cs;HssN,0g.0.5H,0: C 73.62 H 6.66, N 3.37. Found:
C 73.99, H 6.55, N 3.10.

Bamph-CBI: CDA (300 mg, 0.682 mmol), 3,6,9,12-tetraoxapentadec-14-en-1-amine (476 mg,
2.04 mmol), imidazole (16 g) and zinc acetate (188 mg, 1.024 mmol) were thoroughly mixed
and heated with stirring to reflux (150 °C) for overnight. Then the reaction mixture was
transferred under hot conditions to alM HCI solution and subsequently it was extracted with
chloroform. The organic layer was repeatedly washed with 1M HCI. Then the organic layer was
washed with saturated NaCl solution, dried using anhydrous Na,SO, and then filtered. After
evaporating the solvent under reduced pressure the crude product, which was reddish orange in
colour was purified by column chromatography (silica gel, started with 3% methanol in
chloroform to 10% methanol in chloroform) and Bio-beads (S-X3) column chromatography to
yield, 40% of Bamph-CBI as yellowish orange powder. ‘H NMR (400 MHz, CDCl5): & 9.48
(d, J=7.6 Hz, 4H, ArH), 8.51 (d, J = 7.6 Hz, 4H, ArH), 5.86-5.79 (m, 2H, CH=CH,), 5.21-5.09
(m, 4H, CH=CH,), 4.286 (t, J = 6 Hz, 4H), 4.079 (t, J = 5.6 Hz, 4H), 3.93-3.48 (m, 28H,
OCH,); ®*C NMR (100 MHz, CDCl;):  168.9 134.7, 127.6, 123.7, 122.6, 121.2, 120.8, 117.1,
72.2, 70.8, 70.7, 70.6, 70.5, 70.2, 69.4, 68.3, 37.4, 29.7; HRMS (ESI): Calculated for
CsoHsoN,01;Na- 893.3261 [M+Na]* and found 893.3191.
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PART-2.2

Mechanistic Insights into the Self-Assembly Process of

Coronene Bisimide Amphiphiles*

Abstract

In this section, investigations on the self-assembly mechanisms of amphiphilic
coronene bisimides (CBIs) using chiroptical properties as a probe are described. Chirality is
introduced to the CBI core either via covalent (cCAmph-CBI) or non-covalent routes (C-CBI-
ATP). Temperature dependent circular dichroism (CD) studies revealed that covalent and non-
covalent chiral CBI amphiphiles follows isodesmic and cooperative mechanisms, respectively
during self-assembly. On other hand, co-assembly of cAmph-CBI with its achiral analogue,
Amph-CBI resulted in a cooperative self-assembly process and exhibited remarkable chiral
amplification as evident from Sergeant and Soldiers experiments. Although, self-assembly and
optoelectronic properties of various amphiphilic =-systems are widely studied, investigation on

their self-assembly mechanisms remains elusive.
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2.2.1 Introduction

Self-assembly of semiconducting m-systems offers an efficient approach to build
functional organic nanostructures under thermodynamic control. Supramolecular ordering of
n-systems in their self-assembled nanostructures plays a crucial role on their device
performance.” Though self-assembled nanostructures of various p-type and n-type
semiconducting oligomers are utilized for various optoelectronic functions,® only few of these
studies deal with the mechanisms® of their self-assembly process. Understanding the
mechanism of self-assembly process is extremely important for this field, to obtain complex
and multicomponent self-assemblies. Amphiphilic n-systems are of particular interest owing to
their ability to self-assemble in polar solvents with high association constants to yield well
defined nanostructures.” Moreover, self-assembled nanostructures of n-conjugated amphiphiles
are shown to have improved optoelectronic functions compared to their lipophilic counter

parts.®

The process of one dimensional (1D) self-assembly or supramolecular polymerization
of m-conjugated oligomers is often described by two mechanisms; isodesmic’ and cooperative®,
In an isodesmic self-assembly, monomer addition to a growing stack is governed by a single
equilibrium constant and it is independent of the degree of polymerization. On the other hand,
cooperative self-assembly is similar to nucleation-elongation mechanism in which chain growth
is preceded by the formation of less favourable nucleus and it is a two step process. In this
mechanism, large polymer chains are formed above and below a certain concentration and
temperature of monomers, respectively. Chirality is being used as a spectroscopic probe to
understand and for the accurate determination of self-assembly mechanisms of n-conjugated
oligomers.” In this context, both concentration’® and temperature* dependent methods have
been reported for elucidating the self-assembly mechanisms. However, temperature-dependent
studies are shown to be more appropriate because they provide a greater number of data points,
which decreases the error in fitting to the desired model. Various electroactive m-conjugated
amphiphiles such as oligo(p-phenylenevinylene)s (OPVs)," perylene bisimides (PBIs),* hexa-
benzocoronenes (HBCs)™ made with chiral side chains have been shown to exhibit exciton
coupled circular dichroism (CD) signal in the aggregated state, due to the preferential helical
assembly governed by chiral side chains. However reports pertaining to the self-assembly
mechanism of m-conjugated amphiphiles are rare.** Recently we have reported the self-
assembly of novel n-type achiral coronene bisimide (CBI) amphiphiles in THF-water mixtures
(see Part-2.1)." Organic field effect transistor (OFET) made from nanostructures of these

amphiphiles showed high electron mobilities in the order of 10 cm?%V.s. This has motivated us
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to further investigate their self-assembly mechanism, which would render control on their

functional properties.

In this section, we describe the self-assembly mechanism of CBI amphiphiles using
temperature dependent CD measurements. For this purpose chirality is introduced to the CBI
molecules via covalent and non-covalent approaches. In the covalent approach, chiral CBI
amphiphile (cAmph-CBI) in which CBI core is rendered with chiral (S)-(-)-3,7-dimethylocty
and tetraethylene glycol chains was used (Figure 2.2.1). On the other hand, in case of non-
covalent approach, anionic adenosine 5'-triphosphate disodium salt (ATP) was used as a chiral
guest to induce chirality to the cationic CBI cores (C-CBI) in their co-assembly (Figure 2.2.1).
Although, chiral induction and co-assembly of various chromophores with ATP have been
reported, their self-assembly mechanisms are not yet investigated.® Assemblies of both
covalent and non-covalent amphiphiles showed strong excitonically coupled CD signal
suggesting transfer of side chain or guest chirality to the CBI core during self-assembly.
Temperature dependent CD studies provided insight into the mechanisms of self-assembly
process of both the amphiphiles. Although, individual cAmph-CBI assembly follows sigmoidal
pathway, its co-assembly with achiral derivative (Amph-CBI) follows a cooperative
mechanism. Similarly, co-assembly of C-CBI and ATP also follows a cooperative mechanism.
Interestingly, cAmph-CBI forms chiral nanotubes which are formed by coiling of left-handed
helical tapes suggesting the expression of molecular chirality at macroscopic level. Moreover,
remarkable chiral amplification was observed when small amount of (<10 mol%) of cAmph-

CBI was co-assembled with Amph-CBI.

2.2.2 Design Strategy and Synthesis
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Figure 2.2.1. Molecular structures of CBI amphiphiles and ATP.
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cAmph-CBI, Amph-CBI and C-CBI, were synthesized through imidation of coronene
dianhydride (CDA) and fully characterized (Figure 2.2.1 and see experimental section). In case
of cAmph-CBI, we have performed statistical reaction on CDA with glycol and chiral (S)-(-)-
3,7-dimethyloctyl similar to Amph-CBI. All the products were purified by a combination of
column chromatography on silica gel and size exclusion chromatography (Bio-beads, SX-3,
chloroform). C-CBI was synthesized by treating CDA with N,N-dimethyl ethylenediamine
followed by reacting with methyl iodide. All the CBI derivatives were fully characterized by
NMR spectroscopy, matrix-assisted laser-desorption ionization mass spectrometry (MALDI-
TOF-MS). Both cAmph-CBI and Amph-CBI are molecularly soluble in THF and form J-
aggregates in THF-water mixtures, whereas C-CBI is molecularly soluble in acteonitrile and
DMSO and forms H-aggregates in water (Figure 2.2.2). The UV/Vis absorption as well as
fluorescence spectra of molecularly dissolved cAmph-CBI and Amph-CBI in THF (1 x 107®
M) (see Part-2.1) and C-CBI in acteonitrile (1 x 10° M) showed all the typical spectral features
of substituted coronene bisimides.

2.2.3 Self-Assembly in Solution
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Figure 2.2.2. a) Absorption spectra and b) normalized emission spectra of cAmph-CBI in
THF-water mixtures (¢ = 0.01 mM, [ = 4 mm, A = 450 nm). ¢) Normalized absorption and d)
emission spectra of C-CBI in various solvents (¢ = 0.01 mM, [ = 4 mm, A = 450 nm).
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The self-assembly behavior of all the CBIs in solution was first probed by optical
spectroscopic studies (Figure 2.2.2). Similar to Amph-CBJ, significant changes were observed
in the absorption and emission spectra of cAmph-CBI with increasing water percentages in
THF-water mixtures, characteristic of excitonically coupled J-aggregates. In 1:1 THF-water
mixture, the intensities of the characteristic absorption bands of cAmph-CBI at 339, 452 and
481 nm decreased with simultaneous increase in the intensity of the red-shifted bands at 360,
475 and 504 nm (Figure 2.2.2a). In addition, gradual decrease in fluorescence intensity of bands
at 450-550 nm with the appearance of new red-shifted, broad and structure-less bands at higher
wavelengths (555 nm) with increase in water percentages are also consistent with the formation
of J-aggregates by cAmph-CBI (Figure 2.2.2b). C-CBI exists in molecularly dissolved state in
acetonitrile and DMSO as evident from the absorption features at 339, 457 and 487 nm in
acetonitrile and 343, 457 and 487 nm in DMSO, and shows green emission between 450-600
nm (Figure 2.2.2c and d). However in water, absorption maxima is blue shifted by 5 nm (from
339 to 334 nm) and 9 nm (from 343 to 334 nm) compared to its monomer absorption in
acetonitrile and DMSO, respectively. In addition, the emergence of new broad absorption band
at 508 nm and significant quenching of monomer emission in presence of water suggest the H-

type excitonically coupled aggregates (Figure 2.2.2c and d).*
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Figure 2.2.3. a) CD spectrum of cAmph-CBI in 1:1 THF-water mixture after cooling from 338
K to 293 K (c = 0.02 mM, | = 10 mm). b) FE-SEM, c), d) AFM, e) and f) TEM images of
cAmph-CBI aggregates formed in 1:1 THF-water mixture (¢ = 0.1 mM).
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The presence of chiral side chain in cAmph-CBI further allowed us to characterize its
supramolecular aggregates through CD spectroscopy (Figure 2.2.3a). Appearance of strong
excitonically coupled CD signal, upon cooling a 1:1 THF-water solution of cAmph-CBI from
338 K to 293 K, confirms the transfer of side chain chirality to the CBI core during their self-
assembly. In the CD spectrum, positive Cotton effect with monosignation between 450-520 nm
(So-S; transition) and positive bisignated Cotton effect between 310-420 nm (S,-S, transition)
with zero crossing at 339 are observed (Figure 2.2.3a). This further confirms the helical 1D
supramolecular polymerization of CBI monomers in 1:1 THF-water mixture with right-handed
helical organization of chromophores. Microscopic investigation of these assemblies revealed
that, similar to Amph-CBI, cAmph-CBI also forms nanotapes in which chirality is expressed
at the macroscopic level (Figure 2.2.3b-f). Interestingly, they form coiled nanotubes, which are
formed by preferential left-handed helical coiling of nanotapes due to the presence of chiral
centre in cAmph-CBI, which provides a chiral bias during the supramolecular polymerization
of cAmph-CBI monomers. CD studies indicate that chromophores are in right-handed helical
organization which is opposite to the helicity observed in their nanostructures (Figure 2.2.3b-f).
It has been shown in literature that, macroscopic helicity of the nanostructures may not have
direct correlation with the helical organization of chromophore or molecular chirality.” Though
most of the nanostructures are nanotubes, partially coiled ones were also observed which
provides a clue for the hierarchies involved in the formation of these nanotubes (Figure 2.2.3d
and f). Detailed analysis of microscopy images revealed that these nanotubes are 10-15 pm in
length (FE-SEM, AFM), 30-40 nm in height (AFM), and 300-350 nm in width (TEM).

0.4 t 300+ 20
a) B |} ©)
mol% of ATP 10+ 25°C
—0
— 5 T 04 ——85°C
o -104
e}
£
~ .20
[a)
O
_30 4
-404
T T . i 0 . ; h . . . ,
300 400 500 600 500 600 700 300 400 500 600
A Inm——s Anm——s Anm——>

Figure 2.2.4. a) Absorption and b) emission spectra of C-CBI with different equivalents of
ATP in 5% HEPES buffer containing acetonitrile solution (¢ = 0.01 mM, [ = 4 mm, Aex = 450
nm). c) CD spectra of C-CBI with two equivalents of ATP in 5% HEPES buffer containing
acetonitrile solution at 25 °C and at 85 °C (¢ = 0.1 mM, | =2 mm).

On the other hand, C-CBI is achiral and chirality is induced into the assembly through
anionic ATP disodium salt via non-covalent ionic interactions (Figure 2.2.4). The co-assembly
of C-CBI monomers with ATP induced aggregation as well as chirality to the otherwise achiral
C-CBI core. The co-assembly experiments were performed in 5% and 20% HEPES ((4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffer containing acetonitrile and DMSO
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respectively, where C-CBI is molecularly soluble. When 0.01 mM of C-CBI was treated with
different equivalents of ATP (0-3 equivalents) in 5% HEPES buffer containing acetonitrile, the
absorption bands of C-CBI at 339, 452 and 481 nm were gradually decreased with the
simultaneous appearance of the red-shifted bands at 360, 485 and 515 nm indicating the J-type
aggregation of C-CBI upon co-assembly with ATP (Figure 2.2.4a). In line with absorption
changes, the appearance of a new red-shifted, structure-less band at 580-590 nm upon co-
assembly with ATP is also consistent with the J-aggregation of C-CBI (Figure 2.2.4b). These
J-aggregates are further studied using CD spectroscopy to understand the chirality induction to
C-CBI by ATP (Figure 2.2.4c). Interestingly, these J-aggregates showed strong CD signal with
negative Cotton effects at all transitions (Figure 2.2.4c). However these aggregates are very
stable and failed to melt completely even at 85 °C. The morphology of these aggregates was
investigated in detail using FE-SEM, TEM, DLS and confocal microscopy (Figure 2.2.5). DLS
size distribution profiles showed the formation of aggregates in solution with hydrodynamic
radius centered at 100 nm with narrow size distribution (Figure 2.2.5a, inset). This is further
evidenced from the FE-SEM images which showed the spherical morphology of these
aggregates (nanoparticles), with size of 100-200 nm (Figure 2.2.5a and b). TEM further
confirmed that these nanoparticles have vesicular morphology (Figure 2.2.5c). These
nanoparticles in solution were further characterized by confocal microscopy which showed the
presence of yellow fluorescent nanoparticles (Figure 2.2.5d). The yellow emission of these

nanoparticles is in consistent with their J-aggregates emission (Aey = 580-590 nm).

Figure 2.2.5. Microscopy studies of C-CBI aggregates upon co-assembly with ATP in 5%
HEPES buffer containing acetonitrile solution (¢ = 0.01 mM). FE-SEM images upon co-
assembly with a) two and b) three equivalents of ATP. Inset of ‘a’ shows the size distribution
profile of C-CBI co-assembly with two equivalents of ATP, probed through DLS. ¢) TEM and
d) confocal fluorescence microscopy images (ex = 453 nm) of C-CBI co-assembly with two
equivalents of ATP.

Similarly, C-CBI (c = 0.1 mM) monomers in 20% HEPES buffer containing DMSO
was titrated with increasing equivalents (0-2) of ATP, the absorption maximum at 343 nm
showed gradual decrease in absorbance and 10 nm (343-334 nm) blue-shift (Figure 2.2.6a). In
addition, the appearance of a new red-shifted absorption band at 520 nm with gradual
quenching of C-CBI monomer emission with increasing equivalents (0-2) of ATP clearly
indicates that, ATP induce H-type aggregation to the C-CBI monomers in this solvent mixture
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(Figure 2.2.6a and b). Further increase in the equivalents of ATP did not show significant
changes in the aggregation of C-CBI (Figure 2.2.6¢). In contrast to C-CBI-ATP J-aggregates
formed in acetonitrile-HEPES buffer mixture, these aggregates are thermo-reversible and
complete melting of aggregates into monomers could be observed at high temperatures (333-
353 K), depending on the ratio between C-CBI and ATP in the co-assembly. Interestingly,
upon cooling the solution of C-CBI and ATP from 360 K, strong excitonically coupled CD
signal was observed which further confirms the successful induction of chirality by non-
covalent guest (ATP) to the CBI core and their helical organization in the co-assembly (Figure
2.2.6d). In this case, the CD signal showed positive Cotton effects with monosignation between
520-420 nm (S,-S; transition) and positive bisignated cotton effect between 440-300 nm (So-S,

transition).
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Figure 2.2.6. a) Absorption and b) emission spectra of C-CBI co-assembly with different
equivalents of ATP in 20 % HEPES buffer containing DMSO solution (c = 0.1 mM, | = 1 mm,
Aex = 450 nm). ¢) Absorption spectra of C-CBI at higher equivalents of ATP in 20% HEPES
buffer containing DMSO solution (¢ = 0.1 mM, | = 1 mm). d) CD spectra of C-CBI with
different equivalents of ATP in 20 % HEPES buffer containing DMSO solution after cooling
from 360 K to 288 K (c = 0.1 mM, | =2 mm).

Microscopy investigations on C-CBI-ATP co-assembled aggregates showed the

formation of nanofibers with different density of bundling depending on the ratio between C-
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CBI and ATP (Figure 2.2.7). In presence of two equivalents of ATP, FE-SEM images of the
co-assembly showed the formation of short nanofibers of 150-200 nm in length and 30 nm in
width with less degree of bundling (Figure 2.2.7a). On the other hand, at five equivalents of
ATP, nanofibers with high degree of bundling were formed (Figure 2.2.7b-d). This could be
due to inter-stack interactions at higher equivalents of ATP, probably due to the cross-linking
by excess of ATP molecules. The supramolecular chirality of these assemblies could not be

visualized in their nanostructures using any microscopic techniques.

Figure 2.2.7. a) FE-SEM image of C-CBI co-assembly with two equivalents of ATP in 20%
HEPES buffer containing DMSO solution. b) FE-SEM , ¢) AFM and d) TEM images of C-CBI
aggregates formed by the co-assembly with five equivalents of ATP in 20% HEPES buffer
containing DMSO solution (c = 0.1 mM).

2.2.4 Mechanisms of Self-Assembly

Self-assembly mechanism of both covalent (cAmph-CBI) and non-covalent (C-CBI-
ATP) chiral CBI amphiphilic derivatives was investigated using temperature dependent CD
spectroscopy measurements. Since both cAmph-CBI in 1:1 THF-water mixture and C-CBI-
ATP in 20% HEPES containing DMSO solution show excitonically coupled CD signal upon
cooling from their molecularly dissolved state, we have monitored their molar ellipticity at a
particular wavelength as a function of temperature to get insights into the mechanism of self-

assembly.
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Figure 2.2.8. a) Fraction of aggregation (o) monitored at 329 nm versus temperature of
cAmph-CBI in 1:1 THF-water mixture with a cooling rate of 2 K/min. The solid line in ‘a’
shows the fit to the temperature dependent isodesmic model. Corresponding temperature
dependent CD and absorption spectra are shown in b) and c), respectively (¢ = 0.02 mM, | =
10 mm).

cAmph-CBI (0.02 mM) in 1:1 THF-water solution at 338 K, did not show any molar
ellipticity, indicating the absence of any excitonic coupling between chromophores at high
temperatures (Figure 2.2.8a and b). This is further supported by the corresponding absorption
spectrum at 338 K which showed the monomeric features of cAmph-CBI (Figure 2.2.8c). This
clearly indicates that, cAmph-CBI molecules exist as monomers above 338 K. When the
solution was cooled from 338 K at a rate of 2 K/min while monitoring molar ellipticity at 329
nm, the resultant cooling curve clearly shows a sigmoidal behavior which is characteristic of
isodesmic self-assembly (Figure 2.2.8a). Moreover, this cooling curve fits well with the

temperature-dependent isodesmic model proposed by Smulders et al.*

Using this model, we
have further calculated various thermodynamic parameters governing the supramolecular
polymerization. The average enthalpy of polymerization is found to be -147.84 kJ/mol and the

estimated melting temperature (T,,) of stacks is 306.7 K.

Further, we investigated the self-assembly mechanism and chiral amplificaion in the
co-assembly of cAmph-CBI and achiral Amph-CBI using Sergeant and Soldiers experiments™®
and temperature dependent CD experiments (Figure 2.2.9). In a typical experimental procedure,
monomeric solutions of both Sergeant (cAmph-CBI) and Soldiers (Amph-CBI) were mixed
together in THF and injected into water to result in a final solution having 1:1 ratio of THF-
water mixture. Remarkably, upon cooling these mixtures, strong excitonically coupled CD
signal with bisignated Cotton effects at all transitions was observed (Figure 2.2.9a). This
unambiguously proves the efficient co-assembly between cAmph-CBI and Amph-CBI.
Moreover, in the co-assembly molar ellipticity of Sp-S; transition (440-510 nm) is more
prominent and bisignated with opposite sign compared to individual cAmph-CBI assembly
(Figure 2.2.9a). This clearly indicates that, molecular organization in the co-assembly is mainly
governed by Amph-CBI. Interestingly, in the co-assembly, CD signal showed sharp rise in

intensity with increase in the mol% of cAmph-CBI with maximum CD intensity at 7.5 mol%
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(Figure 2.2.9b). This indicates remarkable chiral amplification in the present co-assembly
system. Though, cAmph-CBI self-assembles via isodesmic mechanism, the observed efficient
chiral amplification in the co-assembly suggests that, supramolecular polymerization in the co-

assembly could be cooperative.
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Figure 2.2.9. a) CD spectra of Amph-CBI (Soldier) co-assembled with different mol% of
cAmph-CBI (Sergeant) in 1:1 THF-water mixture after cooling from 353 K to 293 K and
corresponding b) plot of CD (mdeg) versus mol% of cAmph-CBI (Sergeant). ¢) Temperature
dependent CD spectra of Amph-CBI co-assembled with 20 mol% of cAmph-CBI in 1:1 THF-
water mixture with a cooling rate of 2 K/min. d) Fraction of aggregation (o), monitored at 505
nm versus temperature of Amph-CBI co-assembled with different mol% of cAmph-CBI
(Sergeant) in 1:1 THF-water mixture with a cooling rate of 2 K/min (c = 0.02 mM, | = 10 mm).

Temperature dependent CD measurements provided mechanistic insights into co-
assembly process. In a typical experimental procedure, the co-assembled solutions having
different mol% (2.5-20) of Sergeants were cooled from their monomeric state (>350 K) at the
rate of 2 K/min, while monitoring molar ellipticity at 505 nm. Remarkably, the CD profiles
clearly showed a non-sigmoidal behavior, indicating cooperative mechanism of Amph-CBI
and cAmph-CBI co-assembly (Figure 2.2.9c and d). The cooling curve of Amph-CBI obtained
from temperature dependent absorption spectra monitored at 500 nm also shows non-sigmoidal
behavior, indicating cooperative supramolecular polymerization of achiral CBI amphiphile
(Figure 2.2.10a and b). This could be the reason for cooperative self-assembly of the co-
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assembly as it is mainly controlled by Amph-CBI (up to 20 mol% of cAmph-CBI). However,
this co-assembly process is turned out to be kinetically controlled, because the temperature
dependent CD experiments at slower cooling rate (0.5 K/min) showed no chiral induction to
Amph-CBI from cAmph-CBI in the co-assembly (Figure 2.2.10c). This could be because of
the significant differences in their self-assembly features and mechanisms of these CBIs which
facilitate their phase separation under slow cooling rates. This is further evident from
significant differences observed in the aggregate absorption spectra of Amph-CBI and
cAmph-CBI (Figure 2.2.10d). In 1:1 THF-water, cAmph-CBI showed absorption maximum at
341 nm and vibronic features corresponding to S,-S; transition displayed broad features with
low intensity. On the other hand, Amph-CBI displayed maximum at 342 nm with a shoulder
band at 355 nm (which is absent in cAmph-CBI) and the vibronic features of So-S; transition

are more intense than cAmph-CBI.
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Figure 2.2.10. a) Fraction of aggregation (o) of Amph-CBI by monitoring the absorbance at
500 nm versus temperature in 1:1 THF-water mixture with a cooling rate of 2 K/min and
corresponding b) absorption spectra. ¢) Temperature dependent CD spectra of Amph-CBI co-
assembled with 20 mol% of cAmph-CBI in 1:1 THF-water mixture with a cooling rate of 0.5
K/min. d) Absorption spectra of Amph-CBI and cAmph-CBI in 1:1 THF-water mixture after
cooling from 353 K to 253 K with a cooling rate of 2 K/min (¢ = 0.02 mM, | = 10 mm).

We have also investigated the self-assembly mechanism of non-covalent chiral CBI
amphiphile, C-CBI-ATP using temperature dependent CD measurements (Figure 2.2.11). In a
typical experimental procedure, C-CBI co-assembled with different equivalents of ATP (2-5
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equivalents) in 20% water containing DMSO were heated up to 360 K and then cooled to 288
K at a rate of 2 K/min while monitoring molar ellipticity at 520 nm. Remarkably, all cooling
curves displayed non-sigmoidal behaviour, indicating cooperative supramolecular
polymerization of C-CBI and ATP co-assembly (Figure 2.2.11a). Thermodynamic parameters
governing the supramolecular polymerization of C-CBI and ATP co-assembly were calculated
for 1:2 co-assembly of C-CBI-ATP. To fit the temperature dependent CD data, we have
normalized the data to extract degree of aggregation («) and fitted to simplified nucleation
elongation model, developed by Jonkheijm et al. (Figure 2.2.11b).** The estimated « is 1.02919
and corresponding elongation temperature (T,) and enthalpy of polymerization are 335.889 K
and 65.147 kJ/mol, respectively. In the cooling curve around T sharp transition in the molar
ellipticity was observed indicating highly cooperative supramolecular polymerization (Figure
2.2.11b and c). This is further reflected in the value of cooperativity parameter (o), 1.21x10™,
This is also evident from temperature dependent absorption data which also showed non-
sigmoidal behaviour with sharp transition in the absorbance around 337 K which is close to the

Te, observed in the corresponding CD measurements (Figure 2.2.11d).
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Figure 2.2.11. a) Fraction of aggregation (a) monitored at 520 nm versus temperature of C-
CBI co-assembled with different equivalents of ATP in 20% HEPES buffer containing DMSO
with a cooling rate of 2 K/min. b) Fraction of aggregation (o) monitored at 520 nm versus
temperature of C-CBI co-assembled with two equivalents of ATP in 20% HEPES buffer
containing DMSO with a cooling rate of 2 K/min and c) corresponding CD spectra. The solid
lines in ‘b’ show the fit to the temperature dependent nucleation-elongation model. d) Fraction
of aggregation (o) obtained by monitoring the absorbance at 520 nm versus temperature of C-
CBI co-assembled with two equivalents of ATP in 20% HEPES buffer containing DMSO with a
cooling rate of 2 K/min (c = 0.1 mM, | =2 mm).
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2.2.5 Conclusions

In conclusion, we have investigated the self-assembly mechanisms of CBI amphiphiles
using chirality as a probe. Temperature dependent CD experiments revealed that cAmph-CBI
self-assembles in an isodesmic fashion. On the other hand, achiral CBI amphiphile (Amph-
CBI), its co-assembly with cAmph-CBI, and non-covalent chiral (C-CBI-ATP) amphiphiles
follow nucleation growth mechanism during self-assembly. These observations clearly indicate
that, amphiphilic design of n-systems can also drive their supramolecular polymerization in a
cooperative fashion. However, further investigations on various amphiphilic n-systems are
required to understand the molecular features governing the supramolecular polymerization.*
Since self-assembled nanostructures of amphiphilic n-conjugated oligomers and polymers are
one of the promising candidates for optoelectronic applications, detailed understanding of their

self-assembly mechanisms would help in improving their optoelectronic functions.
2.2.6 Experimental Section

General Methods: Field Emission Scanning Electron Microscopy (FE-SEM) measurements
were performed on a NOVA NANO SEM 600 (FEI) by drop casting the aggregate solutions on
glass substrate followed by drying in vacuum and were operated with an accelerating voltage of
30 kV. Transmission Electron Microscopy (TEM) measurements were performed on a JEOL,
JEM 3010 operated at 300 kV. Samples were prepared by placing a drop of the aggregate
solution on carbon coated copper grids followed by drying at room temperature. The images
were recorded with an operating voltage of 300 kV. In order to get a better contrast, some
samples were stained with uranyl acetate (1 wt% in water) before the measurements. Atomic
Force Microscopy (AFM) measurements were performed on a Veeco dilnnova SPM operating
in tapping mode regime. Micro-fabricated silicon cantilever tips doped with phosphorus and
with a frequency between 235 and 278 kHz and a spring constant of 20-40 Nm™ were used. The
samples were prepared by drop casting aggregate solutions on glass substrate and dried in air
followed by vacuum. Electronic absorption spectra were recorded on a Perkin Elmer Lambda
900 UV-VIS-NIR Spectrometer and emission spectra were recorded on Perkin Elmer Ls 55
Luminescence Spectrometer. CD spectra was recorded in Jasco J-815 spectrometer with a
standard sensitivity (100 mdeg), scan rate of 100 nm/second, bandwidth value of 1 and single
accumulation for each spectra. NMR spectra were obtained with a Bruker AVANCE 400 (400
MHz) Fourier transform NMR spectrometer with chemical shifts reported in parts per million
(ppm) with respect to TMS. Matrix-assisted laser-desorption ionization time-of-flight (MALDI-
TOF) spectra were obtained on a Bruker ultraflex 2 MALDI-TOF mass spectrometer with a-
cyano-4-hydroxycinnamic acid matrix. Confocal Microscopy imaging was done at room

temperature using a Zeiss LSM 510 META laser scanning confocal microscope. The
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microscope objective of 63X (NA 1.4) and 20X (NA 0.5) were employed. Sample was prepared

by sealing the solution between two glass plates.

2.2.6a Synthesis

Synthesis of Amph-CBI and C-CBI are described in Part-2.1 and Part-4.2 of this thesis,
respectively. 3,6,9,12-tetraoxapentadec-14-en-1-amine® and (S)-(-)-3,7-dimethylocty amine®
were synthesized according to literature methods. ATP disodium slat was purchased from Sisco
Research Laboratories.

cAmph-CBI: CDA (500 mg, 1.14 mmol), (S)-(-)-3,7-dimethylocty amine (0.28 g, 1.91 mmol),
3,6,9,12-tetraoxapentadec-14-en-1-amine (450 mg, 1.91 mmol), imidazole (20 g) and zinc
acetate (350 mg, 1.91 mmol) were thoroughly mixed and heated with stirring at 140 °C for
overnight. Then the reaction mixture was transferred under hot conditions to 1M HCI and it was
extracted with chloroform. The organic layer was repeatedly washed with 1M HCI. Then the
organic layer was washed with saturated NaCl solution, dried using anhydrous Na,SO, and then
filtered.  After evaporating the solvent the crude product, was purified by column
chromatography (silica gel, from 100% chloroform to 15% MeOH in chloroform) and Bio-
Beads (S-X3, chloroform) to yield, 18% of cAmph-CBI (150 mg) as yellowish orange powder;
'H-NMR (400 MHz, CDCl,): & = 8.53 (d, J = 8 Hz, 2H), 8.44 (d, J = 8 Hz, 2H), 7.52-7.58 (m,
4H), 5.85-5.92 (m, 1H), 5.14-5.26 (m, 2H), 4.1 (t, 2H), 3.97-3.99 (m, 4H), 3.89-3.88 (m, 4H),
3.73-3.55 (m, 10H), 1.9 (t, 2H), 1.42-1.3 (m, 18H), 0.91 (t, J = 7 Hz, 3H) ppm. MALDI-TOF
MS m/z 817.41 [M + Na]*, 833.099 [M + K]".

2.2.7 Analysis of the cooling curves

The obtained CD data (mdeg) is normalized between 0 and 1 using the below

mentioned formula.
a(T) = (CDy — CDw)/(CDpgy — CDw)

Where, CD+ is the CD effect (mdeg) at a given temperature T, CDy, is the CD effect (mdeg) at
high temperature corresponding to the monomer, CDpy is the CD effect (mdeg) at low

temperatures corresponding to the aggregated state.
2.2.7a Isodesmic Model

The obtained fraction of aggregates («) versus temperature (K) was fitted to the temperature
dependent isodesmic model using the Levenberg-Marquardt algorithm as implemented in

Xmgrace software. The regression for each of the fits was between 0.99 and 1.00.
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The fraction of aggregation «a (7) was fitted using the below given equation in which T, is the

melting temperature or temperature at which the fraction of aggregates () is 0.5.
a(T) =1(1+exp[T — T/T*])

T* value was obtained by fitting above equation to experimental data; this was further used to
calculate the enthalpy of polymerization using below equation.

AH = — RT,*/(0.908 x T*)

2.2.7b Nucleation-Elongation Model

The obtained fraction of aggregates () versus temperature (K) was fitted to the temperature
dependent nucleation-elongation model.

In the elongation regime the fraction of aggregated molecules (a), is given by the following

equation
o = asat (1 —exp[ — he/RT? (T - Te)])

where

he is the molecular enthalpy release due to non-covalent interactions during elongation,
T the absolute temperature

Teis the elongation temperature

R is the gas constant
Osat IS introduced as a parameter to ensure that o/oisar does not exceed unity

At temperatures above the elongation temperature T, (i.e., the nucleation regime) the fraction of

aggregated molecules (a) is described by

o= K" exp[(2/3K,~® — Dh/RTA(T — Te)]
where K, is the dimensionless equilibrium constant of the activation step at T,
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PART-3.1
Charge-Transfer Nanofibers with Mixed Donor-Acceptor

Organization via Non-Covalent Amphiphillic Strategy*

Abstract

In this section, we describe the supramolecular alternate co-assembly of aromatic
donor (D) and acceptor (A) molecules as a novel, bottom-up strategy for the design of
conducting one dimensional (1D) organic nanostructures. We have used a simple and effcient
‘non-coavient amphiphilic strategy to achive this altrenate, co-facial supramolecular co-
polymerization of appropritely designed monomers. We demonstrate that this amphiphilic
design is a very powerful tool to promote efficient co-facial assembly of various D-A molecules
with structurally different extended m-conjugated backbones. The resultant one-dimensional
assemblies, with mixed D-A molecular structure showed high mobility/conductivity without any
external doping.

Donor/Acceptor

water
~ water
& = =

Non-Covalent
CT-amphiphile Mixed D-Asupramolecular
co-assembly

* Papers based on this work have appeared in Angew. Chem. Int. Ed. 2010, 49, 4218 —4222; Chem.
Eur. J. 2012, 18, 14286 —14291.
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3.1.1 Introduction

Supramolecular polymerization of organic =-conjugated monomers, having
optoelectronic functionality, to form one-dimensional (1-D) chains has been the topic of
meticulous research, as this provides an efficient bottom up strategy for the design of
nanostructures for nano-sized electronics.’ 1-D assemblies of various m-conjugated molecules
have thus been constructed and the non-covalent synthetic design of these systems often utilizes
the characteristic m-m stacking interactions of the extended aromatics, supported by directional
H-bonding? or amphiphilic interactions.> However, the use of these 1-D nanostructures as
conducting components in nanoelectronic devices definitely requires further control over its
function and structure. Thus the current research is targeted to improve their conductivity as
well as the design of monodisperse* and multi-component assemblies.” In recent years, the
conductivity of these self-assembled 1-D nanostructures has been improved by either the
modification of the molecular structure® or by external doping.” However, the former strategy
often requires tedious synthetic efforts and in the later approach, uniform doping of the
assemblies while preserving their morphology is difficult. On the other hand, charge-transfer
(CT) crystals formed from D and A molecules, which are organized either in a segregated
(orthogonal, ..D-D-D.. and ..A-A-A..) or mixed (alternate, ...D-A-D...) fashion have gathered
immense attention because of their excellent conducting properties.® In this context, we
envisage that the supramolecular one-dimensional analogues of these binary CT complexes
would provide novel conducting nanostructures through inherent doping and hence can provide

new opportunities for nano-sized electronics.’

Although segregated D-A organization has been achieved in 1-D assemblies for photo-
conductivity studies,'® the supramolecular alternate co-assemblies with mixed D-A organization
of the monomers is rarely studied.* Intriguingly, extended assemblies having alternate D-A

812 and also shown to

organization has been recently predicted to have ambipolar CT properties
have interesting ferroelectric properties.”® Extended assemblies of D and A monomers having
mixed stack organization were attained by covalent polymerization* and liquid-crystalline
mesophase co-assembly.”® However, attempts to co-assemble these molecules in solution to
extended stacks, often resulted in phase-separation'® and hence a smart design principle is
essential for the supramolecular analogue of the mixed D-A structure.” Extended assemblies
of aromatic donors and methyl-viologen acceptors were constructed recently using ‘non-
covalent amphiphilic design’, where the co-facial D-A pair formed due to CT interactions
resembles a surfactant in their structure to facilitate the 1-D self-assembly in water through

amphiphilic interactions.*'*®
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In this section, we discuss about the non-covalent amphiphilic design principle to
construct the supramolecular alternate co-assembly of various extended n-conjugated D and A
molecules in water to form 1-D nanostructures with an unprecedented mixed stack D-A
molecular structure exhibiting high mobility/conductivity (Scheme 3.1.1). At higher
concentrations, these CT-assemblies form hydrogels which are different from single component

|19

peptide’® and rod-coil™® amphiphiles as well as sugar derivatives® reported so far to form

hydrogels.?*

3.1.2 Non-Covalent Amphiphillic Design

a) Donors Acceptors

+/— —\+
() eoox O
KooC O‘ /AN MV
KOOC COOK +/= —\*
O Ve SN

BMV
— N
KOOC Q Q COOK NN
e
KOOC O Q COOK
+/— —\+
PS HDMV

P ol B8R
OK +>N/_/—o 0.0 y

/\/\/\/\/\)

T-OPV

C-PBI

Donor/acceptor
water

—

Non-Covalent
CT-ampbhiphile

Mixed D-A supramolecular
co-polymer

Scheme 3.1.1. Non-covalent amphiphilic design strategy. a) Molecular structures of various D
and A molecules used in this section. b) Schematic representation of the non-covalent CT-
amphiphile and its self-assembly into 1-D supramolecular structures.

Our molecular design consists of hydrophillic aromatic D and A monomers with one of
them (D/A) having flexible alkyl chain (Scheme 3.1.1a). Co-assemblies of some of these D-A
derivatives, with segregated ‘D-A’ architecture, have been achieved in literature by synergic
hydrogen bonding and m-7 interactions.'® In the present case, D and A molecules are elegantly
designed to form a non-covalent amphiphile in their CT-state through synergistic n-n stacking,
charge-transfer and electrostatic interactions and hence would promote the co-assembly in

water with mixed stack organization as shown in Scheme 3.1.1b.** Furthermore, the ionic
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nature of both these molecules would impart solubility to the monomers and dynamic nature to
the resulting co-assembly in water. We have discussed three different CT-pairs of D and A

molecules in this section, which are summerized in the following sessions.
3.1.3 CS-viologen D-A System

3.1.3a Design Strategy

In the first design, we have selected coronene tetracarboxylate (CS) as the aromatic D
molecule, since it is highly soluble in water and shows blue emission (Amas = 435 nm, vide
infra). On the other hand we have selected viologen derivatives as the electron acceptor
counterpart for the design of D-A pair. Viologen derivatives are well known electron acceptors
and have been extensively used for the design of stimuli responsive supramolecular systems.?
Hence, we have designed the dodecyl methyl-viologen (DMV) derivative, an unsymmetric
amphiphile, as the acceptor molecule, that would not only allow CT interactions with coronene,
but also trigger the self-assembly of the resultant D-A pair through hydrophobic interactions.
In addition, we have used both butyl methyl-viologen (BMV) derivative and methyl-viologen
(MV) as the model compounds for single-crystal and NMR studies, which would give a deep

insight into the molecular arrangement of the chromophores in the D-A pair.

3.1.3b Synthesis and Optical Studies

a)l 5. equivalents of DMV
' —0
—02
0.4
0.8 —0.6
0.8
A —1
500 Mnm 600
0.0 r . 7 ;
200 300 400 500 600
Alnm— Alhm ——

Figure 3.1.1. Spectroscopic titration of CS with DMV (10% v/v methanol in water).
Corresponding a) absorption and b) emission changes (1x 10 M, | = 1 mm). Inset of Figure
3.1.1a shows the gradual appearance of the CT band at 500 nm on increasing amounts of
DMV. Inset of Figure 3.1.1b shows the ground state color and fluorescence (on illumination
with 365 nm UV light) changes of CS on interaction with DMV.

CS was synthesized by a two-fold oxidative benzogenic Diels-Alder reaction of
perylene with N-ethyl maleimide and the subsequent hydrolysis with KOH in methanol.”
DMV, HDMV and BMV were synthesized according to the literature procedures.* CT-
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interactions of CS with viologens have been studied by optical spectroscopy, NMR and single
crystal X-ray crystallography. Self-assembly of D-A pairs were characterized with Atomic
force microscopy (AFM), Field emission scanning electron microscopy (FE-SEM) and
Transmission electron microscopy (TEM). Since the acceptor amphiphile DMV self-assembles
in water (as evident from dynamic light scattering studies, vide infra), all the D-A mixtures
have been prepared by the injection of a methanol solution of DMV, in which the viologens are
molecularly dissolved, to the aqueous solution containing free CS molecules (10 % v/v
methanol in water). Although this sample preparation method has been followed to ensure the
efficient formation of D-A complexes, further optical spectroscopy studies showed that the
DMV self-assembly is dynamic enough to reorganize to form D-A CT complexes upon the
addition of CS molecules. The absorption spectrum of CS exhibits strong absorption at 314 nm
and a weak band at 351 nm in methanol-water solvent mixture (10% v/v methanol, 1 x 10* M),
characteristic of molecularly dissolved anionic coronene molecules (Figure 3.1.1).2 A
noticeable red shift of the CS absorption maxima (~ 5 nm with 1 equivalent of DMV) with
concomitant decrease in the absorbance and a broadening of the absorption band was observed
with increasing DMV concentration, which indicates a strong ground-state intermolecular
interactions between these D and A molecules (Figure 3.1.1a). Moreover, the absorption
changes are accompanied by the appearance of a new weak, broad band centered around 500
nm, which unambiguously proves the CT interactions between the CS and the DMV.
Remarkably, the intensity of this red-shifted absorption is more prominent after the addition of
one equivalent of the DMV, suggesting a 1:1 stoichiometry for the D-A complexes.? Further
evidence for CT interactions is provided by fluorescence measurements which showed
significant quenching of coronene emission in the CS-DMV mixtures. While CS shows intense
blue fluorescence with emission maxima at 435 nm and 462 nm, the emission intensity of the
mixture containing 1 equivalent of DMV is reduced by a factor of 10 (Figure 3.1.1b). The
changes in the absorption and emission properties on CT complex formation could also be
easily visualized with naked eye (inset of Figure 3.1.1b). Spectroscopic studies in buffer

solutions (pH = 9) have also shown similar changes as described above.

3.1.3c Gelation Studies

Since the 1:1 CS-DMV CT complex structurally resembles a non-covalent amphiphile,
polar ionic groups on one end and the hydrophobic dodecyl chain on the other end, a typical
surfactant-like higher order self-assembly between the CT complexes can be envisaged in
water. Remarkably, a gradual increase in the concentration of 1:1 CT complex of CS and DMV
makes the solution visibly viscous and finally resulting in transparent, dark red colored
hydrogel (Figure 3.1.2a). In a typical gelation experimental procedure aqueous solution of CS-

DMV complex was heated to molecularly dissolved state and cooled at room temperature and
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the gel was formed within few minutes as confirmed by inverted vial method. The critical
gelator concentration of the CS-DMYV hydrogel is found to be 7.96 mM. AFM analysis of the
CS-DMV hydrogel showed the formation of entangled network of very long fibers of several
micrometers length and 100-300 nm in diameter (Figure 3.1.2b). Hydrogels thus formed were
stable for several months and showed the characteristic CT absorption at 500 nm with a
completely quenched fluorescence (Figure 3.1.2c), indicating that the gel fibers are indeed

formed by the 1-D assembly of CT complexes.

500 600 700
Alnm——

Figure 3.1.2. Physical appearance and characterization of CS-DMV hydrogels (¢ = 7.9 mM).
a) Photograph of the hydrogel, b) AFM phase image of the gel on a glass substrate and c)
absorption spectrum of the gel measured in a 1 mm cuvette, showing strong CT band.

3.1.3d Face-to-Face D-A Organization

b
a) )
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1.0 - - CS-BMV (1:1) —cs
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Figure 3.1.3. Absorption and emission spectra of CS and its 1:1 complex with BMV (a and b),
and MV (c and d) in water containing 10% methanol (¢ = 0.1 mM, | =1 mm).

86




Charge-Transfer Nanofibers

Hes 1 &H,
a) c) cs1&Mcs2

| Huv1
HCSZ | |

HMVZ

(o]
[o]
o
)

I
=
=

PR =
=
N
H"Vz

H - g i
HBMV1 ““‘BMVS t‘BMVA;‘BMV? I; __@ ‘
ot L ‘
LN AR N

.........

|
b) | Hesy8Hos: . .
== Huvi Huvz C817 052 Hguyi&Hpmvz Hemva&Hepmva
I 1 csmv(r) } \ Y 1 A ~ 02%102M  —— "
| o
1 I
I o s oaxwoem ol
W, 005 900 cs e 5 “ |
g M 0.8 % 102 M
Huvi |HMV2 Lt — < A ] 0810 - Y
- (A% I\
' AN NPT IS A
90 85 80 75 70 65 60 55 50 45 PAm om0 78 70 68 60 o5 &0 48 050

Figure 3.1.4. a) Molecular structures of CS, MV and BMV with chemically different protons
marked. b) Aromatic region of the "H NMR spectra of CS, MV and CS-MV (D0, ¢ = 1.6 x 10°
2 M). c) Partial NOESY NMR spectrum of 1:1 CS-MV CT complex, showing the through space
interactions between the protons of CS and MV (D,0, ¢ = 1.6 x 10% M). d) Concentration
dependent "H NMR spectra of 1:1 CS-BMV complex in D,0.

In order to prove the face-to-face organization of D and A molecules in the complexed
state, detailed NMR and single crystal XRD studies are required. However, NMR
measurements on CS-DMV complex were not successful due to its aggregation and gel
formation even at low concentrations (vide infra). Moreover these systems failed to crystallize
due to the presence of long alkyl chain. Hence, we have used two model compounds, MV and
BMYV to study their interaction with CS by both NMR spectroscopy and single crystal X-ray
diffraction. Strong CT interactions of both MV and BMV with CS is evident from optical
spectroscopic studies, which showed similar absorption and fluorescence changes as that of
DMV (Figure 3.1.3 and vide supra). Decisive proof for the face-to-face organization is
provided by the 'H NMR studies of the model viologen (MV) compound with the CS in D,O.
As shown in Figure 3.1.4Db, it is observed that all the aromatic proton signals of acceptor MV
(Hmv: and Hyy2) undergo a significant up-field shift upon the formation of the CT complex (1.6
x 10 M). Interestingly, the central protons of MV (Hwv.) are significantly shifted up-field
(from 6 = 8.45 to 3.89 ppm) relative to the terminal protons (Hwyi) (from & = 8.98 to 6.47
ppm), suggesting a face-to-face stacking for the D and A molecules, thus the aromatic =-
electrons of CS induces a pronounced shielding in the case of former (Figure 3.1.4a and b). At

the same time closely associated doublets of coronene aromatic protons (Hcs; and Hcsy) also
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undergo a similar but a small up-field shift (around 1 ppm) with well separated doublets (& =
8.18 and 7.97 ppm) on interaction with MV. Face-to-face stacking in CT complexes could be
further supported by the Nuclear Overhauser Effect Spectroscopy (NOESY) experiments which
showed through space interaction between the Hyy, terminal protons and the Hcs; and Hes
protons of CS (Figure 3.1.4c). At the same time, no NOE interaction was found for Hyy
middle protons, suggesting a diagonal face-to-face arrangement for the D and A molecules (see
below). NMR studies of the BMV (0.2 x 10 M), which is an ideal model amphiphile for the
DMV, showed similar observation as that for MV on interaction with CS, suggesting a face-to-
face stacking arrangement for the chromophores even in a bilayer type packing (Figure 3.1.4d).
Interestingly, as the concentration of the BMV-CS CT complex increases, the aromatic
resonance signals shifts further up-field with simultaneous broadening of signals characteristic
of strong intermolecular association leading to a higher order self-assembly of the CT

complexes (Figure 3.1.4d).

a)

CS-MV (1:1)

Figure 3.1.5. Photographs of a) 1:1 co-crystals of CS and MV and b) 1:1 solid-state mixing of
CS and MV powders. Molecular orientation of CS and MV in the crystal structure, viewing
along the crystallographic ¢) a axis and d) b axis. €) Side view of the extended zcolumnar
stacks of CS-MV co-crystals bridged by potassium ions. Potassium ions are colored in yellow,
N atoms in blue and oxygen atoms are shown in red. Hydrogen atoms are omitted for clarity.
Single crystal X-ray diffraction studies of the co-crystals of CS and MV provided
further unequivocal evidence for the formation of D-A CT complex. Single crystals were grown
by dissolving the 1:1 mixture of CS and MV in a water-DMSO mixture (1:1 v/v) and kept at 60

°C. Dark red colored crystals (Figure 3.1.5a) were formed slowly which was shown to contain
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CS and MV in a 1:1 ratio by *H NMR spectroscopy indicating strong CT interactions similar to
that in solution and the gels of DMV. Remarkably, simple mechanical grinding of a 1:1 mixture
of CS and DMV also quickly resulted in a red-color powder consistent with the D-A CT
interactions (Figure 3.1.5b). Single crystal X-ray analysis of the CS-MV co-crystals revealed
an alternate face-to-face co-assembly of CS with MV (Figure 3.1.5c-e). The MV molecules are
positioned between the CS chromophores in a diagonal orientation as evident from Figures
3.1.5¢ and d. =-Stacking columns formed by the alternate co-assembly of face-stacked D and A
aromatic units, are arranged along the crystallographic b-axis with a face-to-face distance
around 3.4 A (Figure 3.1.5e). Detailed analysis of the co-crystals showed an overall formula of
{(MV)[K3(CS)(u-OH,)(H20)4].2H,0}, and can also be viewed as a one-dimensional chain of
CS bridged by potassium ions, into which the MV dications are intercalated through ionic and
charge-transfer interactions. Furthermore, the co-crystals grown from solution containing CS
and 2 equivalents of MV also showed similar arrangement, suggesting the preference for a 1:1
stoichiometry. Unfortunately, the attempts to co-crystallize CS and BMV, which would have
given a better insight into the orientation of chromophores in a bilayer-like assembly, were not

successful.
3.1.3e Morphology Studies

Detailed microscopic studies have provided insights into the hierarchical self-assembly
of DMV-CS CT complexes to 1-D nanofibers and hydrogels (Figure 3.1.6). Dynamic light
scattering and FE-SEM studies showed that the DMV molecule self-assembles in aqueous
solution due to their amphiphilic character into spherical objects with an average diameter of
250 nm as shown in Figure 3.1.6a. Remarkably, detailed TEM and AFM studies of 1 : 1 DMV-
CS complexes in water (1 x 10 M) showed long nanofibers of 50-150 nm width and several
micrometers length indicating a highly directional 1-D self-assembly process (Figure 3.1.6b-f).
The self-assembly can be envisaged to involve a one-dimensional bilayer type packing of the
supramolecular CT amphiphile along the n-= stacking direction of the chromophore assisted by
the hydrophobic interactions. Interestingly, TEM analysis of the fibers that are negatively
stained with uranyl acetate, revealed the presence of thinner, micrometer long fibres with a
uniform diameter of 6 nm (Figure 3.1.6b and c¢). The diameters of 6 nm of the fibers are in close
agreement with twice the length of the CT amphiphile, including the aromatic segments and the
dodecyl chains (CPK modelling showed 2.8 nm, Figure 3.1.6g), thus confirming a bilayer
packing. Furthermore, AFM cross-sectional analysis of the isolated fibers showed a height of 6-
7 nm, which suggests that the CT-amphiphile in the bilayer are arranged in a radial fashion
resulting in 1-D cylindrical micelles (Figure 3.1.6e and f). The surface charges on these
individual cylindrical micelles might be acting as a glue for their lateral association through

columbic interactions to give nanofibers with several nanometres width (50 to 150 nm) as
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visible in the AFM images. The laterally associated nanofibers could further coil with each
other to give fiber bundles as indicated by the height of 13-14 nm of twin fiber bundles as
shown in Figure 3.1.6f, which is twice the diameter of a cylindrical micelle. Thus the
microscopic studies demonstrate that the CT amphiphiles first self-assemble into high aspect
ratio cylindrical micelles that subsequently form laterally associated fiber bundles and the
resulting fibrous structures further coil and entangle at higher concentrations to result in
hydrogelation. The hierarchical self assembly of CS-DMV amphiphiles into cylindrical
micelles and 1-D nanofibers is schematically shown in Figure 3.1.6g. Remarkably, temperature
dependent spectroscopic studies have shown that the self-assembly of CS-DMV CT complexes
in water are completely thermo-reversible, unlike many of the reported aqueous self-assembled

n-conjugated systems that are not dynamic due to the strong hydrophobic interactions.
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Figure 3.1.6. Microscopic studies of the CS-DMV (1 x 10* M) self-assembly in water. a) FE-
SEM image of the spherical objects of DMV formed in water (¢ = 1x 10* M) on glass
substrate. DLS size distribution profile of DMV is shown in the inset. b) and c) are TEM
images of CS-DMV (1:1) complex on carbon coated copper grids and sample was stained with
uranyl acetate (1 wt % in water). AFM d) amplitude and e) height images of CS-DMV (1:1) co-
assembly on glass substrate. f) AFM height analysis of the isolated fibers and g) schematic
representation of the hierarchical self-assembly of the CS-DMV CT-amphiphile to cylindrical
micelles and fiber bundles.
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We have fabricated OFETS, using these CT-nanofibers as active channel elements to
realize their device performance and charge transport properties.”® Remarkably, these devices
exhibited high hole mobilities up to 4.4 cm?%V.s while operating at low voltages in ambient

conditions, consistent with the design.

3.1.4 PS-Viologen D-A System
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Figure 3.1.7. a) Absorption and b) emission spectra of PS with different equivalents of DMV in
10 % methanol containing water (PS =0.1 mM, | = 1 mm). c) Absorption spectra of PS-HDMV
hydrogel. Photograph of the hydrogel is shown in the inset. d) Aromatic region of the *H NMR
spectra of PS, MV and PS-MV in D,O (c = 10 mM). e) Side view of the extended z-columnar
stacks of PS-MV co-crystals bridged by potassium ions. Potassium ions are colored in purple,
N atoms in blue, oxygen atoms in red and hydrogen atoms are shown in white. f) AFM image of
PS-HDMV CT-nanofibers formed in water (c = 0.1 mM). g) TEM image of PS-DMV CT-
nanofibers formed in water (c = 0.1 mM).
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Similar to CS, perylene tetracarboxylate (PS) also showed the formation of face-to-face
CT-complexes with all viologen derivatives. PS was synthesized by the hydrolysis of perylene
tetracarboxylic dianhydride in ethanol-aqueous KOH mixture.?® Titration of PS with DMV
showed significant changes in its absorption features, as a result of ground state CT-interactions
(Figure 3.1.7a). This was further supported by gradual quenching in the PS emission with
increasing equivalents of DMV (Figure 3.1.7b). However PS-DMV failed to form hydrogel
even at 25 mM, probably due to more solubility of this CT-complex in water. To decrease the
solubility, we have made CT-complex with HDMV which formed hydrogel at 14 mM and
showed strong CT absorption band centred at 600 nm (Figure 3.1.7c). The face-to-face
organization of this D-A pair in CT-complex was proved with solution state *H-NMR and
single crystal XRD studies using MV as model compound instead of DMV/HDMV. The strong
up-field shifts in the "H-NMR signals of both PS and MV in their mixed state revealed the
formation of CT-complex with face-to-face D-A organization (Figure 3.1.7d). Single crystal
analysis on PS-MV co-crystals also showed the face-to-face orientation of D-A molecules with
1:1 composition (Figure 3.1.7¢e). Due to face-to-face organization of D-A molecules, the CT-
complex of PS with DMV/HDMYV also resembles like a hon-covalent CT-amphiphile. Similar
to CS-DMV, microscopy investigations on this CT-amphiphiles showed the formation of high

aspect ratio nanofibers with cylindrical micellar organization (Figure 3.1.7f and g).

3.1.5 OPV-PBI CT-System

3.1.5a Design Strategy

We have extended this non-covalent amphiphillic design to even larger D-A n-systems
such as Oligo(p-phenylenevinylene) (OPV) and perylene bisimide (PBI) (T-OPV, C-PBI,
Scheme 3.1.1a). Co-assemblies of OPV and PBI derivatives, with segregated ‘p-n’ architecture,
have been achieved in literature by synergic hydrogen bonding and m-m interactions.’®*
However, the mixed OPV-PBI architecture in extended assemblies is hitherto unknown, due to
their self-association through m-m interactions favoring an orthogonal assembly.’® In the
present case, the T-OPV is elegantly designed with a T-shaped amphiphilic structure, which
can form a non-covalent amphiphilic pair with C-PBI, possibly through synergistic
solvophobic, CT and electrostatic interactions and hence would promote the co-assembly in

water as shown in Scheme 3.1.1b.%!
3.1.5b Gelation and Rehology Expreiments

Interestingly, when the concentration of the equimolar mixture of T-OPV and C-PBI

monomers in water is increased, the resulting solution gradually becomes viscous (0.1 to 3.0
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mM) and finally a dark wine colored gel is formed at a concentration of 3.3 mM, suggesting the
formation of one-dimensional assembly (Figure 3.1.8a, inset). The very intense absorption band
at 700 nm and the non-fluorescent nature of the hydrogels, are characteristic features of the CT
interactions and thus provides a proof for the mixed stack organization of the monomers in the
co-assembly (Figure 3.1.8a).® FE-SEM image of the gels shows typical highly interconnected
network of fibers, which was further analyzed in detail using atomic force microscopy (AFM)
and transmission electron microscopy (TEM) (vide infra) (Figure 3.1.8b). Interestingly, this gel
exhibits excellent elastic behavior, which prompted us to investigate their mechanical
properties (Figure 3.1.8c and d). The storage modulus (G’) of the T-OPV:C-PBI hydrogels (3.3
mM) measured as a function of angular frequency (®) (1% strain) showed a significant elastic
response and was always greater than the corresponding loss modulus (G"'). The value of G’
(~1000 Pa) and the ratio of G’ to G (~8) remain unaffected up to an angular frequency of 70
rad s suggesting the good mechanical stability and the elastic nature of these gels. More
importantly, the gel did not collapse when a stress up to 100 Pa (13.5 % strain, G'/G" =2.99) is
applied at a constant frequency of 1 Hz, which is evident from the G"/G” > 1 values.?’ This is
guite remarkable, as most of the organogels and hydrogels made up of small molecules have a

much lower critical strain/stress region where they collapse.
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Figure 3.1.8. Characterization of T-OPV:C-PBI CT hydrogels. a) Absorption spectrum of CT-
gel (3.3 mM, | = 1 mm); inset shows the photographs of the gel exhibiting the self-standing and
viscous behaviour. b) FE-SEM image of the hydrogel on a glass substrate. Storage (G') and
loss (G") modulus of the gel measured as functions of ¢) angular frequency (w) at a constant
strain of 1 % and d) stress (o) or strain (y) % at a constant frequency of 1 Hz.
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3.1.5¢ Optical Studies
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Figure 3.1.9. Aggregation studies of C-PBI and T-OPV in methanol-water mixtures. a)
Absorption and b) emission spectra of C-PBI in methanol water mixtures. ¢) Absorption and d)
emission spectra of T-OPV in methanol water mixtures (¢ = 0.1 mM, | = 1 mm, dee = 380 M
for T-OPV and 500 nm for C-PBI). The line symbols signifying the % of water in methanol in
Figure 3.1.9a are also same for the rest of the spectra.

Since both T-OPV and C-PBI molecules have extended m-conjugated backbone with
an amphiphilic structure, they individually self-assemble in water to J- and H- type assemblies
respectively which were probed in detail by spectroscopic and microscopic techniques. Both T-
OPV and C-PBI monomers do not associate in methanol and showed their characteristic cyan
(Aexe = 380 NM, Apax = 456 nm) and orange (Aexe = 500 NmM, A= 522 nm) colored fluorescence,
respectively (Figure 3.1.9). However, C-PBI, which is a typical bolaamphiphile, exhibited a
reversal in the intensity of 0-1 and 0-O absorption bands (lo.1/loo > 1) and quenching of
fluorescence with increasing percentages of water in methanol, indicating its self-assembly
(Figure 3.1.9a and b). The non-fluorescent nature of PBI self-assembly is characteristic of H-
Type face-to-face associated PBI-monomers.”® On the other hand, T-OPV showed
characteristic spectral changes of OPV chromophoric association, with increasing percentages

of water in methanol. The appearance of a shoulder absorption band at 465 nm and the broad
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red-shifted emission (~ 19 nm red-shift, Ans = 475 nm) in 70% v/v water in methanol are

Figure 3.1.10. a) FE-SEM image of C-PBI in water at 0.1 mM concentration. b) and c) TEM
images and d) schematic representation of T-OPV (0.1 mM) cylindrical micelles in water.

FE-SEM images of 0.1 mM of C-PBI in water on glass substrates, showed the
formation of microrods of 50-70 um length with widths of 2-3 um (Figure 3.1.10a).*° TEM of
the T-OPV self-assembly (0.1 mM) in water showed the formation of 1-D nanostructures of
200-250 nm length with widths in the range of 10-15 nm (Figure 3.1.10b and c). Interestingly, a
careful examination of these nanostructures that are negatively stained with uranyl acetate (1 wt
% in water) showed that they consist of 3-4 laterally organized primary fibers having a uniform
diameter of 3.5 nm. T-OPV amphiphile in its fully stretched T-shaped conformation has a
molecular length of 1.8 nm along the alky chain direction, which suggests that the fibers might
have a cylindrical micellar organization of the OPV bilayers as already reported in various rod-

coil shaped amphiphiles (Figure 3.1.10d).%*¢

Since the absorption and fluorescence properties of m-conjugated molecules are very
sensitive to the intermolecular and D-A CT interactions, we have performed detailed
spectroscopic studies of the diluted solutions of T-OPV:C-PBI co-assembly in water, to obtain
further insight into their co-assembled microscopic structure. Titration of C-PBI with T-OPV
(1 x 10* M) resulted in a gradual red-shift (up to 14 nm) in the absorption maximum of the
later, with the concomitant appearance of the CT band at 700 nm, which is very intense at 1:1
stoichiometry of the monomers, suggesting the co-facial organization of monomers (Figure
3.1.11a and b).'® PBI absorption spectral features, particularly the intensity ratio of 0-0 and 0-1
absorption maxima which is very sensitive to inter-chromophoric interactions,” also provided
insight into the mixed organization of the D and A monomers. At the initial stages of titration,
the higher intensity of 0-1 peak than the 0-0 peak (lo.1/loo > 1) in PBI absorption is
characteristic of intermolecular PBI interactions, as observed in the homo-assembly of C-PBI
(vide supra). However, upon co-assembly with T-OPV, ly.4/lo ratio reverses, and the 0-0 peak
gets intense compared to the 0-1 peak at 1:1 stoichiometry of the monomers, supporting the
mixed-stack D-A organization (Figure 3.1.11a). In addition, complete quenching of the
fluorescence is observed for both OPV and PBI monomers, in the 1:1 co-assembly
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characteristic of the non-fluorescent nature of the mixed CT D-A complexes (Figure 3.1.11c).
The decrease in lyp4/lgo of PBI absorption (characteristic of alternate co-assembly), the
appearance of charge-transfer band at 700 nm and quenching in the T-OPV emission was
further evident from the reverse titration of T-OPV with C-PBI (Figure 3.1.11d and e).
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Figure 3.1.11. a) Absorption spectra for the titration of C-PBI with T-OPV in water. b)
Magnified spectra of ‘a’ between 600-800 nm to show the CT-band clearly (c = 0.1 mM, 1 =5
mm). ¢) Emission spectra of T-OPV, C-PBI and their 1:1 CT co-assembly in water (c = 0.1
mM, I = 5 mm, L = 380 nm). d) Changes in the absorption spectra for the titration of T-OPV
with C-PBI in water and e) magnified spectra of C-PBI, T-OPV and T-OPV:C-PBI (1:1) from
‘d’ between 600-800 nm to show the CT-band clearly. f) Changes in the emission spectra for
the titration of T-OPV with C-PBI in water (Aex. =380 nm, ¢ = 0.1 mM, | =5 mm).

Interestingly, the excitation at 380 nm of the co-assembly showed a non-linear
quenching in the fluorescence of T-OPV on titration with increasing equivalents of C-PBI
(Figure 3.1.11f). In addition, this amplification effect in the D quenching also suggest that, the
D-A hetero-dimer pairs are incorporated in the T-OPV self-assembled chains and act as an
energy trap for more number of co-assembled OPV molecules (schematic in the inset of Figure
3.1.12a). Similar amplified fluorescence quenching through Forster resonance energy transfer
(FRET) has been observed in D helical and organogel assemblies where the energy acceptors
are co-assembled through n-7 interactions.** We envisage similar energy transfer from OPV to
the non-fluorescent CT state in our system as the transient absorption studies ruled out the
possibilities of any photoinduced electron transfer. Time-resolved pico-second fluorescence
decay measurements of the co-assembled T-OPV-C-PBI and the corresponding monomers
further supported the possibility of energy transfer (Figure 3.1.12b). The decay of the T-OPV
emission (1.8 ns in the monomer self-assembly) is significantly shortened in the co-assembly.

The presence of very short T-OPV lifetime of < 50 ps (monitored at 475 nm), which almost
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follows the instrument lamp profile, at all stages of co-assembly process confirmed the
presence of a very fast exciton migration and non-radiative energy transfer in the co-assembly.
On the other hand, monitoring the PBI emission in the homo- and co-assembled states (600 nm)
showed a mono-exponential decay with a lifetime of around ~ 4.3 ns, characteristic of the PBI
monomer, which is in consistent with the non-fluorescent nature of these PBI assemblies. The
presence of energy transfer in the co-assembly is further evident from the reverse titration of T-
OPV with C-PBI, which showed only a linear quenching of PBI fluorescence with increasing
equivalents of OPV, suggesting that OPV monomers are co-assembled in an isolated way in the
PBI stacks, forming ground-state CT interactions with the neighbouring PBI molecules (Figure
3.1.12a). The 1:1 stoichiometry and alternate D-A sequence of the T-OPV:C-PBI co-assembly
was further confirmed by using Job plot (Figure 3.1.12c). The formation of mixed stacks from
the pre-assembled D and A molecules in water further indicates that the individual aggregation
of D and A molecules is dynamic enough to reorganize to form more stable alternate D-A co-
assembly.
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Figure 3.1.12. a) Fluorescence quenching during titration experiments. Red curve show the
fluorescence quenching of T-OPV (An0n = 485 nm) on titration with C-PBI and black curve
shows the changes in the emission of C-PBI (Ame, =550 nm) on reverse titration with T-OPV.
Insets show the schematic representations of the molecular structure of corresponding co-
assembly. b) Fluorescence lifetime decay profiles for individual T-OPV, C-PBI and their 1:1
complex (Jexe = 390 Nm, ¢ = 0.1 mM, solvent = 20% methanol in water, | = 10 mm, wavelengths
mentioned in the inset represents where the decay was monitored and IRF is the instrument
response function). ¢) Job plot by probing the CT absorbance at 700 nm for T-OPV:C-PBI co-
assembly (Total concentration = 0.2 mM, solvent = water, | =5 mm).

3.1.5d Morphology Studies

Detailed TEM and AFM studies were performed to get insight into the
microstructure of the one-dimensional nanostructures formed by the self-assembly of wedge-
shaped T-OPV:C-PBI non-covalent amphiphile in water. AFM images of a dilute, aqueous
solution of these assemblies (0.1 mM) showed dense fiber networks, with extensive cross-
linking (Figure 3.1.13a). The dimensions of these nanofibers are about 200-300 nm in width
and with a length of more than 15 um (Figure 3.1.13a and b). Interestingly, TEM images of

these 1-D structures negatively stained with uranyl acetate showed the presence of the tubular
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morphologies with 35-50 nm diameters, in agreement with the reported nanotube formation of
similar wedge-shaped amphiphiles (Figure 3.1.13c and d).** AFM cross-sectional analysis of
these fibers showed a height of 30-40 nm, which is very close to the diameter of the nanotubes,
revealing the rigidity of these tubular structures. This further suggests that the fibrous
morphology visualized through AFM were bundles of nanotubes, which could have formed by
the lateral association of these nanotubes through ionic interactions between their charged
surfaces. Detailed TEM analysis of the tubes further revealed a uniform wall thickness of 7 nm,
which is two times to the calculated bilayer thickness (3.5 nm) of the CT-amphiphile (Figure
3.1.13e and f). This indicates that the tube walls are constructed by two coats of bilayers, as
previously reported for many amphiphilic self-assemblies.®* Hence it can be proposed that, the
aromatic surfaces of the CT amphiphilic pairs are organized perpendicular to the length of the

tubes promoting the 1-D self-assembly through synergic n-n and hydrophobic interactions.

Bilayer

<— 35-50nm  —>
Nanotube

Figure 3.1.13. Microscopic studies of T-OPV:C-PBI co-assembly: a) and b) AFM height
images of the fibers and the inset of ‘b’ shows the corresponding cross-sectional analyses. c)
and d) TEM images of the nanotubes. Electron density profile of the nanotube wall (marked as
white bar in the image) is also shown in Figure 3.1.13d. The dip in the profile could be an
indication of the existence of two bilayers in the nanotube wall of 7 nm and e) zoomed picture
of ‘d’. f) Schematic representation of the bilayers and nanotube formed form the T-OPV:C-PBI
non-covalent amphiphile.

3.1.5e Conductive AFM Studies

In order to validate our mixed stack CT design for conducting nanostructures,
conductive atomic force microscopy (C-AFM) experiments were carried out on the T-OPV:C-
PBI nanotubes (Figure 3.1.14). The samples were prepared by drop-casting the aqueous
solution of the nanotubes onto a gold coated glass substrate followed by vacuum-drying to
remove the solvent and AFM images of these substrates showed dense network of CT

nanotubes. Interestingly, I-V responses of these nanotubes showed non-linear behaviour and the
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resistance near voltage (V) = 0 obtained by analyzing the slope of I-V curve was 0.2 MQ. The
conductivity of the fibers having an average height of ~35 nm is found out to be 0.02 Scm™,
which is one of the highest values reported for a supramolecular nanostructure without any
external doping.” These measurements were further supported by two probe I-V measurements

on the nanotubes across the gold electrodes (Figure 3.1.14c). The resistance found in this case

is one order higher than C-AFM measurements probably due to the more contact resistance.
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Figure 3.1.14. a) Tapping mode AFM image of the T-OPV:C-PBI nano-tubes (0.1 mM) drop
casted on gold coated glass substrate and b) the corresponding C-AFM |-V curves. The black
circle in the inset image of ‘b’ shows the fiber where the 1-V measurements were performed. c)
I-V profile of 0.1 mM solution of T-OPV:C-PBI (1:1) nano tubes drop casted on two gold
electrodes having a gap of 6 um.

3.1.6 Conclusions

In summary, we have presented a novel strategy for the conducting organic
nanostructures by the supramolecular alternate, mixed self-assembly of D and A molecules,
using a non-covalent amphiphilic design. We demonstrate that this amphiphilic design is a very
powerful tool to promote efficient co-facial assembly of even large molecules with structurally
different extended m-conjugated backbones, which are otherwise known to phase-segregate.
The CT nanostructures presented here, with an unprecedented co-facial organization of D and
A chromophores, exhibit high mobility/conductivity even without external doping and hence

hold great promise in the emerging area of supramolecular electronics.
3.1.7 Experimental Section

General Methods: Field Emission Scanning Electron Microscopy (FE-SEM) measurements
were performed on a NOVANANO SEM 600 (FEI) in low vacuum mode by drop casting the
solutions on glass substrate followed by drying in vacuum and operated with an accelerating
voltage of 5 kV. Transmission Electron Microscopy (TEM) measurements were performed on a
JEOL, JEM 3010 operated at 300 kV. Samples were prepared by placing a drop of the solution
on carbon coated copper grids followed by drying at room temperature. The images were
recorded with an operating voltage 300 kV. In order to get a better contrast samples were

stained with uranyl acetate (1 wt% in water) before the measurements. Atomic Force
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Microscopy (AFM) measurements were performed on a Veeco dilnnova SPM operating in
tapping mode regime. Micro-fabricated silicon cantilever tips doped with phosphorus and with
a frequency between 235 and 278 kHz and a spring constant of 20-40 Nm™ were used. The
samples were prepared by drop casting aqueous solutions on glass substrate and dried in air
followed by vacuum drying. Electronic absorption spectra were recorded on a Perkin Elmer
Lambda 900 UV-VIS-NIR Spectrometer and emission spectra were recorded on Perkin Elmer
Ls 55 Luminescence Spectrometer. UV-Vis and emission spectra were recorded in either 1 mm,
or 5 mm path length cuvettes with 350 nm, 380 nm and 500 nm excitation wavelengths.
Fluorescence life time decay was recorded in a time-correlated single-photon-counting
spectrometer of Horiba-Jobin Yvon. NMR spectra were obtained with a Bruker AVANCE 400
(400 MHz) Fourier transform NMR spectrometer with chemical shifts reported in parts per
million (ppm). Rheological measurements were performed on Anton Paar MCR 301, stress
controlled rheometer with a cone and plate geometry. The cone diameter is 25 mm and angle is

2°. The experiments were carried out with a plate gap of 49 um at 26 °C.

Conductive AFM (C-AFM): Conducting-atomic force microscopy (C-AFM) measurements
were performed using Pt/Ir coated Si tips operated in contact mode on a dilnnova SPM (Veeco,
USA). The conducting tip is brought into contact with the substrate until a preset loading force
is reached. The bias voltage on the sample is then varied while the resulting current is

measured. The conductivity of the CT-nanotubes were calculated using following formula
Conductivity = d/(AR) Scm™

Where d = Height of the nanotube
A = Area of the C-AFM probe in contact with the surface

R = Resistance

Hydrogel preparation: In a typical experimental procedure, 1:1 molar ratio of D and A were
taken in water at required concentration and the resultant mixture was heated up to 90 °C and
left at room temperature. Hydrogel was formed within minutes, which was confirmed by

inverted vial method.
3.1.7a Synthesis

Compounds DMV,** BMV,* CS,2 PS,*® C-PBI,* and compounds 2-5* were synthesized
according to the literature methods. Methyl viologen (MV) was purchased from Acros-

Organics and compound 1 was purchased from Sigma Aldrich.
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Scheme for the synthesis of T-OPV:

OMe OMe

Cyp Hys Br p CH,0 v©/\ NaHCOs
—_—
K,CO;, DMF HBrm AcOH DMSO
12 12

12Ha5

OMe OMe o] Di 'd d
i acid an
/ tBUtOK / O +2racda
N ') J OMe  monoacid
orc P °  THF-DMF O ester
(0]

H,.C,,0
OCypHys we 6

OH

KOH, EtOH,
H,0

OMe O
)
oy O
(o]

HZSClZO
T-OPV

Synthesis of T-OPV: A mixture of potassium tertiary butoxide (600 mg) and dry DMF (18
mL) was taken in a R. B. flask and stirred for 10 min. To this, a mixture of 4 (600 mg, 1.72
mmol) and 5 (1.48 g, 5.18 mmol) in dry THF (25 mL) was added and stirred at room
temperature for 2 h. Then the temperature was raised to 50 °C and stirring was continued at this
temperature for another 12 h. After this, the resulting mixture was added to 100 mL of 3N HCI
and then stirred for additional 15 minutes. The yellow precipitate formed was then filtered,
washed with water and dried. MALDI-TOF spectra indicated the presence of compound 6
along with fully hydrolyzed diacid and partially hydrolyzed monoacid ester. This crude mixture
was then added to ethanol and refluxed at 90 °C. 3% KOH (150 mL) solution was added drop
by drop to the reaction mixture over a period of 2 h and continued the reaction for additional 12
h. The yellow precipitate formed was filtered and washed with small amounts of ethanol (10
mL) and dried in vacuum to give the product T-OPV in 70 % vyield (800 mg). ‘H NMR
(DMSO-Dg, 400 MHz) & (ppm) = 7.81 (d, J = 6.2 Hz, 4H), 7.25-7.43 (m, 10H), 4.09 (t, J = 6.4
Hz, 3H), 3.89 (s, 3H), 1.81 (m, 2H), 1.52 (m, 2H), 1.23 (m, 16H), 0.85 (t, J = 6.7 Hz, 3H); *C
NMR (DMSO-Dg, 100 MHz) 6 (ppm) = 168.4, 151.0, 150.5, 129.4, 129.1, 126.4, 125.8,
125.0,124.9, 122.4, 109.5, 79.1, 56.0, 31.2, 29.0, 28.9, 28.8, 28.7, 28.6, 25.7, 22.0, 18.5, 13.9.
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PART-3.2
Autonomous Alignment of Charge-Transfer Fibers via Two-

Dimensional Donor-Acceptor Self-Assembly*

Abstract

In this section, we describe a supramolecular cross-linking design to construct aligned charge-
transfer (CT) columns of donor (D)-acceptor (A) molecules in solution and on surface. This has
been realized via two dimensional (2D) self-assembly of a non-covalent mixed-stack CT-
complex, formed between coronene tertracarboxylate (CS) donor and a bi-functional viologen
(CV) acceptor in water through a combination of CT and hydrophobic interactions between.
Detailed microscopy, linear dichroism (LD) studies and powder XRD measurements revealed
the autonomous formation of aligned nanostructures in solution via 2D self-assembly.
Furthermore, we have demonstrated the use of CV as a supramolecular cross-linker to induce

alignment to the otherwise random CT nanostructures.

Aligned CT-columns

Non-covalent
bifunctional
CT-Amphiphile

Alkyl chain packing ——

*Manuscript based on this work is under preparation
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3.2.1 Introduction

Mixed-stack charge-transfer (CT) assemblies' formed via face-to-face organization of
electron donor (D) and acceptor (A) molecules have attracted significant attention owing to
their effective utilization in the synthesis of new functional materials with tailored properties.
Recently, fascinating optoelectronic® and ferroelectric* properties are predicted and reported for
various D-A mixed stack CT-crystals. The supramolecular D-A organization is shown to be
very crucial for the ambipolar charge transport and interesting luminescent properties of CT
crystals obtained from various D-A m-conjugated pairs.” Moreover, mixed stack CT-assemblies
are the potential candidates for achieving room temperature ferroelectricity with high
polarization and they hold great promise in the fabrication of non-volatile memory devices.®
We have recently reported the supramolecular synthesis of CT-nanowires using a non-covalent
amphiphilic design, for their effective utilization in nanosized electronic devices (see Part-
3.1).”® Field effect transistor (FET) devices made from these nanofibers showed high mobility
compared to their CT-crystals with remarkable self-repairing behaviour.” However, similar to
other 1D self-assembled nanowires, these CT-nanofibers showed random entanglement when
transferred from solution to the surface. In order to improve the performance of these 1D
nanofibers on devices, further control over their hierarchical organization is indeed necessary.
Anisotropic orientation of nanowires is important for efficient charge transport across their

length to minimize the scattering of charge carriers due to local defects.™

Precise and unidirectional positioning of supramolecular nanowires on device structure
is challenging, similar to inorganic nanowires and carbon nanotubes. Alignment of
nanostructures is one of the strategies adopted in order to get better organization.” In this
context, several physical methods such as electricfield,”® magneticfield*® and lithography™*
based approaches were successfully demonstrated for aligning conjugated polymers and
supramolecular nanofibers of small z-conjugated molecules. Apart from these general methods,
Miillen et al. developed a zone-casting technique for generating long range oriented nanowire
films from several polyaromatic hydrocarbons.™ Kato and others demonstrated the use of liquid
crystal medium to induce alignment of supramolecular aggregates of n-conjugated molecules.™
A combination of self-assembly and dewetting were utilized for generation of long range 1D
patterns of various electro active m-systems.!” Surface guided self-assembly,® filtration-and-
transfer,® sound induced alignment® and physical dragging of fibrous gels* are some other

techniques demonstrated for inducing long range alignment to the self-assembled nanowires.

More recently, non-covalent cross-linking of 1D supramolecular stacks and polymer
chains has been demonstrated for the construction of aligned and stimuli responsive

supramolecular materials.?? Moreover, non-covalent cross-linking is made reversible in some
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cases by using stimuli responsive cross-linker.?® For example, Shinkai et al. utilized specially
designed molecular entities for the alignment of conjugated polymers through co-ordination
chemistry.?* Scherman et al. have synthesized multistimuli responsive cross-linked polymer
hydrogels via host induced CT-interactions.”®> However, less attention has been paid on the
design of molecules that would give autonomous alignment to the 1D stacks during the process
of self-assembly in solution.?® This design would be useful for large area device fabrication in a
cost effective manner as it is tedious and expensive to attain the alignment under the influence
of physical forces such as electric or magnetic field. Although host-guest interactions have been
exploited to align the conjugated polymers in solution, functional aspects of these polymers can
be affected by the ground or excited state interactions between host and guest molecules.?
Some of these issues can be addressed by the targeted molecular design of a self-assembling
monomer which would give autonomously aligned n-stacks in solution without affecting their

electronic functionality.

3.2.2 Design Strategy

Water Water
—_—

Non-covalent bifunctional
CT-complex
Q

AIkyI chaln packlng _—

Scheme 3.2.1. a) Molecular structures and schematic representation of various donor (CS) and
acceptor (DMV, CV, BV) molecules used in the present study. b) Proposed schematic
representation of the autonomous alignment of CS-CV CT-columns into crystalline layers in
water via 2D self-assembly.

We have used a judicious molecular design of D and A molecules to construct
autonomously aligned 1D CT-columns in water. This was achieved by co-assembly between
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electron rich coronene tertracarboxylate (CS) and electron deficient bi-functional viologen
(CV) acceptor through a combination of CT interactions and crystallization of paraffinic
chains, operating in orthogonal directions (two dimensional (2D) self-assembly, Scheme 3.2.1).
The use of CV terminating with long alkyl chains at both the ends turned out to be crucial for
the alignment of CT-columns, as the CT-complexes formed from mono functional viologen
amphiphile (DMV) or bisviologen (BV) without terminating alkyl chains could only yield
randomly aligned 1D nanofibers (Scheme 3.2.1). Transmission electron microscopy (TEM)
images revealed the presence of large number of laterally aligned 1D CT-columns, whereas
AFM images displayed aligned nanofibers over 15x15 um’ area. These observations are in
consistent with the remarkable 1D and 2D lattice correlation lengths observed from powder X-
ray diffraction (PXRD) studies. Remarkably, the observed strong linear dichroism of CS-CV
complex in solution indicated the formation of autonomously aligned assembly in solution. The
alignment of the present system in solution would be advantageous for large area device
fabrication which is mainly possible by solution processing. Moreover, at higher
concentrations, CS-CV complex forms hydrogels with ultrahigh content of water (>99.5).
Furthermore, we have successfully demonstrated the alignment and cross-linking of unaligned
CS-DMV cylindrical micelles by co-assembling with small mole fractions of bi-functional CV,

which further improved their stability and gelation properties.
3.2.3 Optical Studies and Gelation Experiments

The donor (CS) and acceptor molecules (DMV, BV and CV) were synthesized
according to the literature methods and were fully characterized (see experimental section). All
optical and microscopy measurements were performed in water, where CS is molecularly
soluble. On the other hand, all the viologen derivatives under investigation are weakly
assembled in water into spherical aggregates. Titration experiments were performed on dilute
solutions (0.1 mM) of CS with different equivalents of CV to understand the nature and
composition of the resultant CT-complex (Figure 3.2.1). Similar to CS-DMV CT complex (see
Part-3.1), the increase in CV concentrations up to 0.05 mM in 0.1 mM solution of CS caused
ground state spectroscopic changes such as broadening and decrease in the absorbance of CS
with concomitant appearance of new broad band centred at 500 nm (Figure 3.2.1a and b). This
clearly indicates the efficient CT-complex formation between CS and CV at 1:0.5 (CS:CV)
molar ratio, in consistent with design. Further increase in the CV equivalents (> 0.5) resulted in
scattering. Gradual quenching in the CS emission was observed with increasing concentration
of CV which reached saturation at 0.5 equivalents in line with the absorption changes (Figure
3.2.1c and d). Interestingly, at higher concentration (CS = 4.0 mM and CV = 2 mM) of CS-CV

complex in 1:0.5 molar ratio, the solutions became viscous and bright red and transparent
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hydrogels were formed (Figure 3.2.1d, inset). The observed low critical gelator concentration
(CGC) of CS-CV complex compared to CS-DMV (~8.0 mM), indicates the high water content
for these gels. The CS-CV network is capable of holding more than 99.5 wt% of water which is

one of the highest values reported so far for hydrogels formed from small molecules.”
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Figure 3.2.1. a) Absorption spectra of CS (0.1mM) with different equivalents of CV in water
(I= 1 mm). b) Magnified spectra of Figure 3.2.1a between 450-700 nm. c) Corresponding
emission spectra of CS with different equivalents of CV in water. d) Plot of emission quenching
of CS versus equivalents of CV and inset shows the photograph of the CS-CV hydrogel.

3.2.4 Morphology Studies

Morphological features of these CT-hydrogel networks and their dilute solutions were
investigated in detail using transmission electron microscopy (TEM) and atomic force
microscopy (AFM). For TEM measurements, the samples were drop casted from their dilute
aqueous solutions (0.1 mM) followed by negative staining with uranyl acetate. CV alone in
water showed the formation of spherical aggregates of 50-100 nm (Figure 3.2.2a). Whereas the
TEM images of CS-CV (1:0.5) complex showed the presence of aligned structures of few
microns in length and few nanometres in width with periodically spaced alternate bright and
dark regions (Figure 3.2.2b-d). Since TEM imaging was done in the bright field mode, the dark
regions correspond to the hydrophilic segments where staining agent is present and bright

regions correspond to the hydrophobic alkyl chains. The widths of the individual dark and
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bright regions are ~3.0 nm and ~2.5 nm respectively, whereas the calculated lengths of
hydrophilic and hydrophobic segments of CS-CV CT-complex are ~2.2 nm and ~3 nm,
respectively. The observed shorter distances of hydrophobic segments in TEM images suggest
that, alkyls chains in the nanostructures are partially interdigitated. The interdigitation of alkyl
chains is further evident from PXRD measurements (vide infra). On the other hand the width of
hydrophilic aromatic segment is more than the calculated values, which might be due to the
presence of staining agent. AFM image of the drop casted CS-CV dilute solutions (0.1 mM)
and hydrogels on glass substrate showed bundles of aligned nanowires even over large areas
(15x15 pm?, Figure 3.2.2e and f). Our previous results on CS-DMV complex showed that, it
can only form randomly entangled 1D nanofibers from water as there are no specific group
interactions to induce lateral association of these cylindrical micelles (Figure 3.2.2g).

|

15X15um?

Figure 3.2.2. a) AFM image of CV (0.05 mM) formed in water. b), c) and d) TEM images, and
e) corresponding AFM image of CS-CV co-assembly formed in water. f) AFM image of the CS-
CV hydrogel. TEM images of g) CS-DMV and h) CS-BV co-assembly formed in water (CS and
DMV = 0.1 mM, BV and CV = 0.05 mM).

In contrast to the CS-DMV CT-amphiphile, the appearance of aligned CT-columns
(dark regions in the aligned structure) in the CS-CV assembly can be attributed to the presence
of terminating hydrophobic alkyl chains in the bifunctional CV. To minimize the repulsive
interactions with water, these long alkyl chains interact with each other which further serves as
a glue to align the CT-columns of CS and viologen in lateral directions. This was further
proved by controlled experiments with bifunctional viologen (BV) having alkyl chain in the
middle instead of at terminal positions as in CV. Under similar conditions, TEM images of 0.1
mM water solutions of CS-BV (1:0.5) complex showed only 1D nanofibers without any
alignment (Figure 3.2.2h). These observations clearly indicate the crucial role of two terminal
alkyl chains of CV in inducing lateral association of the CT-columns of CS and viologen. Since

aligned nanostructures were observed only for CS-CV CT-complex and not for CS-DMV and
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CS-BV, under identical conditions and concentrations, we anticipate that this aligned
nanostructures are indeed formed in the solution via 2D self-assembly (vide supra) and not on
the surface due to drying effects. This proposal was further proved using linear dichroism
studies in solution.

3.2.5 Linear Dichroism and Powder XRD Studies
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Figure 3.2.3. a) LD spectra of CS-CV and CS-DMV CT-nanofibers in water (CS and DMV =
0.5 mM, CV = 0.25 mM, | = 2 mm) and corresponding absorption spectra is shown in the inset.
PXRD patterns of CS-CV and CS-DMV xerogels on glass substrate; b) in the wide angle
region and c) in the small angle region. Schematic representation of aligned CT-columns via
2D self-assembly is shown in the inset of ‘c’. d) Comparison of PXRD pattern of CS-CV (red
curve) with CDB (black lines) crystal pattern.

Since linear dichroism (LD) is a powerful tool to study the alignment of nanowires in

solution,?®

we have measured the LD of dilute aqueous solutions (0.5 mM) of CS-DMV and
CS-CV complexes under identical conditions (Figure 3.2.3a). This would provide evidence for
the existence of aligned nanostructures in solution. Remarkably, under identical conditions, the
aqueous solution of CS-CV complex showed strong LD signal, whereas CS-DMV did not
show any signal. This unambiguously proves that, the aligned structures of CS-CV complex are
indeed formed in solution via self-assembly, rather than any dewetting process on surfaces.

Interestingly all the absorption features of viologen (260-300 nm) and CS (290-360 nm)
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including their CT-band (440-500 nm) appeared in the corresponding LD spectrum due to the

existence of highly oriented anisotropic CT nanostructures in solution.

Small and wide angle PXRD measurements of both CS-DMV and CS-CV xerogels
were performed on glass substrate to get insight into their degree of ordering and crystallinity
(Figure 3.2.3b-d). Although both the samples displayed several sharp diffraction peaks between
15-50° (20), low angle (20 = 2-10°) peaks are observed only for CS-CV hydrogel. This clearly
suggests that, only CS-CV complex exhibits higher order self-assembled structures. In the wide
angle region of PXRD pattern, sharp diffraction peak at ~25 ° (20) are observed for both the
xerogels which corresponds to the n-n distance between D-A molecules. The observed D-A
stacking distances for CS-DMV and CS-CV complexes are 3.55 A and 3.54 A, respectively.
Moreover, the sharpness of these reflections indicates the existence of long range order in the
D-A stacking direction which is along the length of the nanostructures. This motivated us to
further evaluate the correlation lengths corresponding to these reflections using Scherrer
formula which would provide a quantitative measure of long range order along the D-A
stacking direction.” The observed correlation lengths are 90 nm and 85 nm for CS-DMV and
CS-CV CT-nanofibers, respectively. These values are quite remarkable, as this kind of sharp
diffraction peaks with high correlation lengths along the n-m stacking distances in self-
assembled z-systems are seldom observed and have been only reported in crystalline and liquid
crystalline assemblies.? In addition, sharp diffraction peaks at ~21° (20) for both the xerogels
indicate that alkyl chains are self-assembled in these nano structures with long range order.
However, in sharp contrast to CS-DMV xerogel, CS-CV xerogel displayed three sharp
diffraction peaks in the low angle region (20 = 2-10°). The first sharp peak was observed at 20
= 2.63° followed by two other small peaks at 20 = 4.5° and 6.84°. Moreover, this powder XRD
pattern is similar to the patterns of 4-cyano-4'-dodecyloxybiphenyl (CDB)* and
polypyromelliticimides bearing (n-alkyloxy)biphenyloxy groups (PDIB)* (Figure 3.2.3d). It
has been shown that, both these molecules have 2D order in their solid-sate which is stabilized
by a combination of n-m stacking between biphenyl groups and van der Waal’s interactions
between alkyl chains. The 2D self-assembly of CS-CV in the present case is supported by CT-
interactions between CS and viologen as well as interaction between dodecyl chains due to
hydrophobic effects (Figure 3.2.3c, inset). The approximate total length of the CS-CV complex
in its fully stretched conformation is 52 A. However the first sharp peak in PXRD pattern of
CS-CV corresponds to the d-spacing of 33.5 A (20 = 2.63°) which is less than the length of CT-
complex. This might be due to the interdigitation of alky chains (vide supra) and tilted
orientation of molecules in the nanostructures similar to PDIB polymers.®® We further
investigated the crystallite size of these 2D layers. The quantification of the sharpness of first

diffraction peak (20 = 2.63°) using Scherrer formula resulted in a reasonably good correlation
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length of ~45 nm for this 2D lattice. All these observations indicate that CS-CV complex self-
assembles in water to form aligned nanostructures with long range mixed stack organization.
We propose that this approach can be further extended to align the n-stacked columns of either

single or multichromophoric systems.

3.2.6 Cross-linking Experiments
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Figure 3.2.4. a) Absorption spectra of CS-DMV complex with different mole fractions of CV
and corresponding CT-band absorption is shown the inset (CS and DMV = 0.1 mM, | =1 mm).
b) Photographs of CS-DMV complex at 5.5 mM in water with different mole fractions of CV. c)
Melting curves of CS-DMV nanofibers with and without CV (CS and DMV = 0.5 mM, | = 2
mm) monitored at 475 nm. d) TEM image of CS-DMV complex co-assembled with y., = 10 of
CV in water. e) Schematic representation of cross-linked CS-DMV micelles by CV. f) AFM
image of CS-DMV complex co-assembled with y., = 10 of CV in water.

The 2D self-assembly of CS-CV complex further encouraged us to use CV as a
supramolecular cross-linker to align the randomly oriented cylindrical micelles of CS-DMV, as
the molecular structure of CV is composed of two DMV molecules linked by oligo ethylene
oxide spacer. The bifunctional CV is expected to glue together CS-DMV cylindrical micelles
by acting as cross-linker when co-assembled. In a typical experimental procedure, aqueous
solution of CS was added to the mixture containing different ratios of DMV and CV, to result
in a final composition having one CS molecule per viologen moiety. The presence of different
mole fractions of CV did not alter the CT-interactions which, suggest the efficient co-assembly
of CV with CS-DMV micelle, as evident from the absorption spectra (Figure 3.2.4a). Co-
assembly was further probed using gelation, melting point, and microscopy experiments
(Figure 3.2.4b-e). Since CV can form gel together with CS at much lower concentrations than
DMV, we envisage that the co-assembly of CV should induce the gelation to CS-DMV with
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lower CGC due to cross-linking (Figure 3.2.4b). For gelation experiments, we have used 5.5
mM CS-DMYV complex in water which is in sol state (CGC is 8 mM). Interestingly, small mole
fraction of CV (yv =5) in CS-DMV complex resulted in a weak gel, which strengthens with the
increase in the mole fraction of CV (., = 15). This not only gives a decisive proof for the
efficient co-assembly of CV with CS-DMV micelle, but also indicates the enhanced cross-
linking in fibrous network of CS-DMV owing to the bifunctional nature of CV. In addition,
temperature dependent experiments on CS-DMV CT-fibers upon co-assembly with CV were
carried out to understand the effect of CV on their thermal stability by probing CT-band
absorbance. In case of pure CS-DMV (0.5 mM) in solution, CT-band absorbance (at 475 nm)
decreased gradually with the increase in the temperature (10-80 °C) and a total decrease of 60%
was observed at 80 °C (Figure 3.2.4c). Whereas in case of mixed nanofibers of CS-DMV
having y., = 10 of CV, the decrease was only 40%. This increased thermal stability of CS-DMV
CT-fibres with small mole fraction of CV further indicates their efficient solution state co-
assembly without any phase segregation. This was further supported by TEM and AFM
analysis of CS-DMV CT-fibers with and without CV. CS-DMV alone showed high aspect
ratio nanofibers with less degree of cross-linking due to the lack of cross-linker (vide supra).
On the other hand, TEM image of CS-DMYV assembly having y., - 10 of CV (Figure 3.2.4e)
showed densely cross-linked and aligned nanofibers via inter micelle bridging by CV as shown
in the schematic of Figure 3.2.4e. This was further evident in the corresponding AFM images,

which showed densely aligned nanofibers over large areas (Figure 3.2.4f).
3.2.7 Conclusions

In conclusion, we have demonstrated the use of 2D self-assembly process for the non-
covalent synthesis of aligned CT-columns in solution and on surface. LD studies provided
insights into their anisotropic bundling even in solution. Microscopic analyses on their dilute
solutions and xerogels showed aligned nanostructures on substrates even up to 15 x 15 pm?
areas. Interestingly, PXRD analyses of these xerogels revealed the existence of 2D self-
assembly with aligned CT-columns. Moreover the aligned assembly exhibited 2D lattice
correlation length up to 45 nm with a remarkable crystalline order (~85 nm) along the D-A
stacking direction. Furthermore, docking with small amounts of bifunctional CV to 1D micelle
induced alignment to the unaligned nanostructures while improving their gelation properties
and thermal stability. We propose that this strategy can be extended to various other functional
n-systems for achieving aligned m-stacked columns in solution and on substrate, which would

be useful for improving their performance on devices.
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3.2.8 Experimental Section

General Methods: Transmission Electron Microscopy (TEM) TEM measurements were
performed on a JEOL, JEM 3010 operated at 300 kV. Samples were prepared by placing a drop
of the solution on carbon coated copper grids followed by drying at room temperature. The
images were recorded with an operating voltage 300 kV. In order to get a better contrast,
samples were stained with uranyl acetate (1 wt % in water) before the measurements. Atomic
Force Microscopy (AFM) measurements were performed on a Veeco dilnnova SPM operating
in tapping mode regime. Micro-fabricated silicon cantilever tips doped with phosphorus and
with a frequency between 235 and 278 kHz and a spring constant of 20-40 Nm™ were used. The
samples were prepared by drop casting aqueous solutions on glass substrate and dried in air
followed by vacuum drying. Electronic absorption spectra were recorded on a Perkin Elmer
Lambda 900 UV-VIS-NIR Spectrometer and emission spectra were recorded on Perkin Elmer
Ls 55 Luminescence Spectrometer. UV-Vis and emission spectra were recorded in 1 mm
cuvette. NMR spectra were obtained with a Bruker AVANCE 400 (400 MHz) Fourier
transform NMR spectrometer with chemical shifts reported in parts per million (ppm). Linear

dichroism (LD) spectra of samples were recorded in Jasco, J-815 CD spectrometer.

3.2.8a Synthesis
Compounds CS,*> DMV,* BV** and 3% were synthesized according to the literature methods.

Compounds 1, 2 and 4 were purchased from Aldrich.

Scheme for the synthesis of CV
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Synthesis of CV: Compound 3 (520 mg, 1.3 mmol) and Bis 2-iodoethoxy ethane (4, 240 mg,
0.65 mmol) were taken in a 50 mL round bottomed flask having 20 mL of acetonitrile. The
reaction mixture was stirred at 90 °C for 24 hrs under inert conditions. The solution was cooled

to room temperature and the orange precipitate formed was filtered and washed with diethyl
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ether to yield pure product (227 mg, 30%). *H NMR (400 MHz, DMSO-Dg): & (ppm) 9.38 (d, J
= 6.8 Hz, 4H), 9.33 (d, J = 6.8 Hz, 4H), 8.80 (dd, J = 6.8 Hz, 8H), 4.89 (t, J = 4.4 Hz, 4H), 4.69
(t, J = 7.2 Hz, 4H), 3.96 (t, J = 4.8 Hz, 4H), 3.55 (s, 4H), 1.978 (s, 4H), 1.31-1.24 (36H),
0.853(t, J = 6.8 Hz, 6H); *C NMR (100 MHz, DMSO-Dq): 6 (ppm) 148.8, 148.4, 146.1, 145.7,
126.7, 126.3, 69.5, 68. 68.6, 60.8, 60.3, 31.2, 30.7, 29.0, 28.9, 28.7, 28.6, 28.3, 25.4, 22.1, 13.9;
HRMS (ESI) calculated for CsoH7sN4O, = 383.3051 [M*%/2] and found 383.3022.
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PART-3.3
High Charge Carrier Mobility in Non-Covalently Tailored

D-A Heterojunction Nanostructures*

Abstract

In this section, we describe a simple non-covalent approach to control the co-assembly
of electron rich oligo(p-phenylenevinylene) and electron deficient viologen derivatives into
mixed stack and segregated donor (D)-acceptor (A) heterojunction nanostructures. This was
achieved by tailoring the alkyl chain position in D and A molecules. Self-assembly of these non-
covalent D-A complexes resulted in the formation of nanostructures with controlled D-A
organization. The segregated D-A nanostructures exhibited well defined nanoscale
heterojunctions with wide D-A interface. Transient photocurrent measurements showed high
mobility of photogenerated charges in segregated D-A nanostructures (1.2 cm?Vs) than mixed
stack (0.07 cm?/Vs) nanostructures due to efficient charge separation and migration which is

not possible in latter case because of unfavourable orientation of D-A molecules.
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* Manuscript based on this work is under preparation.
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3.3.1 Introduction

Nanoscale tailoring of the molecular organization of electron rich donors (D) and
electron deficient acceptors (A) in p-n heterojunction nanostructures, is a meticulous area of
research as it plays a pivotal role in the performance of organic electronic devices." Though
mixed stack D-A assemblies are known to have interesting optoelectronic properties,’
segregated D-A stacks are important for organic electronic devices owing to their ability to
provide efficient transport pathways for the photogenerated charges in the bulk state.® Despite
having high efficiencies, bulk heterojunctions solar cells (BHJSC) obtained from randomly
blended D-A molecules have draw backs in terms of active layer material and fabrication
process.” Moreover, morphology of the active layer in BHISC is kinetically formed which
reduces the device efficiency over time. In this regard, organization of D-A molecules via
supramolecular self-assembly has shown to be an efficient approach for the construction of
stable bicontinuous D-A heterojunctions.” However, devices made from the self-assembled
structures of covalently linked fullerene with m-conjugated polymers/oligomers exhibited poor
mobilities due to symmetry mismatch between D-A molecules.® This clearly indicates that, in
addition to the morphology, the mobility of photogenerated charges along the D and A
components is also crucial for achieving high photo conversion efficiency (PCE). In this
context, segregated D-A heterojunction nanostructures developed by Aida et al. through the
self-assembly of covalently linked D-A amphiphiles are striking examples.” In these examples,
the self-assembled heterojunction nanostructures of HBC amphiphile covalently linked with
trinitrofluorenone/Cq, showed high charge carrier mobilities up to 3/2 cm?Vs when probed via
time-resolved microwave conductivity measurements. Recently, segregated D-A stacks have
also been made through the self-assembly of non-amphiphilic, covalently linked D-A
molecules.® However, the resultant heterojunctions suffer from low charge carrier mobility and
interference of energy-transfer process. In this context, a simple non-covalent strategy for
nanoscale tailoring of heterojunctions would be more attractive to avoid the synthetic
complexity in covalent D-A systems.® Since self-assembled nanostructures of amphiphilic -
conjugated molecules are known to exhibit high mobilities™ due to enhanced m-ordering, we
focus on non-covalent D-A amphiphilic design to construct heterojunction nanostructures with

wide interface and high charge carrier mobility.

3.3.2 Design Strategy

In this section we describe a simple and novel non-covalent approach for the nanoscale
tailoring of D and A heterojunctions of oligo(p-phenylenevinylene) and viologen chromophores
in water (Scheme 3.3.1). The position of alkyl chain at D or A site plays a crucial role in

controlling the organization (segregated/mixed stack) of D-A molecules in the resultant non-
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covalent D-A complex. Detailed analyses of these non-covalent complexes revealed that in this
D-A pair, D and A molecules prefer segregated orientation when alkyl chain is linked with
viologen (HDMV), whereas they form face-to-face ground state CT-complex if the alkyl chain
is at D site to form T-shaped oligo(p-phenylenevinylene) donor (T-OPV). Interestingly, the
self-assembly of these segregated non-covalent D-A complexes resulted in high aspect ratio
nanotapes with lamellar packing and wide D-A interface, whereas the mixed stack complexes
showed only the formation of micelles. Transient photocurrent measurements on both these
nanostructures showed high mobility of photogenerated charges in segregated D-A
nanostructures (1.2 cm?/Vs), which is two orders of magnitude higher than the corresponding
mixed stack nanostructures (0.07 cm?/Vs), reiterating the importance of molecular organization

in multicomponent D-A assemblies.
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Scheme 3.3.1. Molecular structures of a) D (OPVS and T-OPVS) and A (MV and HDMV)
molecules. Schematic representation for the formation of b) segregated nanostructures of
OPVS-HDMV and c) mixed stack nanostructures of T-OPV-MV non-covalent amphiphilic
complexes.

3.3.3 Characterization of D and A Co-Assembly

D (OPVS and T-OPV) and A molecules (MV and HDMYV) were synthesized
according to the literature methods and were fully characterized (see experimental section).
OPVS and MV are molecularly dissolved in water, whereas T-OPV and HDMV form
supramolecular aggregates due to their amphiphilic nature (vide infra). When OPVS (1 mM)
was titrated with increasing equivalents of MV in water, the observed red-shifts (up to 3-4 nm)

in its absorption spectra with concomitant appearance of new broad CT-band between 500-700
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nm and visible color changes in the solution, clearly indicated the formation of ground state
CT-complex between OPVS and MV (Figure 3.3.1a-c).** The formation of CT-band was more
evident from the absorption spectra at high concentration (1.65 mM, Figure 3.3.1d). This was
further supported by gradual quenching in the OPVS emission with the increase in equivalents
of MV and a fluorescence quenching of 40% was observed at 1 equivalent of MV (Figure
3.3.1e). The significant residual emission of OPVS even at one equivalent of MV might be due
to the weak association of OPVS-MV CT-complex. The composition of D-A molecules in this
ground state CT-complex was investigated using Job’s method by probing CT-band absorbance
at 550 nm (Figure 3.3.1f). In this case, studies were done at high concentration (3.3 mM) due to
weak association between OPVS and MV at lower concentrations (1 mM). The appearance of
maximum at 0.5 in the Job plot confirms the formation of 1:1 CT-complex between OPVS and
MV.
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Figure 3.3.1. a) Absorption spectra of OPVS (1 mM) with different equivalents of MV in water
(I =1 mm). b) Magnified spectra of Figure 3.3.1a between 450-600 nm showing the CT-band.
c) Photographs of aqueous solution of OPVS (1 mM) with and without one equivalent of MV in
water under ambient and 365 nm UV light. d) Absorption spectra of OPVS (1.65 mM) with and
without MV (I = 5 mm). e) Emission spectra of OPVS (1 mM) with different equivalents of MV
in water (I = I mm and A = 380 nm). f) Job plot by probing the CT band absorbance at 550
nm for OPVS-MV co-assembly in water (Total concentration = 3.3 mM, | =5 mm).

The face-to-face orientation of D-A molecules in OPVS-MV CT-complex was
confirmed using solution state *H-NMR in D,O at 10 mM concentration. The strong up-field
shifts in both OPVS and MV protons in the CT-complex state compared to their individual
spectra, clearly indicate the face-to-face orientation of D-A molecules in the CT-complex
(Figure 3.3.2). In case of MV, all the protons (Huv: and Hywvz2) experienced an up-field shift of

0.35 ppm due to the shielding from facially organized OPVS aromatic clouds. However, in
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case of OPVS protons, the up-field shifts were not uniform for all the signals. Among all
OPVS protons, up-field shifts were less for terminal protons (Hops1, ~0.1 ppm) and increased
gradually up to 0.65 ppm when approaching the middle protons of OPVS (Hgpyss) core. This
clearly indicates that, in the face-to-face CT-complex, MV is oriented at the centre of OPVS
which results in more shielding of the middle protons (Hopwss- Hopuss) than the terminal ones
(Hopvs1) (schematic in Figure 3.3.2). Even though both MV and OPVS are linear n-systems, the
differences in the shielding experienced by OPVS protons by MV is mainly due to the

differences in their molecular dimensions.
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Figure 3.3.2. Aromatic region of the "H NMR spectra of OPVS, MV and OPVS-MV (1:1) co-
assembly in D,O (c = 10 mM).

On the other hand, when OPV'S was mixed with two equivalents of hexadecyl triethyl
ammonium bromide (HTAB), a cationic surfactant, in water both the absorption bands of
OPVS showed blue shifts (392-378 nm and 330-326 nm) with significant quenching in its
monomer emission (Figure 3.3.3a). These observations clearly indicate that, HTAB induced H-
aggregation of OPVS chromophores by forming an 1:2 (OPVS:HTAB) complex through ionic
interactions with terminal carboxylate groups of OPVS (Figure 3.3.3a, inset). This observation
encouraged us to make 1:2 OPVS:HDMYV co-assembly having segregated D-A organization by
utilizing the ionic interactions between OPVS and HDMV. Remarkably, the absorption spectra
of 1:2 co-assembly of OPVS-HDMYV is similar to that of 1:2 OPVS:HTAB ionic complex,
which indicates the segregated orientation of D-A molecules (Figure 3.3.3b)."* This further
suggests that the donor OPVS molecules are organized in a face-to-face manner (H-type).
Moreover, absence of any CT-band in the absorption spectra of OPVS:HDMV co-assembly
between 500-700 nm further confirms that, no ground state face-to-face CT-complexation
exists between OPVS and HDMV. Furthermore, the complete quenching of OPVS monomer

emission in OPVS-HDMYV complex can be either due to H-type aggregation or due to an
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excited state interaction between OPVS and HDMYV (Figure 3.3.3c). Though the difference
between MV and HDMV is only in the length of alkyl chains, the former one forms face-to-
face CT-complex whereas the latter forms segregated D-A complex with OPVS. NMR studies
showed that, in OPVS-MV CT-complex, MV prefers to stay at the centre of OPVS molecule
(vide supra). Similar ground state face-to-face CT-complex between HDMV and OPVS is not
favored probably because of repulsion between the hydrophobic alkyl chain of HDMV with
that of hydrophilic carboxylate groups of OPVS. We anticipate that, in order to minimize these
repulsive interactions, HDMV prefers to form segregated D-A complex with OPVS through
ionic interactions rather than face-to-face CT-complex (Figure 3.3.3b, inset).
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Figure 3.3.3. a) Absorption spectra of OPVS (0.1 mM) and its 1:2 ionic complex with HTAB in
water (I = 1 mm). Inset shows the corresponding emission spectra and schematic
representation of OPVS-HTAB ionic complex aggregates. b) Absorption spectra of OPVS (0.1
mM) and its 1:2 ionic complex with HDMV in 10% methanol containing water (I = 1 mm).
Inset shows the schematic representation of OPVS-HDMV ionic complex aggregates and
photographs of corresponding solutions. c¢) Emission spectra of OPVS (0.1 mM) and its 1:2
ionic complex with HDMV in 10% methanol containing water (I = I mm, and Je. = 380 nm)
and inset shows the photographs of corresponding solutions under 365 nm UV light. d)
Fluorescence lifetime decay profiles of OPVS and its complexes with MV and HDMV
monitored at 480 nm (c= 0.1 mM (OPVS-HDMV) and 1 mM (OPVS-MV), [ = 10 mm, and Aex.
= 370 nm).

The segregated orientation of OPVS and HDMV in the co-assembly was further
supported by fluorescence lifetime (Figure 3.3.3d) and *H-NMR measurements (Figure 3.3.4).
OPVS alone in 10% methanol containing water showed a single exponential decay with a

lifetime of 1.95 ns and did not show much change (2.0 ns) in its CT-complex state with MV,
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consistent with the ground CT-complex formation between OPVS and MV. Interestingly,
OPVS displayed an additional short lifetime (<50 ps) component in its decay profile upon co-
assembly with 2 equivalents of HDMV. These observations suggest that the excited state
interactions between OPVS and viologen exist only in the case of OPVS-HDMV co-assembly
and not in OPV-MV ground state CT-complex. The segregated D-A organization was further
supported by "H-NMR measurements of OPVS with BMV (Figure 3.3.4, model compound for
HDMV). In OPVS-BMV (1:2) co-assembly, no significant up-field shifts were observed for
both OPVS and BMV protons compared to their individual spectra and signals of the co-
assembly were broad due to aggregation (Figure 3.3.4). This unambiguously proves that the
preferred orientation between OPVS and viologen amphiphiles (HDMV/BMYV) in the co-
assembly is segregated similar to OPVS-HTAB co-assembly rather than face-to-face

orientation.

9.5 9.( 8.5 8.(C 7.5 7. 6.5 6.C 5.5 5.1 4.5 ppm

Figure 3.3.4. Aromatic region of the '"H NMR spectra of OPVS, BMV and OPVS-BMV (1:2)
co-assembly in D,O (c = 10 mM)

3.3.4 Transient Absorption Measurements

The segregated orientation of D-A molecules in the present OPVS-HDMV ionic co-
assembly is suitable for efficient photoinduced electron transfer from OPVS to MV and in fact
it is signaled by decrease in the OPVS fluorescence lifetime in the OPVS-HDMYV co-assembly
when OPVS was selectively (370 nm) excited. In order to probe this, we have performed
transient absorption measurements on OPVS-HDMV co-assembly using laser flash photolysis
(Figure 3.3.5). When OPVS was selectively excited at 355 nm, the obtained transient
absorption spectrum between 500-800 nm with maximum at 600 nm clearly indicates the
formation of viologen radical cation (MV"*) (Figure 3.3.5a)."* This further gave a decisive
proof for the photoinduced electron transfer from OPVS to HDMYV in the OPVS-HDMV co-
assembly. Analysis of decay profile of transient species (MV ™) at 600 nm showed a lifetime of

420 ns for the transient species (Figure 3.3.5b).
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Figure 3.3.5. a) Transient absorption spectrum of OPVS-HDMV (1:2) ionic co-assembly (c =
0.1 mM, | = 10 mm, A& = 355 nm) recorded at 500 ns after excitation. b) Corresponding
lifetime decay profile of transient species (MV ") monitored at 600 nm.

3.3.5 Morphology
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Figure 3.3.6. a) Absorption spectra of T-OPVS (0.15 mM) and its 1:1 co-assembly with MV (I
= 5 mm) in water. Inset shows the photographs of corresponding solutions, schematic
representation of T-OPV-MV ionic co-assembly, and magnified spectra between 450-600 nm.
b) Emission spectra of T-OPVS (0.15 mM) and its 1:1 co-assembly with MV and inset shows
the photographs of corresponding solutions under 365 nm UV light (I = 1 mm and 7. = 380
nm). c) Plot of CT-band absorbance at 550 nm versus equivalents of MV in T-OPVS (0.15 mM)
solution showing saturation with 1 equivalent of MV (I = 5 mm). d) Fluorescence lifetime
decay profiles of T-OPVS (0.15 mM) and its co-assembly with one equivalent of MV in water (I
= 10 mm and e = 370 nm).

The structure of OPVS-HDMV non-covalent amphiphile indicates that it can self-
assemble in water to form nanostructures due to the amphiphilic interactions. However, face-to-

face OPVS-MV exists as molecular complex, due to the absence of any flexible alkyl chains.
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Since we are interested to investigate the differences in their respective nanostructures with
distinct orientation of D-A molecules, we designed T-shaped amphiphile, T-OPVS for the face-
to-face extended co-assembly with MV. The resultant T-OPVS-MV CT-complex is ideal for
forming self-assembled nanostructures because of its non-covalent CT-amphiphilic molecular
structure. Similar to OPVS, T-OPVS also forms 1:1 face-to-face CT-complex with MV as
evidenced from the red-shift in its absorption spectra with concomitant appearance of CT-band
at 550 nm and fluorescence quenching in the presence of MV. Probing CT-band as function of
MV equivalents, showed the 1:1 composition of D and A molecules in the co-assembly (Figure
3.3.6a-c).** This was further supported by fluorescence lifetime measurements which did not

show any significant change in the lifetime of T-OPV in the presence of MV (Figure 3.3.6d).

Figure 3.3.7. a) and b) SEM images of OPVS-HDMV (1:2) ionic co-assembly formed in 10%
methanol containing water (¢ = 0.1 mM) showing nanotape morphology. ¢) AFM image
showing the sheet like of aggregates HDMV formed in 10% methanol containing water (¢ =
0.1 mM). d) TEM image of a single nanotape of OPVS-HDMV. e) TEM image of a single
nanotape showing the nanoscale striations (see the intensity profile in the inset) on its surface
and schematic representation for the lamellar packing of OPVS-HDMV (1:2) ionic complex in
nanotapes. f) PXRD pattern OPVS-HDMV (1:2) nanotapes showing the lamellar packing.

Interestingly, scanning electron microscopy (SEM) images of OPVS-HDMV co-
assembly showed the formation of nano tapes with 0.5-1 um in width and lengths up to 15-20
um, which are completely different from the sheet like aggregates of HDMV alone (Figure
3.3.7a-c). Remarkably, transmission electron microscopy (TEM) images of these nanotapes
showed ordered nanoscale striations on their surface (Figure 3.3.7d and €). This is further
supported by powder XRD (PXRD) measurements which showed the lamellar packing of ionic
complexes in the nanotapes as evidenced form the appearance of first sharp diffraction at 3.2

nm followed by two other peaks at 1.6 nm and 0.8 nm (Figure 3.3.7f). The calculated length of
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1:2 OPVS-HDMV ionic complex with alkyl chains in its fully stretched form is 7.6 nm which
is higher than the observed d-spacing from the first reflection. This suggests the tilted
orientation and interdigitation of hexadecyal chains in the nanotapes (Figure 3.3.7e, schematic
representation). This is supported by the appearance of diffraction peaks corresponding to d-
spacing of 0.39 nm and 0.45 nm which arise because of the interaction between alkyl chains
due to interdigitation (Figure 3.3.7f). Moreover, the two diffraction peaks observed at ~25° (20)
with d-spacings of 0.35 nm and 0.354 nm could be attributed to the individual =-stacking
distances of OPVS and HDMYV chromophores in the segregated stacks. The lamellar packing
of OPVS-HDMYV ionic complex in the present case allowed to create nanoscale
heterojunctions of OPVS and HDMV with wide interface as evidenced from the nanoscale
striations observed on the nanotapes. This kind of D-A morphology in the active layers of
organic photovoltaic devices is a prerequisite for efficient charge separation and migration of
photogenerated charges. However, mixed stack T-OPV-MV complex showed entirely different
morphology with no diffraction peaks in the corresponding PXRD pattern (Figure 3.3.8a and
b). The nanostructures of this complex are very small (< 5 nm) and careful analysis of them
reveals the self-assembly of T-OPVS-MV complex into bilayers having width ~4 nm which are
different from the cylindrical micelles formed due to the aggregation of T-OPVS alone (Figure
3.3.8¢).

10 20 30 40 50

20/ °——

Figure 3.3.8. a) TEM image of T-OPVS-MV (1:1) co-assembly formed in water at 0.15 mM. b)
PXRD pattern of corresponding nanostructures on glass. ¢) TEM image of T-OPVS alone in
water (¢ = 0.15 mM).

3.3.6 Transient Photocurrent Measurements

Since OPVS-HDMV co-assembled nanostructures have segregated D-A stacks with
wide interface and showed efficient PET, we have evaluated the total charge carrier mobility of
photogenerated charges (electrons and holes) using direct-current (DC)-mode transient
photocurrent measurements. These measurements were performed using comb-type
interdigitated gold electrodes patterned on glass substrates (Figure 3.3.9)."° For the

experimental evaluation of mobility we have used transient absorption of the MV, which
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would give the direct estimation of the efficiency of photogenerated free charge carriers (9).'°
The solutions of nanostructures were drop casted on gold electrodes and exposed with 355 nm
laser pulse from the back side. The photocurrent transients of these nanostructures are scaled
with increasing applied bias voltage up to 4x10* Vem™ (Figure 3.3.9). The @ of OPVS-HDMV
co-assembled nanostructures is found to be 6.6x10 and estimated total charge carrier mobility
(Zu) is as high as 1.2 cm?V.s (Figure 3.3.9a). This is the highest value reported so far for non-
covalently tailored self-assembled D-A heterojunction nanostructures. The importance of
segregated bicontinuous nanostructures of OPVS-HDMV co-assembly is further evident from
the low charge carrier mobility (Xu = 0.07 cm?/V.s) of the mixed stack T-OPV-MV CT-
complex nanostructures (Figure 3.3.9b). Despite having higher @ (5.8x10™), the reason for low
>u in T-OPV-MV nanostructures is due to more time taken for the photogenerated charges to
reach electrodes than OPVS-HDMYV nanostructures. This clearly indicates that segregated
stacks with wide D-A interface are prerequisite for efficient mobility of photogenerated charges
than the mixed stack D-A nanostructures.
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Figure 3.3.9. Photocurrent transients of nanostructures of a) OPVS-HDMV (1:2) and b) T-
OPVS-MV (1:1) co-assembly on comb-type interdigitated gold electrodes fabricated on a glass
substrate, upon exposure to 355 nm laser. The applied bias, E, was increased from blue to
yellow. The inset shows the peak current (closed circles) and baseline current (open triangles)
dependences on the electric field (E).

3.3.7 Conclusions

In conclusion we showed a simple non-covalent strategy to construct both segregated
and mixed stack nanostructures from similar D and A chromophores. In the present case, the
orientation of D and A molecules in the resultant D-A complex was controlled by appropriate
utilization of difference in their molecular length and other non-covalent interactions. Solution
phase self-assembly of these non-covalent complexes resulted in the distinct morphologies due
to the differences in the orientation of D and A chromophores. Lamellar packing of segregated

CT complex resulted in the formation of nanotapes having nanoscale D-A heterojunctions with
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wide D-A interface and showed efficient PET from D to A. These features are absent in mixed
stack D-A complex nanostructures due to the face-to-face orientation of D and A molecules.
This was further reflected in their charge carrier mobility where segregated D-A nanostructures
displayed two orders of magnitude higher charge carrier mobility than the mixed stack

nanostructures.
3.3.8 Experimental Section

General Methods: Field Emission Scanning Electron Microscopy (FE-SEM) measurements
were performed on a NOVANANO SEM 600 (FEI) in low vacuum mode by drop casting the
solutions on glass substrate followed by drying in vacuum and operated with an accelerating
voltage of 5 kV. Transmission Electron Microscopy (TEM) measurements were conducted on a
JEOL, JEM 3010 operated at 300 kV. Samples were prepared by placing a drop of the solution
on carbon coated copper grids followed by drying at room temperature. The images were
recorded with an operating voltage 300 kV. In order to get a better contrast, samples were
stained with uranyl acetate (1 wt % in water) before the measurements. Electronic absorption
spectra were recorded on a Perkin EImer Lambda 900 UV-VIS-NIR Spectrometer and emission
spectra were recorded on Perkin Elmer Ls 55 Luminescence Spectrometer. UV-Vis and
emission spectra were recorded in either 1 mm, or 5 mm path length cuvettes with 380 nm
excitation wavelength. Fluorescence lifetime decay was recorded in a time-correlated single-
photon-counting spectrometer of Horiba-Jobin Yvon. NMR spectra were obtained with a
Bruker AVANCE 400 (400 MHz) Fourier transform NMR spectrometer with chemical shifts
reported in parts per million (ppm). Flash photolysis was carried out using a Nd:YAG laser
source producing nanosecond pulses (8 ns) of 355 nm light with the energy of the laser pulse
being around 200 mJ. Dichroic mirrors were used to separate the third harmonic from the
second harmonic and the fundamental output of the Nd-YAG laser. The monitoring source was
a 150 W pulsed xenon lamp, which was focused on the sample at 90° to the incident laser beam.
The beam emerging through the sample was focused onto a Czerny-Turner monochromator
using a pair of lenses. Detection was carried out using a Hamamatsu R-928 photomultiplier
tube. Transient signals were captured with an Agilent infinium digital storage oscilloscope and

the data was transferred to the computer for further analysis.

3.3.8a Transient photocurrent measurements

Transient photocurrent measurements were performed using an interdigitated comb-
type gold electrode with 5 um gaps, 50 nm height, and 2 mm width fabricated by lithographic
process in the laboratory was used for photocurrent experiments. A 0.5 mm thick glass plate
was cleaned in a piranha solution (H,0,: H,SO,=1:2 v/v) for 20 min, washed by distilled water

and isopropylalcohol for 10 min each. The dried substrates were exposed to UV/ozone for 5
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min. The surface was kept in a toluene solution of n-octytrichlorosilane (OTS) for 1 h in a
glovebox and sequentially washed by toluene, acetone and isopropylalchol with ultrasonication.
Thin lift-off layer (Rohm and Haas Electronic Materials, LOLTM 1000) was spin-coated on the
glass and annealed. Positive-tone resist (Rohm and Haas Electronic Materials, S1805G) was
spin-coated on the lift-off layer and annealed. The substrate was exposed to a light from a Xe
lamp (photolithography) through a mask and immediately developed by a developer (Rohm and
Haas Electronic Materials, MFCD26) and rinsed by water. 1 nm Ti and 50 nm Au was
deposited in a thermal evaporator. The electrodes were lift-off in DMSO with ultrasonication
and rinsed by DMSO and isopropylalcohol. Prior to the experiments, the electrodes were
checked by an optical microscope and a circuit tester. After casting the sample, an electrode
was placed in a vacuum prober and exposed to THG (355 nm) of a Nd:YAG laser (Spectra
Physics Inc. GCR-100, 5-8 ns pulse duration). The applied bias was controlled by an Advantest
Corp. model R8252 digital electrometer. The transient photocurrent was measured by a
Tektronix model TDS3052B digital oscilloscope equipped with termination resistance (10 kQ).

The experiments were carried out at room temperature.

3.3.8b Synthesis

Compounds HDMV,"” BMV,"® OPVS™ and T-OPVS™® were synthesized were synthesized
according to the literature methods (see Part-3.1). Methyl viologen (MV) was purchased from

Acros-Organics.
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PART-4.1
Light-Harvesting Organic-Inorganic Soft-Hybrids: Energy
Transfer Induced Amplified Fluorescence and Highly Pure
Solid-State White-Light Emission*

Abstract

In this section, design of novel class of light-harvesting soft-hybrids formed by the
non-covalent assembly of highly fluorescent donor and acceptor chromophores with
organoclay is described. The aminopropyl functionalized clay layers template the
supramolecular organization of chromophores and thereby facilitates an efficient Forster
Resonance Energy Transfer (FRET) between donor and acceptor molecules. In mixed
chromophoric hydrogels and films, an efficient light-harvesting results in enhancement of
acceptor emission leading to amplified fluorescence. We further extended this strategy to
achieve white-light emitting, soft-hybrid materials having excellent solution processability and
high color purity. The unique solution processability of these organic-inorganic hybrids has
been displayed by painting and writing on large glass and flexible plastic surfaces. These
demonstrations unambiguously proves the simplicity and potential of these so-called ‘soft-
hybrids’ as water processable, high transmittance materials for environmental friendly, large
area display fabrication. Moreover, the dynamics of the dye molecules in these soft-hybrids are
probed by energy transfer in solution. These non-covalent soft and dynamic hybrid networks
may be useful for the design of light-emitting devices, sensors and other stimuli-responsive

supramolecular systems.

Light-Harvesting Luminescent Soft-Hybrids

*Papers based on this work have appeared in Angew. Chem. Int. Ed. 2011, 50, 1179;
Chem. Eur. J. 2012, 18, 2184; Adv. Mater. 2013, 25, 1713.

141



PART-4.1

4.1.1 Introduction

Light-harvesting and energy transfer between fluorescent donor and acceptor molecules
have received increased attention in recent years because of their crucial role in photosynthesis
and optoelectronic devices." Since the supramolecular organization of donor and acceptor
molecules is an important parameter in these photophysical processes, there has been an
increasing interest in the design of various multichromophoric scaffolds.? Non-covalent and
energy transfer design principles have been elegantly combined to achieve tunable emission in
organic assemblies,? including white light.> Nevertheless, the multistep synthesis and
fluorescence quenching due to aggregation of chromophores are the major challenges in
organic assemblies to realize their applications in devices. The hybridization of organic
chromophores with inorganic systems either covalently or non-covalently have emerged
recently as an alternative, efficient design for luminescent materials.* The structural versatility
and nanoscopic periodicity/space present in the inorganic component help to spatially organize
the chromophores in these hybrids, which minimizes the inter-chromophoric interactions. As a
result, these hybrid assemblies are expected to show high quantum vyield, with added
advantages of synthetic simplicity and transparent nature compared to the organic assemblies.
In this context, silicate based materials with their versatile structural chemistry and nanoscale
periodicity could be a natural choice to host the chromophores for efficient light-harvesting.
Several luminescent hybrid materials of organic chromophores with inorganic scaffolds like

%% periodic mesoporous organosilica (PMO),® metal-organic frameworks (MOFs)’ and

zeolites,
inorganic nanosheets® have been reported, where the emission color has been tuned by the inter-
chromophoric energy transfer. Although efficient light emission have been achieved in these
hybrids,*” their substrate transferability remains elusive because of their limited solution
processability. This further restricts the dynamics of donor-acceptor molecules in the final
hybrid assembly. Since most of the organic chromophores are soluble in various solvents, the
important thing to achieve solution processable hybrids depends on the selection of crystalline
inorganic material. It would be advantageous if the inorganic component participates in the
self-assembly process as a molecular entity along with the organic molecules, instead of acting
as a rigid host or platform. In this respect, we envisage that the design of soft-hybrids as
emissive materials would endow them with both solution processability and finer hybrid
properties.® Nanoscale MOF® based light-harvesting hybrids, reported recently are striking

designs towards these soft-hybrids.

Out of many inorganic materials, clays have special importance owing to their ability to
host and organize various organic dyes between their inter layer galleries.”** However, similar
to other inorganic materials, most of the clays have poor solubility in water. This has been

solved in layered magnesium silicates by covalent functionalization with organo amines (Figure
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4.1.1a)."" The resultant amino functionalized clays, amino clay (AC) are soluble in water via
protonation of their amine groups and exfoliate into single layers due to charge repulsion
(Figure 4.1.1b). These exfoliated AC sheets resemble like multivalent 2D cationic
macromolecules and can be co-assembled with anionically charged,'? photo-functional organic
dyes. We envisaged that the ionic co-assembly between AC and anionic dye molecules would
result solution processable light-harvesting organic-inorganic soft-hybrids with tailored
luminescent properties (Figure 4.1.1b). Furthermore the non-covalent nature of these hybrids

would impart dynamic property to the system.

4.1.2 Design Strategy
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Figure 4.1.1. a) Molecular structure and schematic representation of the inorganic aminoclay
(AC). b) Scheme for the synthesis of light-harvesting soft-hybrids via ionic co-assembly
between AC and organic dye molecules.

In this section, we discuss on the multicomponent self-assembly of novel clay—
chromophore hybrids that form hydrogels by controlling the spatial distribution of the
chromophores to result in fluorescence. While clay—polymer hydrogels are known in literature®
this is the first report of the non-covalent interactions between clay layers' and fluorescent dye
molecules being exploited for the design of hydrogels. This multi-component self-assembly in
water results in transparent, tractable hybrid hydrogels. We have also exploited AC as a

template for the supramolecular organization of donor and acceptor molecules, which facilitates
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fluorescence resonant energy transfer (Figure 4.1.1b). The efficient light-harvesting between
the chromophores anchored to the AC was further exploited for enhanced fluorescence and
tunable emission. Solution processability of these hybrids is demonstrated by painting and
writing on large surface area lamps and flexible substrates. We have further extended this
organic-inorganic hybrid approach to address the challenges in white light emissive materials.
Through partial energy transfer between blue and yellow emitting dye molecules mediated by
AC sheets, highly pure solid-state white-light was achieved with nearly ideal Commission
Internationale de L’Eclairage (CIE) coordinates of (0.33, 0.32).
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Figure 4.1.2. Molecular structures and schematic representation of the anionic organic
components (CS, PS, OPVS, and SRG).
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Figure 4.1.3. Normalized absorption and emission spectra of a) CS, b) OPVS, c) PS and d)
SRG in water. Insets shows the corresponding photographs of solutions under 365 nm UV-
light.

We have chosen amino group functionalized organoclay (AC) for the design of hybrid
clay materials, since the functional amino groups can be exploited for the non-covalent
attachment of the chromophore molecules. The clay (AC) used herein is a layered magnesium
organosilicate having the structure analogous to 2:1 trioctahedral smectites with an approximate
composition of RgSigMgsO15(OH)4 where R is covalently linked aminopropyl substituents
(Figure 4.1.1a). For the non-covalent functionalization of AC we have used anionically charged
molecules, coronene salt (CS, Aups = 314 nm, Aen = 435 nm), oligo(p-phenylenevinylene) salt
(OPVS, Aaps = 392 nm, Aey = 477 nm), perylene salt (PS, Aqps = 469 nm, Xe, = 481 nm), and
sulforhodamine G (SRG, Aums = 534 nm, A, = 560 nm) as they have high fluorescence
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quantum vyields and excellent solubility in water (Figure 4.1.2 and 4.1.3). The negatively
charged groups of these dyes are expected to interact electrostatically with the positively
charged AC in water, thus resulting in non-covalent hybrid materials. Among all these anionic
dye molecules CS becomes the key organic ingredient in the design of soft light-harvesting
hybrids owing to its pure blue emission (0.15, 0.12) and high fluorescence lifetime (10.87 ns)
(vide infra). These features make CS-AC hybrid as novel donor scaffold for excited state

energy transfer with wide range of luminescent guest molecules.

4.1.3 Organic-Inorganic Co-Assembly
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Figure 4.1.4. Changes in a) absorption and b) emission spectra of PS on titration with different

wt% of AC (¢ = 0.1 mM, | =1 mm, Aex. = 450 nm). The red and green arrows show the gradual

formation of State-A and State-B respectively. ¢) Schematic representation of different states of

AC-PS hybrids in solution and the photographs of corresponding solutions of hybrids under

UV-light.
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AC

First we investigated the individual interaction of the PS, CS and OPVS with clay in
water. Spectroscopic titration experiments of the PS (¢ = 0.1 mM, 1 mL) with a stock solution
of AC in water (1.0 wt%) initially showed a decreasing trend in the absorbance accompanied
by concomitant scattering, broadening and a red-shift in the absorption maxima (469 nm to 474
nm, up to 0.03 wt% of AC in the final solution) owing to the interaction between the clay and
dye molecules (Figure 4.1.4a). Further addition of AC (> 0.05 wt%) however, reversed this
trend without any further changes in the red-shifted absorption maxima at 474 nm. A complete
recovery of the absorption intensity equivalent to the pure PS was observed when the AC
content in the final solution reached 0.3 wt%. A similar trend was observed in the fluorescence

behavior of PS, although to a different extent upon addition of AC. For example, PS solution
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containing 0.03-0.1 wt % of the clay was almost non-fluorescent and only 25% of the original
emission intensity was regained even at the higher concentration of clay (> 0.3 wt %, corrected
emission spectra for optical density, Figure 4.1.4b). Furthermore, the recovered dye emission
maxima at higher clay concentrations (> 0.3 wt %) are red-shifted by an additional 3 nm (481
nm to 484 nm), when compared to the emission maxima of pure dye molecules or dye with
lesser amount of AC. These optical changes suggest the presence of two different states for
clay-dye hybrids in which the molecular organization of the individual components could be
different. At the initial stages, when the amount of AC is less, the aggregation and cross-linking
of large number of PS molecules interacting with each layer of clay would lead to the clustering
of clay hybrids (we designate it as State-A, Figure 4.1.4c) and hence results in the decrease of
absorption and emission intensity. The clustering of the clay hybrids in State-A is further
supported by the observation of precipitate of clay-dye hybrid flakes with time as well as by the
scattering observed in the UV-Vis spectra. However, when the amount of clay is increased for
the same concentration of PS (1x10™ M), the density of dye molecules sticking to each layer of
AC will be reduced (designated as State-B, Figure 4.1.4c) mimicking more or less the condition
of exfoliated AC layers with dangling dye molecules and hence the absorption and fluorescence
are increased in intensity. The titration of coronene dye, CS with AC also showed a similar
trend in optical properties. The particle size measurements carried out using dynamic light
scattering (DLS) over these two sets of clay-PS hybrid solutions further proved the difference
in their sizes (Figure 4.1.5a). The very broad and larger size distribution obtained for the low
AC amount is consistent with the presence of large aggregated structures. On the other hand,
solution with higher clay amount showed a narrow distribution and smaller size, which closely

matches with the size distribution observed for the exfoliated clay sheets.
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Figure 4.1.5. a) Particle size distribution of PS at State-A (c = 0.1 mM and AC = 0.1 wt%) and
State-B (c = 0.1 mM and AC = 0.8 wt%) measured by DLS. b) Photographs of the AC-PS
hybrid powders under ambient and 365 nm UV light. ¢) Powder XRD patterns of AC and AC-
PS hybrids.

The molecular organization and the spectral properties of the AC-PS hybrids in
solution was also retained in the solid-state as evident from the changes in color and

fluorescence of the powders obtained by precipitation from different states, by the addition of
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ethanol (Figure 4.1.5b). The solids formed from State-B are green in color and are highly
fluorescent whereas, the powder from State-A is non fluorescent like the solid powders of PS
alone and is light-brown in color suggesting the intermolecular interaction between the
chromophores. However, powder X-Ray diffraction (PXRD) studies for the dye incorporated
clay samples from both states did not show any significant changes in the basal do; spacing as
compared to the parent clay within the concentration range we have studied (Figure 4.1.5c).
The dogo; values for AC-PS both in State-A and State-B are found to be 1.68 nm and 1.60 nm,
respectively which are more or less equal to the dg; Spacing (1.68 nm) obtained for the as
synthesized AC. This could be due to a parallel orientation of the dye molecules between the

clay layers as a result of the stacking of AC sheets in the solid-state.

c)

Figure 4.1.6. TEM images of a) PS alone, b) AC, c) PS-AC in State-A (¢ = 0.1 mM and AC =
0.1 wt%) and d) PS-AC in State-B (c = 0.1 mM and AC = 0.8 wt%).

TEM studies provided evidence for the role of AC in preventing aggregation of dye
molecules at higher concentrations, due to its efficient capping functionality which helps to
anchor and uniformly distribute the chromophores (Figure 4.1.6). Although, PS is molecularly
dissolved in water to result in green fluorescent solution, PS in powder form or in the film state
showed very weak fluorescence characteristic of the aggregation between molecules. This is
further evident from the electron microscopy which clearly showed aggregated rod like
nanostructures (Figure 4.1.6a). On the other hand, AC showed crystalline lamellar structure
(plate like morphology) wherein, the lateral dimensions are in micron regime and thickness is
of the order of few nanometers (Figure 4.1.6b). TEM studies of the drop-casted AC-PS hybrid
solution from State-A shows regions where 5 nm sized spherical aggregates of PS molecules
distributed over the surface of AC matrix (Figure 4.1.6¢). It is to be noted that the PS
molecules, in addition to forming large aggregates on the clay surface can also be distributed at
the molecular level in the clay interlayer spacings which would be difficult to differentiate in
TEM. Interestingly, sample prepared by drop-casting the solution from State-B shows no such
aggregates on the clay surface suggesting the homogenous molecular level dispersion of PS

dyes over AC matrix (Figure 4.1.6d).
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Figure 4.1.7. a) Absorption spectra, b) normalized emission spectra and c) lifetime decay
profiles of OPVS with different wt% of AC in water. Where IRF is the instruments response
function. d) Schematic representation and solution photographs under 365 nm UV-light
showing the conversion of OPVS monomers in water into preassociated excimers after treating
with AC sheets (¢ = 0.1 mM, [ = Imm, Jexc = 370 nm, Amonitored = 520 NM).

On the other hand, in case of OPVS co-assembly with AC, we have not observed two
different states. In water, OPVS behaves as molecularly dissolved species with its characteristic
absorption peaks at 392 and 330 nm and shows cyan emission (Amax = 477 nm). With increasing
amounts of AC (0.01 wt% to 1.0 wt%), the absorption bands of OPVS are blue shifted and with
1.0 wt% of AC they showed maxima at 377 and 315 nm (Figure 4.1.7a). The blue shift in
absorption revealed the H-type aggregation of OPVS in presence of AC. Interestingly, with
increase of AC wt% the monomer emission at 478 nm is quenched significantly with
concomitant appearance of new broad band centred at 528 nm (Figure 4.1.7b). Lifetime
measurements suggest that this new red shifted emission is due to the formation excimer by
OPVS in presence of AC (Figure 4.1.7c). OPVS alone in water showed single decay profile
corresponding to a lifetime of 2.23 ns consistent with its monomeric behaviour. Remarkably, as
the AC wt% increases the decay profiles showed multi exponential decay with the appearance
of new long lived components. OPVS-AC decay profiles were fitted to triexponential equation
and with increase of AC wt% the contribution from first two components in the decay profile
decreases with significant increase (52 % to 85 %) in contribution from long lived components.
The lifetime of third component is increased from 11 ns to 17 ns with the increase in the
amount of AC from 0.1 to 1.0 wt% in 0.1 mM solution of OPVS. The observed high lifetime
and blue shifted absorption spectra of OPVS in presence of AC unambiguously proves the
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existence of H-type OPVS excimer. This kind of excimer formation with similar lifetime was
previously observed in some chromophores with AIE behaviour." In the present case, excimer
formation by OPVS is accompanied by its H-type aggregation in the ground state, suggesting
that they are preassociated or static excimer (Figure 4.1.7d).'°
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Figure 4.1.8. a) and b) are the photographs of CS, PS hydrogels with AC under visible and
UV-light, respectively. ¢) Emission spectra of the CS-AC (Aexe = 350 nm) and PS-AC (Lex. = 450
nm) gels recorded in a 1 mm cuvette with front-face geometry. d) Emission spectra of OPVS-
AC hydrogel and the photograph of the gel is shown in the inset. €) Nanosecond lifetime decay
profile of OPVS-AC hydrogel (¢ = 5.0 mM, AC =8 wt%, | = 1 mm, Je,. = 370 nm, Anonitored =
520 nm and IRF is the instrument response function).

Interestingly, when the concentration of dyes (CS, PS) and AC is increased (~ 100
times) by keeping the ratio between them similar to State-A (10 M dye: 0.1 wt% AC) in water,
highly stable transparent hydrogels were formed, which is confirmed by an inverted vial
method (Figure 4.1.8a). In a typical experimental procedure, the precipitate formed by mixing
the aqueous solutions of dye (CS/PS) and the clay was sonicated until the solution becomes
clear and then left at room temperature. Stable, self-standing hydrogels were formed within 20
minutes, which is consistent with the cross-linking nature of the dyes in State-A. The critical
gelator concentrations were found to be 7.5 x 10° M (AC = 7.5 wt%) for CS and 5.0 x 10° M
(AC = 5.0 wt%) for PS, which suggested a stronger cross-linking interaction of PS with AC.
The total wt% of hybrid components in case of CS-AC and PS-AC gel is nearly 12.0 and 8.0

respectively, suggesting the high water content in the hydrogels. Although hydrogels were
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formed with high efficiency, they are weakly fluorescent due to the intermolecular interactions
between the chromophores in State-A (Figure 4.1.8b). CS-AC and PS-AC hybrid hydrogels
shows weak blue (Amax = 440 nM, A = 350 nm) and greenish-yellow (Amax = 516 nM, Agy = 450
nm) fluorescence, respectively. The decrease in fluorescence intensity along with the red shift
in emission maxima (2-3 nm) of the dyes in hybrid gels compared to that of State-A solution
suggests the strong intermolecular interaction between the dyes. Moreover, in PS-AC hybrid
gel, the higher intensity of the emission band at 516 nm compared to the high energy band at
487 nm along with the appearance of the new broad band around 600 nm are characteristic of
the J-aggregation of perylene chromophores.'” The clay to dye ratio in State-A is also found to
be very crucial for the formation of the gels, as higher clay to dye ratio (State-B) failed to
produce gels at any concentration. However, in case of OPVS-AC hybrids, the optimum
concentrations of AC and OPVS to form hydrogel were found to be 8 wt% and 2 mM,
respectively (Figure 4.1.8¢c). The average lifetime of this hybrid hydrogel was found to be 9.6
ns with 67% contribution from long lived component (13.1 ns). This indicates that AC-OPVS
hybrid hydrogel contains the mixture of both monomeric and excimeric form of OPVS
molecules (Figure 4.1.8d). These finding clearly suggest that molecular organization of OPVS
in the co-assembled AC-OPVS hybrids is significantly different from tetracarboxylates
(CS/PS). The shape and net charge on the molecules might have significant effect on the extent
of interaction with AC which might be the reason for the differences observed between OPVS-
AC and CS/PS-AC hybrids.

4.1.4 Energy Transfer in Solution

—— CS-Emission
—— PS-Absorption
—— OPVS- Absorption

300 400 500 600
Alnm

Figure 4.1.9. Normalized absorption spectra of acceptors (PS and OPVS) with the emission
spectrum of donor (CS).

We explored the efficiency of AC, as novel class of supramolecular templates to
facilitate photo-induced Forster Resonance Energy Transfer (FRET) between donor and
acceptor chromophores that are non-covalently anchored onto the clay surface. Since FRET

process involves a through-space dipole-dipole interaction, the presence of ordered
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aminopropyl groups on the AC nanosheets are expected to provide an efficient scaffold to
orient the donor and acceptor molecules in the mixed chromophore clay hybrids to facilitate
energy transfer. Furthermore, an efficient energy transfer to fluorescent acceptor molecules in
mixed chromophoric clay hybrids would also help the design of luminescent hybrids even in
the gel/solid phases, compared to the quenched fluorescence of individual dye-clay gels. The
emission spectrum of CS (donor, 425-500 nm) has a very good spectral overlap with the
absorption bands of the PS (acceptor, 380-500 nm) and partial overlap with OPVS (acceptor,
300-470 nm), and hence an efficient Forster type energy-transfer between from CS to PS and
OPVS can be envisaged, if there is a proper spatial orientation between the chromophores
(Figure 4.1.9). Furthermore, in case of CS-PS pair, the well-separated absorption bands of the
donor and acceptor molecules (Figure 4.1.3) ensures that both the CS and PS molecules can be
selectively excited at 350 and 450 nm, respectively in mixed chromophore hybrids which

would help to analyze the energy transfer efficiencies.
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Figure 4.1.10. a) Fluorescence titration spectra of CS-AC hybrids in State-B (CS = 0.1 mM,
AC = 0.8 wt%, Aexe = 350 nm, | = 1 mm) with different mol % of PS and b) normalized emission
spectra at donor emission for different amounts of AC (CS = 1x10* M, PS = 10 mol%, Je. =
350 nm, | = 1 mm) in water. Normalized absorption and excitation spectra of CS-PS-AC
hybrids in c) State-A and d) State-B (Anormatized = 445 nm, Aemission = 515 Nm).

Despite having a good overlap of emission of CS with the absorption of PS, no energy
transfer was observed from CS (0.1 mM) to PS (0.01 mM, 10 mol% relative to CS) in the
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absence of clay sheets suggesting the molecularly dissolved nature of the dye molecules in
water (Figure 4.1.10a). We first investigated the feasibility of energy transfer of mixed CS-PS-
clay hybrids in aqueous solution. Hence, mixed chromophore-clay hybrids were prepared with
various donor-acceptor compositions, by keeping the clay to CS (donor) dye ratio similar as
that in State-B (10 M dye, 0.8 wt% AC) where the clay sheets are completely exfoliated and
are highly fluorescent. When the mixed chromophore-clay hybrid sheets are excited at 350 nm
(the donor, CS absorption), quenching of the donor emission between 450-500 nm could be
seen, with the concomitant increase in the PS emission at 500-600 nm, indicating the excitation
energy transfer from the CS to PS (Figure 4.1.10a). However, significant amount of CS
emission remains even upto 10 mol% loading of the acceptor PS dyes indicating a less efficient
energy-transfer. In order to get further understanding about the mechanism of energy transfer
we have carried out a titration experiment with increasing amounts of AC keeping the
concentration and composition of the donor and acceptor chromophores constant (CS
containing 10 mol % of PS at 0.1 mM, Figure 4.1.10b). Energy transfer was monitored by the
normalization of the emission spectra at the donor emission, and then plotting the increase in
acceptor emission between 475-600 nm as a function of clay concentration. More efficient
energy transfer was observed when the dyes are anchored to 0.1 wt% of AC which corresponds
to State-A (Figure 4.1.10b). Further increase in clay concentration above 0.1 wt% led to a
gradual decrease in the energy transfer and became less efficient in State-B (0.8 wt% AC).
Hence it is evident that the low energy-transfer efficiency in State-B could be either due to the
absence of any inter-clay excitation energy transfer as the clay sheets are fully exfoliated or the
donor chromophores in the clay sheets are too sparsely dispersed. Furthermore, excitation
spectra collected at the PS emission (Aen=515 nm) in the mixed chromophore—clay hybrids
matches with the absorption spectra of CS, which provides an unambiguous proof of the energy
transfer process (Figure 4.1.10c and d).

Energy-transfer efficiencies at different states were calculated by comparing the
excitation spectra (Aem = 515 nm) with corresponding absorption spectra normalized at the Amax
of the acceptor perylene dye and the efficiencies in State-A and State-B are found to be 50%
and 10% respectively (Figure 4.1.10c and d). Remarkably, in State-A of the mixed hybrids (10
mol% of PS), excitation of the donor, CS at 350 nm gives 11 times higher PS emission due to
energy transfer compared to the direct excitation of the acceptor PS alone at 450 nm whereas it
is only 3 times in State-B (Figure 4.1.11a and b). This amplified emission is a definitive proof
of a Forster type energy transfer mechanism and an antenna effect in light-harvesting. Efficient
energy transfer in State-A is further evidenced from fluorescence lifetime measurements. CS in
State-A displayed an average lifetime of 10.87 ns which was decreased to 8.2 ns with the
addtion of 10 mol% of PS (Figure 4.1.11c). Probing the PS emission while exciting CS at 335
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nm showed increase in its lifetime (6.57 ns) compared to the characteristic lifetime (5.14 ns) of
PS in the clay scaffold, which is obtained by the direct excitation of the mixed hybrid (CS-PS-
AC) at 440 nm (Figure 4.1.11d). The decay profile of the acceptor in mixed hybrids is also
marked by the rising component at shorter time scales, indicating the growth of the acceptor
excited states via energy transfer. These changes in decay profiles are characteristic of an
efficient FRET process and any trivial mechanisms for energy transfer can thus be ruled out.
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Figure 4.1.11. Emission spectra of solutions at a) State-A (JCS] = 0.1 mM and AC = 0.1 wt%)
and b) State-B ([CS] = 0.1 mM and AC = 0.8 wt%) containing 10 mol% PS. Selective
excitation of the donor and acceptor are done at 350 nm and 450 nm, respectively. Lifetime
decay profiles of ¢c) CS-AC hybrids with and without PS (Ae. = 335 nm) monitored at CS
emission (435 nm) and d) CS-AC hybrids having 10 mol% of PS, monitored at PS emission
(485 nm).

Similarly, in CS-OPVS-AC mixed hybrids also energy transfer is more efficient in State-
A than State-B. Despite having partial spectral overlap, efficient quenching in the CS emission
with concomitant enhancement in the OPVS emission intensity was observed as the
concentration OPVS in CS-AC hybrid increases from 0 to 50 mol%. This further suggests the
perfect alignment of donor-acceptor dipoles in presence of AC. The observed emission
intensity when OPVS was directly excited at 400 nm (where CS does not absorb) is 4 times
less in State-A and 2 times less in State-B than the intensity observed when CS was excited at

320 nm, indicating the involvement antenna effect and direct energy transfer without radiation
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reabsorption process (Figure 4.1.12b and c). Excited state lifetime measurements gave further
insights into the energy transfer process. The decay profiles of hybrids were fitted with multi
exponential decay and average lifetimes were considered for the analysis. The average lifetime
of CS solution in State-A is 10.87 ns which decreased to 8.04 ns with 5 mol% of OPVS and
5.13 ns with 10 mol% of OPVS. The observed decrease in donor lifetime (CS) further supports
the direct energy transfer without radiation reabsorption process (Figure 4.1.12d). The
excitation spectra collected at OPVS emission (550 nm, where CS does not emit) for CS-AC
solution having 10 mol% of OPVS shows the major contribution from CS, which
unambiguously proves the FRET from CS to OPVS (Figure 4.1.12e and f). Similar to CS-PS-
AC hybrids, maximum FRET efficiency was observed in State-A (45 %) than in State-B (10 %)
at 10 mol% of OPVS (Figure 4.1.12e and f). Despite having poor spectral overlap, energy
transfer efficiencies of CS-OPVS pair are comparable to that of CS-PS pair. This further
highlights the structural elegance of AC in providing good spatial organization between donor-

acceptor molecules.
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Figure 4.1.12. a) Normalized emission spectra of CS-AC solution with different mol% of OPVS
in State-A (Aex. = 320 Nnm). Emission spectra of CS-AC solutions having 10 mol% of OPVS in b)
State-A and c) in State-B. Selective excitation of the donor and acceptor are done at 320 nm
and 400 nm, respectively. d) Lifetime decay profiles of CS-AC solutions in State-A with
different mol% of OPVS (Aexe = 350 nm and Amenitores = 435 nm). Normalized absorption and
excitation spectra of CS-AC solution containing 10 mol% of OPVS e) in State-A and f) in State-
B. All fluorescence measurements were done in 1 mm cuvette in front face geometry to avoid
self-absorption at higher concentrations.

4.1.5 Energy Transfer in Gels and Films

Mixed chromophore-clay gels with donor and acceptor molecules were also

investigated for energy transfer. These gels were prepared with various donor-acceptor (0-50
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mol% of PS or OPVS relative to CS) compositions, by the incorporation of required amounts
of acceptors into the aqueous solution of AC containing CS at its critical gelator concentration.
The mixture was further sonicated and kept at room temperature to form corresponding hybrid
gels. In case of CS-PS pair, upon excitation of the hybrid gels at 350 nm, the emission intensity
at 440 nm showed a gradual decrease, with the concomitant formation of a green emission at
485 nm, as the PS loading increases, suggesting the energy transfer (Figure 4.1.13a). This green
emission via energy transfer is remarkable, as the corresponding pure PS-AC gels are virtually
non-fluorescent. However, at lower percentages of acceptor, PS (1 to 5 mol %), the acceptor
emission at 475-600 nm was greater when PS was directly excited at 450 nm, indicating the
absence of antenna effect. Further loading of the (PS > 7%) results in amplified green emission
from the gels due to energy transfer and the fluorescence reaching a maximum. However,
increase of PS concentration above 10% results in decrease of fluorescence at 485 nm with a
simultaneous bathochromic shift indicating the interaction between the perylene chromophores.
Interaction between the chromophores in hybrid hydrogels at higher percentages of PS is
further evident from the normalized emission spectra at 485 nm, which showed a gradual
increase in the intensity and red-shift of the emission band at 515 nm and the appearance of a
broad emission around 600 nm, characteristic of the perylene chromophore stacking (Figure
4.1.13a and c). This indicates that at low PS loadings, the acceptor molecules exist as isolated
energy traps resulting in highly intense green emission from individual perylene chromophores.
On the other hand, at higher PS loadings the acceptor molecules are able to interact with each
other resulting in aggregate energy traps with lower energy to give red-shifted emission with
low quantum vyield. Similarly, as the mol% of OPVS increases in the CS-AC gel, there is a
continuous quenching in the CS emission associated with the enhanced OPVS emission (Figure
4.1.13b). In case of solution state at 20 mol% of OPVS ca. 3 times quenching in the CS
emission was observed, whereas in gel state it reached up to 8 times indicate the enhanced

energy transfer efficiency due to decreased donor-acceptor distances in the gel state.

Since efficient energy transfer in the solid films is a prerequisite for the device
applications, we have extended the studies to the films made from the gels (xerogels) which
showed the same fluorescence trend as the gels (Figure 4.1.13d and e). Remarkably, the films
with even 1 mol% of PS, showed a significant quenching of the donor emission and an
enhanced fluorescence intensity due to energy transfer compared to the direct excitation of the
acceptor, suggesting a very efficient light-harvesting (Figure 4.1.13d). In case of xerogels of
CS-OPVS-AC hybrids, with 10 mol% of OPVS complete quenching of CS emission was
observed indicating 100% energy transfer with enhanced acceptor emission (Figure 4.1.13e).
The photographs of these light-harvesting hybrid gels and films under 365 nm UV light are
shown in Figure 4.1.13f and g. These show the bright emission in the mixed dye hybrids than
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their individuals as a consequence of energy transfer. This significant amplified emission
through energy transfer in the film state is unprecedented and shows the remarkable efficiency

of clay-dye hybrids as novel supramolecular scaffolds for energy-transfer.
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Figure 4.1.13. a) Normalized emission spectra of hybrid CS-AC gels with different mol% of PS
(Aexe =350 nm, | = 1 mm, Anormaiized = 487 nmM). b) Emission spectra of CS-AC hybrids containing
different mol% of OPVS in gel state (e = 350 nm, | = 1 mm). ¢) Schematic representation of
the self-assembly and energy transfer to isolated and aggregated traps in clay-dye hybrid gels.
d) Normalized emission spectra of CS-AC hybrid xerogels with and without 1 mol% of PS
dried on quartz plates (1. = 350 nm). e) Emission spectra of CS-AC hybrid xerogels with
different mol% of OPVS on glass plates (lex. = 320 nm). f) Photographs of CS-AC hydrogels
and xerogels containing different mol% of f) PS and g) OPVS under 365 nm UV-light.

4.1.6 White-Light Emission

We have further extended the above described light-harvesting design for the
construction of processable white luminescent materials. In order to achieve white-light
emission, we have used yellow emitting SRG as the acceptor in the pure blue fluorescent CS-
AC donor scaffold (Figure 4.1.2). Their spectral overlap further suggests that they can act as
donor-acceptor couple for excitation energy transfer (Figure 4.1.14). The bi-functional nature of

the donor ensures an extended co-assembly with the AC nanolayers containing protonated
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amino groups on both sides. The acceptor, on the other hand with its mono functional group
electrostatically docks on to the clay sheets in required amounts, without affecting the hybrid
co-assembly. CS-AC hybrid hydrogel exhibits pure blue emission (Amax = 435 hm) with CIE-
co-ordinates of (0.15, 0.12) and therefore, used as a donor-scaffold for the design of white light
emission via partial excitation energy transfer to the co-assembled acceptor dye molecules. The
mixed CS-SRG-AC hybrids can be conveniently prepared either by the co-assembly of all
three components in water (pre-synthetic pathway) or by encapsulation of SRG acceptors to the
pre-assembled CS-AC hybrids (post-synthetic), as the components in the assembly are very
dynamic (vide infra). This procedure is very simple and is characteristic of our soft-hybrids in
contrast to the tedious and time-consuming procedures often required for the loading of

acceptors in hybrid materials.>®

400-
—— SRG-Absorption
a) —— CS-Emission b)
300- — CS-AC-SRG (1 mol%)
T T —— CS-SRG (1 mol%)
Iem -— —_— A T
| 200-
em
100
400 450 500 550 600 450 500 550 600 650
Alnm——s Alnm——s

Figure 4.1.14. a) Normalized absorption spectrum of acceptor (SRG) with the emission
spectrum of donor (CS) in water. b) Emission spectra of CS (0.1 mM) with 1 mol% of SRG in
water with and without AC (0.1 wt%).
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Figure 4.1.15. a) Emission spectra of mixed CS-AC hydrogels with different mol% of SRG (Aexc
= 350 nm, I = 1 mm) and spectra were recorded in front face geometry to avoid the
contribution from self-absorption) and b) the corresponding 1931 CIE coordinate diagram.
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In the absence of AC, no energy-transfer from CS to SRG (CS = 0.1 mM, SRG =
0.001 mM) occurred, when excited at 350 nm (Figure 4.1.14b). The weak emission at 550 nm
might be due to direct excitation of SRG chromophores at 350 nm. Significant energy transfer
from CS to SRG was observed in presence of 0.1 wt% of AC as evidenced from the decrease
in CS emission with concomitant enhancement in SRG emission at 570 nm (Figure 4.1.14b). In
the corresponding gel state, decrease in CS emission with increasing amounts of SRG, suggests
the energy transfer between this particular donor-acceptor couple (Figure 4.1.153).
Incorporation of 0.65 mol% of SRG (with respect to CS) to CS-AC hydrogels result in pink-
white gels with a CIE co-ordinates of (0.35, 0.25) (Figure 4.1.15b, 4.1.16a-c). Further, co-
assembly of 1 mol% of SRG results in 32% quenching of the CS emission to yield purplish-
yellow gels with a CIE coordinates of (0.38, 0.27). This clearly suggests that emission color of
these hybrids can be easily tuned by doping the required amounts of acceptor molecules, by a
remarkably simple co-assembly process. Furthermore, the weak spectral overlap of donor and
acceptor components is advantageous here as it allows partial energy transfer through
controlled funnelling of donor excitation energy towards acceptor (Figure 4.1.14). This results
in the persistence of significant blue emission even in the co-assembled donor-acceptor hybrids,

which is a prerequisite for achieving white light emission (Figure 4.1.15).
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Figure 4.1.16. Photograph of CS-AC hybrid hydrogels having different mol% of SRG under a)
visible and b) 365 nm UV-light. c) Photographs showing the thixotropic and processable nature
of mixed CS-SRG-AC hybrid hydrogel loaded with 0.65 mol% of SRG, viewed under 365 nm
UV light. The soft-nature of the hybrid gels allows its painting onto a glass substrate, using a
brush, as shown under visible (left) and UV-light (right) in the bottom panel of Figure 4.1.16c.
Storage (G') and loss (G'") modulus of the CS-AC hybrid gel measured as functions of d)
angular frequency (w) at a constant strain of 1 % and €) strain (y) % at a constant frequency of
10 Hz.
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Rheological measurements on these hydrogels showed a significant elastic response
(Figure 4.1.16d and e). The display of storage modulus values well above the loss modulus over
the measured angular frequency range (o = 3 to 100 rad s™), confirms the gel-like character of
these hybrids. However, the low values of G’ (270 Pa) and tan ¢ (G"/G’, 0.45), indicate the poor
mechanical properties for these gels. This is further evident from the collapse of these gels even
at low strain values of y = 9.0%, as indicated by the decrease of G’ values and crossing of the G’
and G’ curves. The thixotropic and soft-character of these hybrid gels are indeed advantageous,
as they can be easily transferred to solid substrates by spin/drop casting processes, thereby

rendering these hybrids an unprecedented processability feature (Figure 4.1.16c, vide infra).
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Figure 4.1.17. a) Emission spectra of mixed CS-SRG-AC hybrid films obtained by drop-
casting corresponding hydrogels on glass substrates (Aexe = 350 Nnm and spectra were recorded
in front face geometry to avoid the contribution from self-absorption at higher concentrations).
Photographs of the hybrid-coated films are shown in the inset, which clearly demonstrates its
transparent nature. b) 1931 CIE coordinate diagram of the hybrid-coated films. Inset shows the
photographs of the films (for 0 %, 0.65 mol% and 1 mol% loading of the SRG with respect to
the donor CS) upon 365 nm UV irradiation.

Since substrate transferability of luminescent active materials is rudimentary for device
fabrication, we have prepared thin films of mixed (CS-SRG-AC) hybrids. In order to prepare
the hybrid thin films, the corresponding gels with appropriate donor-acceptor ratio were
sonicated and the resulting viscous solutions were drop-casted onto glass substrates (Inset,
Figure 4.1.17a). While the concentration of the CS donor is maintained at 7.5 mM (0.47 wt%)
in these hybrids, the amount of the acceptor SRG was changed from 0.05 to 1 mol% with
respect to the donor. Remarkably, all these hybrid films are highly transparent (inset, Figure
4.1.17a), which is crucial to avoid the loss of incident light via scattering, and thereby to
increase the luminescence efficiency. The entire hybrid films pose high light transmittance of
ca. 90-95 % at 750 nm where both the donor and acceptor do not absorb. Figure 4.1.17a shows

the fluorescence spectra of mixed CS-SRG-AC hybrid films upon excitation at 350 nm. The

159



PART-4.1

CS-AC hybrid film without having SRG acceptor retains the pure blue emission as that of the
corresponding gel with CIE co-ordinates of (0.16, 0.13) (Figure 4.1.17b). This suggests that,
inorganic clay still holds the molecular organization of organic components in the hybrid
assemblies by not allowing them to aggregate even during the casting process. The mixed
hybrid films showed a gradual decrease in the donor (CS) emission between 430-500 nm and a
concomitant increase in the acceptor (SRG) emission at 570 nm, with the increase in the
acceptor loading (0.05-1 mol%). Since the acceptor has very less absorption at the excitation
wavelength of 350 nm, the appearance of SRG emission in the mixed hybrids is clearly due to
the energy transfer process (vide infra). The blue light emission of the mixed hybrids was
significantly quenched (77%) even with 1 mol% loading of the SRG, as evident from the
corresponding yellow fluorescent film with a CIE co-ordinates of (0.37, 0.36). Remarkably,
with 0.65 mol% loading of the acceptor (70% quenching of CS emission), these hybrid films
showed highly pure white light emission as evident from the CIE co-ordinates of (0.33, 0.32)
which are very close to the ideal white light (0.33, 0.33) coordinates (Figure 4.1.17b). Similarly
pseudo-white light films with (0.29, 0.29) CIE coordinates were obtained upon 0.5 mol%
loading of SRG (66 % quenching of CS emission).
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Figure 4.1.18. Emission spectra of CS-AC hybrid films loaded with a) 0.65 mol% and b) 1
mol% of SRG acceptor obtained by the selective excitation of the donor (CS) and acceptor
(SRG) at 350 nm and 530 nm, respectively. c) Lifetime-decay profiles (Aexc = 335 NM, Anonitored =
440 nm) of CS-AC hybrid films having different mol% of SRG. d) Lifetime decay profiles of
CS-AC hybrid films loaded with different mol% of SRG obtained when monitored at the
acceptor emission (Amenitored = 570 Nm) upon direct (Aexe = 440 nm) and indirect (A, = 335 NM)
excitation.
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The energy transfer in the hybrid films has been investigated further in detail with steady-
state and time resolved emission measurements (Figure 4.1.18). An antenna effect (amplified
emission) by energy transfer in the mixed hybrids is evident by the much higher acceptor
emission by excitation of the donor (indirect excitation) relative to the direct excitation of the
acceptor, SRG molecules. For example, in case of white light emitting film with 0.65 mol% of
the acceptor, excitation at 350 nm results in 25 times higher SRG emission due to energy
transfer, compared to its direct excitation at 530 nm (Figure 4.1.18a). The amplified emission in
yellow emissive films with 1.0 mol% of SRG is 40 times higher, which is a definitive proof of
a Forster type energy transfer mechanism (Figure 4.1.18b). Fluorescence lifetime decay profiles
of the CS-AC hybrid films monitored at the CS emission (Aex. = 335 nm, A = 440 nm),
showed shortening of the lifetime with increasing loading of SRG, clearly indicating the energy
transfer (Figure 4.1.18c). The lifetime profiles were fitted to bi or triexponential decay and the
weighted average lifetime values were used for further analysis. CS showed an average lifetime
of 10.87 ns in CS-AC hybrids with a bi-exponential decay having lifetimes of 4.82 ns (15.49%)
and 11.96 ns (84.51 %). After the addition of 1 mol% SRG, the average lifetime of CS in the
hybrids was reduced to 7.93 ns with a tri-exponential decay and the observed lifetime values
are 3.64 ns (29.39%), 11.62 ns (57.94%) and 1.05 ns (12.66%). The appearance of additional
short lifetime components in CS emission in presence of SRG suggests the excited state
fluorescence quenching of the former by later. Probing the corresponding acceptor decay
profile (Aem = 570 nm), while exciting the donor, showed an increase in its lifetime (6.34 ns)
compared to the acceptor’s characteristic lifetime (4.44 ns) in the clay scaffold, which is
obtained by the direct excitation of SRG in the mixed hybrid (CS-SRG-AC, (Figure 4.1.18d).
The decay profile of the acceptor in mixed hybrids is also marked by the rising component at
shorter time scales (<1 ns), indicating the growth of the acceptor excited states via energy
transfer. These changes in decay profiles are characteristic of an efficient FRET process and

any trivial mechanism for energy transfer can thus be ruled out.

Excellent solution processability, high transmittance, color tunability, simple synthetic
protocols for bulk quantities and environmentally benign solvent medium of these
chromophoric-clay assemblies renders a unique class of ‘soft-hybrids’, which can be exploited
for large area device fabrication. Moreover, the low mechanical stability and thixotropic nature
of these hybrid gels, further facilitates the spin-coating or drop casting on various substrates, as
typically used for various polymers and organic assemblies. This is demonstrated in Figure
4.1.19 where the gels are painted on glass and flexible substrates. The white light emitting gels
could also be used to write or paint directly on any substrate. In order to display it, a
commercial 365 nm UV-lamp having a surface area of 125 cm”was coated completely with the

soft-hybrids (Figure 4.1.19a-c). No significant differences were observed under visible light for
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both coated and uncoated lamps reiterating the high transmittance of the hybrid layer.
However, when the lamps were connected to the electrical power, the hybrid coated lamp
glowed with bright white color whereas, the uncoated lamp was showing only dull blue
emission (Figure 4.1.19d). Similarly, letters written on the lamp with the soft-hybrid are readily
readable under UV-lamp, as they emit the white light upon excitation (Figure 4.1.19d). These
hybrid materials could also be painted on a transparent, flexible plastic sheet (5 x 15 cm?) as
shown in Figure 4.1.19e-g, which emits bright white fluorescence upon illumination with 365
nm radiation. Interestingly, flexing and rolling of these sheets did not show any changes in the

white light emission.

SOFT HYBRIDs
writing

Jawaharlal Nehru Centre for
) Advanced Scientific Research
- Talwr PO, Bangalore - S66 064, INDIA

Figure 4.1.19. Demonstrations of the solution processability of white light emitting, CS-AC
hybrids containing 0.65 mol% of the acceptor SRG molecule. The soft-hybrid hydrogels were
used to paint or write on various substrates: a-c) hybrids were used to paint and write on
commercial UV-lamps (365 nm, surface area = 125 cm?); a) uncoated lamp, b) written as
‘SOFT HYBRIDS’ on the surface of the lamp and c) fully coated lamp with the soft-hybrids.
The hybrid coating is difficult to visualize under the normal light (4.1.19b and c), as they are
transparent. d) Hybrid-coated lamps are exposed to the UV irradiation by glowing the lamps,
which showed bright white light for both written letters and the fully-coated lamp. e) A flexible
transparent sheet (5 x 15 cm?) after painting with the hybrids, which retains its transparency
even after coating (dotted line indicates the boundary of the sheet); f) and g) the hybrid coated
transparent sheet shows whit light emission when exposed to the UV-light. All the images were
taken after drying the coated substrates in air for 6 hours.

4.1.7 Dynamics in solution

We have further investigated the dynamic nature of dye molecules in these hybrids. If
the ionic interactions between anionic dyes and cationic AC are dynamic, dye molecules should
undergo dynamic exchange between the AC sheets. To get insights into this dynamic
behaviour, we have made CS-OPVS-AC hybrid solutions in three different ways and the
changes were followed using energy transfer from CS to OPVS as a probe (Figure 4.1.20). In
the first method, 10 mol% of OPVS containing CS solution was added to exfoliated AC sheets
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in water (i in Figure 4.1.20). In this case both CS and OPVS interact with AC and showed
efficient FRET from CS to OPVS when excited at 320 nm. In the second method, 10 mol% of
OPVS in water was added to preformed CS-AC hybrid in water (ii in Figure 4.1.20). In this
case when CS was excited at 320 nm, the obtained emission is almost overlapped with emission
spectrum in the first method. This clearly indicates that the newly added OPVS molecules are
able to immediately bind to AC and both CS and OPVS organize themselves on AC sheets in
such a way that energy transfer is feasible from CS to OPVS. This clearly suggests that CS
molecules bound on clay surface are dynamic enough to reorganise and facilitate energy
transfer to OPVS. In the third method, we have mixed 10 mol% of preformed OPVS-AC
hybrid with CS-AC hybrid (iii in Figure 4.1.20). Again, efficient energy transfer was observed
from CS to OPVS, with almost same efficiency as that of two cases. This would be possible
only when CS and OPVS are able to exchange or migrate among the AC sheets, reiterating the
dynamic nature of dyes. The observed energy transfer from CS to OPVS in all these samples

unambiguously proves the dynamic binding and inter sheet migration of CS and OPVS in

solution.
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Figure 4.1.20. Schematic representation of AC, donor (CS) and acceptor (OPVS) hybrids
made in three different ways and their corresponding emission spectra in water (CS = 0.1 mM,
AC = 0.1 wt%, OPVS = 0.01 mM, | = 1 mm, Ay, = 350 nm) in comparison with CS-AC
emission in State-A.

4.1.8 Conclusions
In conclusion, we have showed that the non-covalently assembled AC-dye hybrids are

versatile solution processable dynamic scaffolds for light-harvesting and energy transfer.
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Control over molecular organizations of dye molecules was achieved by varying the dye-AC
composition. Light-harvesting and energy transfer efficiencies are fine tuned by controlling the
concentration and dye-AC ratio. Furthermore, we show that the gel state luminescence could be
preserved in the film state as well, with enhanced energy transfer efficiency. We have also
demonstrated a novel supramolecular strategy for the design of solution processable white
luminescent hybrids with good colour purity. The unique solution processability of these
organic-inorganic hybrids has been displayed by painting and writing on large glass and
flexible plastic surfaces. These demonstrations unambiguously proves the simplicity and
potential of these so-called ‘soft-hybrids’ as water processable, high transmittance materials for
environmental friendly large area display fabrication. We have also provided insights into the
dynamic nature of the AC-dye hybrids in solution using energy transfer as a probe. This
indicates the dye molecules are dynamic enough to migrate within and between sheets. The
combination of the dynamic nature of the non-covalent hybrid networks with the possibility to
incorporate a variety of molecules that can trigger the fluorescence changes in the hydrogels
holds great promise for applications as stimuli-responsive supramolecular systems, sensors and
hybrid optoelectronics. However, the stability of these materials on devices is yet to be

investigated.
4.1.9 Experimental Section

General methods: Transmission Electron Microscopy (TEM) measurements were performed
on a JEOL, JEM 3010 operated at 300 kV. Samples were prepared by placing a drop of the
solution on carbon coated copper grids followed by drying at room temperature. The images
were recorded with an operating voltage of 300 kV. Electronic absorption spectra were
recorded on a Perkin Elmer Lambda 900 UV-Vis-NIR Spectrometer and emission spectra
were recorded on Perkin ElImer Ls 55 Luminescence Spectrometer. UV-Vis and emission
spectra were recorded in 1 mm path length cuvette. Fluorescence spectra of solutions were
recorded in front-face geometry. Dynamic Light Scattering experiments (DLS) measurements
were carried out using a NanoZS (Malvern UK) employing a 532 nm laser at a back scattering
angle of 173°. Fluorescence lifetimes were measured using IBH (FluoroCube) time-correlated
picosecond single photon counting (TCSPC) system. Solutions were excited with a pulsed
diode laser (<100 ps pulse duration) at a wavelength of 335 and 440 nm (NanoLED-11) with a
repetition rate of 1 MHz. The detection system consists of a microchannel plate photomultiplier
(5000U-09B, Hamamatsu) with a 38.6 ps response time coupled to a monochromator (5000M)
and TCSPC electronics (Data Station Hub including Hub-NL, NanoLED controller and
preinstalled Fluorescence Measurement and Analysis Studio (FMAS) software). The
fluorescence lifetime values were determined by deconvoluting the instrument response

function with biexponential decay using DAS6 decay analysis software. The quality of the fit
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has been judged by the fitting parameters such as y° (< 1.2) as well as the visual inspection of

the residuals. Rheological measurements were performed at 25 °C on Anton Paar MCR 150,

stress controlled rheometer having a cone and plate geometry with a plate gap of 100 um.

4.1.9a Synthesis
Compounds CS,* PS," OPVS? and AC" were synthesized according to the literature

methods. SRG was purchased from Aldrich.
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PART-4.2
Controlling the Molecular Organization of - Systems via
Hybrid Co-Assembly: A Non-Covalent Strategy towards

Solution Processable Luminescent Hybrids*

Abstract

A simple non-covalent strategy to make solution processable luminescent hybrids of
three n-type cationic organic semiconductors and negatively charged crystalline inorganic
laponite (LP) nanoparticles via ionic co-assembly is described. This hybrid co-assembly
approach further allows controlling the molecular organization of cationic dye molecules.
These cationic dyes are weakly/non-fluorescent in water and in solid-state due to the formation
of H-aggregates. However, in the hybrid co-assembly, the competitive ionic interactions
provided by LP particles break the individual dye aggregation and form co-assembled dye-LP
hybrids. Depending on the ratio between LP and cationic dyes, the dye molecules are either
monomerically organized on the LP surface with high fluorescence quantum yield or aggregate
in J-type fashion to result in fluorescent hybrid hydrogels. The films made from these hydrogels
showed an unprecedented extended organization between dye J-aggregates and LP
nanoparticles and resembles like an alternate (...ABAB...) organic-inorganic supramolecular
co-polymer. Remarkably, the solution and gel sate emission of these hybrids were successfully
retained in the solid-state due to fencing of dye molecules by LP without giving any room for

their individual aggregation.

S

Monomers / H-aggregates of  \water

cationic dyes S EEE—
Co-assembly
+
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*Manuscripts based on this chapter are under preparation
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4.2.1 Introduction

Controlling the molecular organization of semiconducting m-conjugated systems is of
paramount importance in the design of multifunctional organic and hybrid materials."* In the
view of environmental safety, it is important to introduce new functional materials having the
components of nature’s choice. Since water and clays are being the nature's preference, it is
reasonable to make materials integrated with water and clay.® In this context, aqua materials
(high water content hydrogels) synthesized by Aida et al. through non-covalent cross-linking of
clay nanosheets with dendritic molecular binder are the striking examples (Scheme 4.2.1).%
These agua materials have high mechanical strength and excellent self-healing behaviour, and
can be potential replacements to conventional plastics. Similarly, non-covalently assembled
clay-chromophore hybrids would also be potential candidates for environmental friendly
optoelectronic functions (see Part-4.1). These materials would combine the advantages of both
organic and inorganic materials with promising applications in LEDs, sensors, paints and
flexible electronics.* Although, several organic-inorganic hybrid systems such as periodic
mesoporous silica (PMO),” zeolites,® layered double hydroxides’ and metal-organic frameworks
(MOFs)® hosting various m-conjugated molecules either covalently or non-covalently are
explored for various optoelectronic applications, lack of solution processability and excitonic
coupling between the chromophores in these hybrid systems can negate their large scale device
fabrication. In this context, further softening of chromophore derived organic-inorganic hybrid

systems is indispensable for the ease of processing.
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Scheme 4.2.1. a) Molecular structure of dendritic molecular binder. b) Schematic
representation of cross-linking between clay and dendritic binder in the hydrogel. ¢) Storage
modulus (G') values of hydrogels with different weight ratios of clay nano sheets (CNS). d)
Photograph showing the freestanding nature of aqua material (hydrogel) [reproduced from ref.
3a].
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Molecular aggregates of n-type organic semiconductors are shown to have significant
importance in organic electronics.” On the other hand, clay minerals are important class of
materials with diverse industrial and bio-medical applications owing to their structural elegance
and nanoscale periodicity.’® We presumed that, integration of optoelectronic functionality of
dye aggregates with nanoscopic inorganic clays would result in novel class of clay-dye hybrid
materials with diverse functionalities. J-type aggregation of artificial n-Systems is of prime
importance than H-type aggregation owing to their ability to have high excitonic mobility and
efficient light-harvesting as observed in natural photosynthetic pigments.’ Recently Mann et al.
achieved enhanced photocatalytic activity by integrating titania into the pre-synthesized
porphyrin J-aggregates.'* Many reports have demonstrated improvement in function and
property of molecular J-aggregates upon conjugation with inorganic components.'? However, in
all these systems either the inorganic part is incorporated into the pre-synthesized J-aggregates
or J-aggregates are grown on an inorganic template, which may not be efficient as they can lead
to phase segregation. In this regard, an efficient approach to create organic-inorganic hybrid
assemblies is highly desirable to exploit their functional properties. We envisage that, this can
be achieved by creating an efficient molecular level co-assembly between organic dyes and
inorganic component.** However, use of soluble inorganic part is crucial for this purpose to
promote efficient co-assembly with the organic dyes.** Since laponite (LP) particles are soluble
in water and known to interact with dye molecules via ionic interactions, we envisaged that co-
assembly of ionic n-systems with LP nanoparticles would be advantageous for fine tuning their
supramolecular organization without scarifying the solution processability.'® The resultant clay-
dye hybrids would be the potential candidates as environmental friendly optoelectronic

materials.

In this section, we describe a simple non-covalent strategy to make solution
processable luminescent hybrids through controlled molecular organization of cationic
naphthalene, perylene and coronene diimides via ionic co-assembly with laponite (LP)
nanoparticles in water (Figure 4.2.1). The molecular organization of chromophores was
precisely controlled as fluorescent hybrid dye-LP monomers or alternate dye J-aggregate-LP
hybrids, depending on the ratio between LP particles and chromophores, by preventing the
individual dye aggregation thorough competitive ionic interactions (Figure 4.2.1b and c). In
dye-LP monomers, the dye molecules are monomerically organized on the LP surface and
exhibit high fluorescence quantum yield of the dye monomer (Figure 4.2.1b). On the other
hand, at high concentration, fluorescent hybrid hydrogels with alternately stacked dye J-
aggregates and LP nanoparticles having strong excitonically coupled chromophores are
formed (Figure 4.2.1¢). These kinds of strongly coupled molecular J-aggregates of aromatic

diimides are so far achieved only by elegant supramolecular design strategies.® Moreover in
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these hybrids, both the solution state monomer and gel state aggregate emissions were further
retained even in the film state upon processing due to fencing of dye molecules by LP without
giving any room for their individual H-aggregation. Detailed analysis of microscopy images
and powder XRD along with the optical data provided insights into the hierarchical

organization between cationic dyes and LP particles in their co-assembled state.
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DCNDI DCCDI DCPDI

+ - 5

H-aggregates of
Exfoliated LP cationic dyes

a)

LP

b) Low concentrations

¢) High concentrations

’ Monomers or H-aggregates of
Exfoliated LP cationic dyes

Alternate dye J-aggregate-LP hybrids

Figure 4.2.1. a) Schematic representation of single LP particle and chemical structures of
dicationic diimides. Schematic representation for the co-assembly between exfoliated LP
particles and b) H-aggregates of dyes at low concentrations and ¢) H-aggregates/monomers of
dyes at high concentrations.

4.2.2 Design Strategy and Synthesis

The schematic representation of LP nanoparticle and molecular structures of dicationic
dyes are shown in Figure 4.2.1. LP nanoparticles are of 25 nm in diameter and 0.9 nm
thickness with —ve charge on the surface and +ve charge at the edges. These LP particles were
exfoliated in water by wrapping the positively charged edges with anionic polymer such as
sodium polyacrylate (Figure 4.2.1b and c, blue band around the LP particle edge) to prevent
their ““House of Cards’’ packing in water. These exfoliated particles resemble multivalent
anionic macromolecules owing to the presence of dense —ve charges on their surface (Figure
4.2.1b and c). To promote ionic co-assembly with LP particles, we have designed and
synthesized dicationic naphthalene (DCNDI), perylene (DCPDI) and coronene (DCCDI)
diimides (Figure 4.2.1). All cationic dyes were synthesized in two steps from corresponding

aromatic dianhydrides (see experimental section) and were fully characterized. DCNDI is
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molecularly soluble in water whereas DCCDI and DCPDI are molecularly soluble in
acteonitrile, methanol and in ethanol. On the other hand, both DCCDI and DCPDI form non-

fluorescent H-aggregates in water (Figure 4.2.2).

4.2.3 H-Aggregates to Fluorescent Hybrid Dye-LP Monomers
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Figure 4.2.2. a) Normalized absorption and emission spectra of DCNDI in water (¢ = 0.1 mM,
[ =1 mm, lee = 350 nm) and inset shows the photograph of corresponding DCNDI in water
under 365 nm UV light. b) Absorption and c) emission spectra of DCPDI in water and in
acteonitrile (¢ = 0.1 mM, | = 1 mm, Ay = 500 nm). d) Absorption and e) emission spectra of
DCCDI in water and in acteonitrile (c = 0.1 mM, | = 1 mm, lexe = 375 nm). f) Photographs of
corresponding DCPDI and DCCDI solutions in water and acteonitrile under 365 nm UV light.

Since absorption and emission spectra of these m-Systems are very sensitive to their
intermolecular interactions, optical spectroscopic measurements were carried out to understand
the modulations in their molecular organization during co-assembly process with anionic LP
particles. The blue shifts in the absorption spectra of DCCDI and DCPDI (0.1 mM) alone in
water compared to their monomer (in acteonitrile) absorption spectra, clearly indicate their H-
type aggregation in water (Figure 4.2.2b and d). In case of DCPDI this can be understood by
low intensity of 0-0 peak than that of 0-1 peak due to H-aggregation (Figure 4.2.2b)."" Further
evidence came from the weak fluorescence of these dyes in water compared to acetonitrile
(Figure 4.2.2¢c, e and ).

Interestingly, significant changes in the absorption spectra of H-aggregates of both the
diimides upon the addition of different amounts LP particles (0-0.25 wt%) clearly indicate their
interactions with LP particles (Figure 4.2.3). As the amount of LP increases, the intensity of O-
0 peak of DCPDI increased gradually and dominates the 0-1 peak with concomitant increase of
fluorescence quantum yield (® = 0.01 to 0.8) (Figure 4.2.3a and b).*® Similarly, DCCDI H-
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aggregate absorption spectrum also gradually reached its monomer spectra with the addition of
LP particles with concomitant increase of fluorescence quantum yield (® = 0.01 to 0.7) (Figure
4.2.3d and e). This is a definitive proof for the competitive multivalent ionic interactions
offered by the LP particle surface which destroys the H-aggregation of these two dye molecules
by organizing them monomerically on LP surface (inset, Figure 4.2.3b and €). Fluorescence
lifetime measurements on these samples provided further insight into this molecular
reorganization (Figure 4.2.3c and f). DCPDI alone in water showed a single exponential decay
of 4.2 ns due to residual free monomers as it forms non-fluorescent H-aggregates. However, in
presence of 0.25 wt% LP particles, total lifetime was slightly increased to 4.5 ns with
biexponential decay due to interaction with LP particles. This further supports the existence of
DCPDI molecules as LP bound monomers in presence of 0.25 wt% of LP. On the other hand,
fluorescence lifetime of DCCDI in water is significantly increased from 2.4 ns to 10.9 ns with
the addition 0.25 wt% of LP. However, this high lifetime is in close agreement with its
monomer lifetime (9.24 ns) obtained in acteonitrile and again supports the bound monomeric
nature of DCCDI in presence of 0.25 wt% of LP (Figure 4.2.3f). This phenomenon was not

observed for DCNDI as it is molecularly soluble in water.
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Figure 4.2.3. Spectroscopic probing of the changes in the molecular organization of DCCDI
and DCPDI molecules upon co-assembly with LP particles in water. Changes in the a)
absorption spectra, b) emission intensity and c) lifetime decay profiles (le,e = 405 nm and
monitored at 550 nm) of DCPDI with different wt% of LP particles in water. Changes in the d)
absorption spectra and e) emission intensity of DCCDI with the addition of different wt% of LP
particles in water. f) Lifetime decay profiles (le,. = 405 nm and monitored at 600 nm) of
DCCDI in acteonitrile and, with and without LP particles in water (¢ = 0.1 mM, [ = 1 mm, ey
=500 nm (DCPDI) and 375 nm (DCCDI)). Inset in Figure 4.2.3b and e shows the photographs
of corresponding solutions with and without LP under 365 nm UV light and schematic
representation for the organization of cationic dye molecules in water and on LP surface.
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Figure 4.2.4. Normalized a) absorption and b) emission spectra of DCPDI-LP hybrids in water
and in the film state. Inset of Figure 4.2.4b shows the films of DCPDI made from water with
and without LP under 365 nm UV light. Normalized c¢) absorption and d) emission spectra of
DCCDI-LP hybrids in water and in the film state. Inset of Figure 4.2.4d shows the films of
DCCDI made from water with and without LP under 365 nm UV light (c = 0.1 mM, LP = 0.25
Wt%, Aexe = 500 nm (DCPDI) and 375 nm (DCCDI)).

Remarkably, the films made from these LP- DCPDI/ DCCDI hybrid solutions retained
the monomeric absorption and emission features of the dye molecules even in the solid-state
(Figure 4.2.4), whereas the films made from dyes alone without LP particles failed to show any
solid-state emission (inset, Figure 4.2.4b and d). This clearly indicates that inorganic LP
particles are fencing the dye molecules without giving any room for individual dye aggregation
even in the solid-state. This highlights the role of nanoscopic inorganic template and the

importance of hybrid co-assembly to make highly luminescent solid-state materials.

4.2.4 Fluorescent Dye J-aggregates-LP Hybrids

Since LP particles are known to modulate the growth of supramolecular aggregates of
dye molecules,*® we have extended this hybrid co-assembly strategy to make fluorescent hybrid
supramolecular assemblies of cationic diimides. Our initial investigations in this direction
showed the formation of fluorescent supramolecular aggregates of all cationic diimides on LP
surface at high concentrations of dye (> 1mM) and LP (up to 2.25 wt%) particles in water. We
have investigated this process in detail by titrating LP particles (concentration fixed at 2.25
wt%) with different concentration of cationic diimides. Optical and dynamic light scattering

(DLS) studies on these LP-dye hybrids provided insights into the modulations in the molecular
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organization of cationic dyes caused by anionic LP particles during the co-assembly process. In
a typical experimental procedure, different concentrations (0.1-5 mM) of cationic diimides
were added to 2.25 wt% of exfoliated LP in water and sonicated for few minutes until clear
solutions were obtained. Zetapotential measurements in DLS studies showed that, —ve charge
on LP particles decreases with concomitant increase in the hydrodynamic radius, when the
concentration of DCNDI is increased from 0.1 mM to 5 mM, (Figure 4.2.5a). This clearly
indicates the co-assembly between LP and DCNDI through ionic interactions. Interestingly,
increase in the concentration of DCNDI in these hybrids resulted in significant decrease in its
monomer emission (380-470 nm) with concomitant appearance of new broad emission band
centred at 515 nm (Figure 4.2.5b).
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Figure 4.2.5. a) Decrease in net change and increase in the size of DCNDI-LP hybrids with
increase in the concentration of DCNDI, obtained from DLS measurements. b) Emission
spectra of DCNDI-LP hybrids with increase in the concentration of DCNDI (Ae,, = 350 nm, | =
1 mm). c) Fluorescence lifetime decay profiles of DCNDI collected at monomer (430 nm) and
excimer emission wavelengths in water (e, = 370 nm). d) Excitation spectra of DCNDI-LP
with increase in the concentration of DCNDI monitored at 430 (without LP, black line) and
510 nm. e) Photographs of DCNDI-LP hybrid aqueous solutions and hydrogels. Unless
otherwise mentioned, all these measurements were done with 2.25 wt% of LP nanoparticles in
water.

Fluorescence lifetime and excitation spectra measurements provided further insights
into the nature and origin of this new emission band. Lifetime decay profiles collected at
monomer emission (430 nm) followed monoexponential decay and the estimated lifetime is
0.74 ns which is consistent with the monomer emission of DCNDI (Figure 4.2.5¢). Whereas the
decay profile collected at 510 nm was fitted to triexponential equation which showed major
contribution from long lifetime of 29.8 ns (85.4 %) along with the two short lifetimes, 0.68 (7.3
%) and 1.58 ns (7.3 %) (Figure 4.2.5c). This gives an indication that the newly formed emission
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band in these hybrids is due to the formation of excimer by DCNDI chromophores (Figure
4.2.5b). To understand whether the excimer is formed just due to excited state dimerization of
monomers or due to ground state preorganization of DCNDI upon binding with LP
nanoparticles, we have collected excitation spectra at both monomer (415 nm) as well as at
excimer (515 nm) emission wavelengths (Figure 4.2.5d). The excitation spectra collected at 415
nm resembles like monomer absorption spectrum of DCNDI. On the other hand, the excitation
spectra collected at excimer emission (515 nm) wavelength showed gradual bathochromic
shifts with increase in the concentration of DCNDI. Moreover, at 5 mM of DCNDI, the
excitation spectrum maximum is 18 nm red-shifted than the monomer and displayed sharp
vibrational transitions of DCNDI. These observations clearly indicate the J-aggregation of
DCNDI molecules in presence of LP with strong excitonic coupling. Moreover, it is evident
that the ground state preorganization of DCNDI on LP is also responsible for the formation of
excimer in the excited state. This kind of aggregation driven excimers are known as
preassociated/static excimers.”’ These changes are also visible when the 2.25 wt% of LP
solutions having different concentrations of DCNDIs were visualized under 365 nm UV light
(Figure 4.2.5e). Interestingly, hydrogel formation was observed for the hybrids containing
more than 3mM of DCNDI (Figure 4.2.5e). This is quite remarkable as DCNDI alone is
insoluble in water above 3 mM, whereas DCNDI-LP hybrids form transparent green emitting
hybrid hydrogels even at 5 mM. Moreover, the increase in the size (65 nm to 300 nm) of
hybrids (Figure 4.2.5a) and hydrogel formation with increase in the concentration of DCNDI
suggests that, in addition to the J-aggregation of chromophores, there is indeed the formation of

higher order aggregates by DCNDI-LP hybrids (see below).

Similar to DCNDI, both DCPDI and DCCDI also showed the formation of J-
aggregates upon the co-assembly with LP particles (Figure 4.2.6). As the concentration of dyes
was increased from 0.1 mM to 5 mM, monomer emission peaks corresponding to DCPDI (500-
630 nm) and DCCDI (520-620 nm) are significantly reduced with concomitant increase in the
intensity of aggregate emission at higher wavelengths. This is also clear from the photographs
of these hybrids visualized under 365 nm UV irradiation (Figure 4.2.6¢). In case of DCPDI, the
aggregate emission was observed between 620-850 nm where as it is centred at 590 nm for
DCCDI. Again, excitation spectra provided insights into the ground state organization of
emissive DCPDI and DCCDI species in the hybrid co-assembly (Figure 4.2.6b and e).
Interestingly, the excitation spectra monitored at 700 nm for DCPDI-LP hybrids (DCPDI-
5mM and LP-2.25 wt%) displayed a new sharp peak at 590 hm whereas the corresponding 0.1
mM solution showed only weak shoulder band at 575 nm (Figure 4.2.6b). This sharp red shifted
peak centred at 590 nm unambiguously proves that the emissive species between 620-850 hm

corresponds to strong excitonically coupled DCPDI J-aggregates.®**® Similarly, in case of 5
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mM DCCDI-LP hybrids, excitation spectra collected at 600 nm showed strong red-shifted
bands at 375 nm and 510 nm which are weak at lower concentrations of DCCDI (0.1 mM).
These features are again in consistent with the strongly coupled J-aggregates of DCCDlIs,

which are responsible for the emission in higher wavelength regions (530-750 nm).?
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Figure 4.2.6. a) Emission (e = 500 nm, | = 1 mm) and b) excitation spectra (monitored at

700 nm) of DCPDI-LP hybrids in water with increasing concentration of DCPDI. c)
Photographs of DCPDI-LP and DCCDI-LP hybrids agueous solutions/gels with increase in
the concentration of DCPDI and DCCDI under 365 nm UV light. d) Emission (Ae. = 375 nm, |
= 1 mm) and e) excitation spectra (monitored at 600 nm) of DCCDI-LP hybrids in water with
increase in the concentration of DCCDI. f) Fluorescence lifetime decay profiles of DCPDI-LP
(monitored at 550 nm) and of DCCDI-LP (monitored at 600 nm) hybrid aqueous solutions (Aeyc
= 405 nm, ¢ = 0.1 mM). All measurements were done with 2.25 wt% of LP nanopatrticles in
water.

Fluorescence lifetime decay profiles of DCCDI/DCPDI-LP hybrids at 0.1 mM dye
concentration provided further insight into the nature of emission at higher wavelengths (Figure
4.2.6f). In case of DCCDI-LP hybrids, the decay profiles monitored at 600 nm (aggregate
emission) were fitted to triexponentials and the resultant lifetime values were found to be 3.89
ns (13.83%), 10.94 ns (47.64%) and 25.54 ns (38.53%). The long lived lifetime component
(25.54 ns) indicates the formation of excimer by DCCDI chromophores in the co-assembly
state with LP particles. Since the corresponding excitation spectra showed the J-type
DCCDI
static/preassociated excimer in DCCDI-LP hybrids which is more prominent at higher
concentrations (see below). On the other hand, DCPDI in DCPDI-LP hybrids (DCPDI-0.1

mM) did not show appreciable change in the lifetime compared to its monomer due to very less

aggregation by DCCDI chromophores, similar to DCNDI, also exists as

contribution from aggregate emission at this concentration (Figure 4.2.6f). However, significant
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lifetime change was observed due to J-aggregation of DCPDIs in DCPDI-LP hybrids at higher
concentrations (see below). Interestingly both DCCDI-LP and DCPDI-LP hybrids forms high
water content (90%) hydrogels at 5 mM concentrations of cationic diimides and 2.25 wt% of
LP, reiterating the hierarchical organization of organic and inorganic components in these

hybrids into higher ordered aggregates (Figure 4.2.6c).%?

4.2.5 Rheology Studies on Hybrid Hydrogels
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Figure 4.2.7. Storage (G') and loss (G") modulus of the dye-LP hybrid hydrogels measured as
functions of a) angular frequency (w) at a constant strain(») of 1 % and b) » (%) at a constant
frequency of 5 Hz. Storage (G') and loss (G") modulus of the DCNDI-LP hybrid hydrogel
(after removing 10-15% of water) measured as functions of ¢) @ at a constant » of 1% and d)
» (%) at a constant frequency of 5 Hz. Insets in Figure 4.2.7a and 4.2.7c show the photographs
of corresponding freestanding DCNDI-LP hybrid hydrogels under ambient and 365 nm UV
light.

Rheology measurements on these hybrid hydrogels showed highest mechanical
strength for LP-DCNDI hybrids, followed by DCCDI-LP and DCPDI-LP hydrogels,
respectively (Figure 4.2.7). The storage (G') modulus of the all dye-LP hybrid hydrogels
measured as a function of angular frequency (w) at 1% strain (y) showed significant elastic
response and always greater than the corresponding loss (G"”) modulus up to 100 rad/s (Figure
4.2.7a). The values of G’ for DCNDI-LP, DCCDI-LP and DCPDI-LP hydrogels are 2000 Pa,

1000 Pa and 500 Pa respectively. This is further clear from the (G') and (G") measured as
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function of y at constant frequency of 5 Hz (Figure 4.2.7b). Both DCCDI-LP and DCPDI-LP
hybrid hydrogels failed to show good linear response and gels were collapsed after 10% of 7.
This indicates the moderate mechanical strength and soft-nature of these hybrids and can be
easily processed. On the other hand, hybrid hydrogels of DCNDI-LP could sustain up to 100%
of y with good linear response between 1-100% of y. The high mechanical strength DCNDI-LP
gels helped to mould them into freestanding fluorescent objects (Figure 4.2.7a, inset). We have
further improved the mechanical strength of these DCNDI-LP hybrid hydrogels by removing
10-15% of water from it. The resultant freestanding hydrogels displayed significant elastic
response with G’ as high as 10° Pa (G"= 10" Pa) and they are stable up to 30% of y (Figure
4.2.7c and d). The resultant DCNDI-LP hybrid hydrogel pieces are highly transparent and
exhibit bright green emission from preassociated DCNDI excimer (Figure 4.2.7c, inset). The
high mechanical strength of DCNDI-LP hybrid hydrogels compared to DCPDI-LP/DCCDI-
LP hybrids could be due to the high solubility of DCNDI and its hybrids with LP in water. As
a result, DCNDI-LP hybrids are more uniformly dispersed in water than other hybrids thereby
improving the mechanical strength. This is further evident from the high transmittance of
DCNDI-LP xerogels compared to DCPDI-LP and DCCDI-LP hybrids (vide infra).

4.2.6 Transparent and Luminescent Films of Dye J-Aggregate-LP
Hybrids
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Figure 4.2.8. Normalized emission and excitation spectra of a) DCNDI-LP b) DCCDI-LP and
c) DCPDI-LP xerogels and inset shows their photographs under 365 nm UV light (Ae = 350
nm (DCNDI-LP), 375 nm (DCCDI-LP) and 500 nm (DCPDI-LP) and excitation spectra were
monitored at 510 nm (DCNDI-LP), 600 nm (DCCDI-LP) and 700 nm (DCPDI-LP)). d)
Nanosecond lifetime decay profiles of dye-LP hybrid xerogels where IRF is the instrument
response function. e) Photograph of transparent dye-LP hybrid xerogels under ambient light
and their f) transmittance spectra.
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The mechanical strength of these hybrids indicates that they are soft in nature and
hence can be solution processed to form films which is advantageous for many applications. In
this regard, we have further investigated the molecular organization of these organic-inorganic
hybrids in their xerogel state (Figure 4.2.8). The emission spectrum of film made from
DCNDI-LP hybrid hydrogel showed excimer emission at 500 nm with negligible contribution
from its monomer (~440 nm) compared to its gel state (Figure 4.2.8a). The corresponding
excitation spectra collected at 510 nm, also showed strongly coupled J-aggregates of DCNDI
chromophores. Similarly, films made from DCCDI-LP and DCPDI-LP hybrid hydrogels also
showed J-aggregate emission without any signature of monomer, suggesting an efficient co-
assembly in the film state. In case of DCCDI-LP xerogels, the excitation spectra collected at J-
aggregate emission (600 nm) showed the J-aggregate absorption bands at 375 nm and 510 nm
which are more significant than the corresponding gel state (Figure 4.2.8b). On the other hand,
the xerogels of DCPDI-LP, exhibited red-shift of 20 nm (670-690 nm) in emission and 5 nm in
excitation (collected at 700 nm) maxima compared to its gel state (Figure 4.2.8c). Fluorescence
lifetime decay profiles on DCNDI-LP xerogels also showed major contribution from
preassociated excimer with a lifetime of 26.6 ns (76.43%) (Figure 4.2.8d). Similarly, in case of
DCCDI-LP xerogels, contribution from long lived preassociated excimer (24.3 ns (74.07%)) is
significantly increased than their dilute solutions (24.5 ns (38.53%)) when monitored at 600 nm
which further indicates enhanced aggregation at high concentrations (Figure 4.2.8d). However,
DCPDI-LP xerogels showed only small increase in fluorescence lifetime from 4.5 ns to 6.8 ns
compared to their dilute solutions. This might be due to the absence of preassociated excimer
formation by DCPDI-LP hybrid J-aggregates (Figure 4.2.8d). The decrease or disappearance of
monomer emission and strong J-aggregate features in the excitation spectra and increased
contribution from aggregate lifetime for all the hybrids further indicate the enhanced J-
aggregate formation in the film state than corresponding gel state. As shown in the photograph
all films made from LP-dye hybrid hydrogels are visibly transparent with bright green, yellow
and red emission under 365 nm UV irradiation (Figure 4.2.8e and insets of Figure 4.2.8a-c).
Remarkably, the xerogel of DCNDI-LP displayed transmittance as high as 99.0% (above 850
nm) which is less (85%) for other two xerogels due to their relatively low solubility than
DCNDI-LP hybrids in water (Figure 4.2.8f). Notably, the high concentration (5 mM) of dyes in
these hybrids would be advantageous because, even thin films made from these hybrids can
efficiently absorb the incident light while avoiding loss due to scattering owing to their high

extinction coefficients and transparent nature.
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4.2.7 Alternate Organic-Inorganic Hybrid Arrays

J-aggregate

a)
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— LP-DCPDI
— LP-DCCDI

5 10 15 20 25 30
200°___,

Alternate co-assembled
dye J-aggregate-LP hybrids

Figure 4.2.9. a) PXRD pattern of exfoliated LP particles in water and dye-LP hybrid hydrogel
films. b) Proposed schematic representation for the co-assembly of cationic dyes and LP
particles into alternate dye J-aggregates-LP organic-inorganic hybrids. TEM images of c)
DCNDI-LP, d) DCCDI-LP and e) DCPDI-LP hybrid hydrogel films and corresponding
intensity profiles are shown in the inset.

Since the J-aggregation of chromophores and hydrogel formation in dye-LP hybrids,
indicates the formation of higher order aggregates, we have investigated powder XRD (PXRD)
pattern and transmission electron microscopy (TEM) images of these soft-hybrids to get insight
into the molecular packing and hierarchical organization (Figure 4.2.9). PXRD pattern of the
films made from exfoliated LP particle solution showed two diffraction peaks between 17°-28°
(20) which are signatures for the crystalline lattice planes of LP particles. The absence of any
peaks below 10° (20) is consistent with the exfoliated LP particles, hence ruling out the face-to-
face stacking between LP particles (Figure 4.2.9a). Remarkably, films made from co-
assembled LP-dye hybrid hydrogels displayed strong low angle reflections at ~5.9° (20)
corresponding to the d-spacing of ~1.5 nm while without affecting the rest of the peaks
corresponding to crystalline lattice planes of single LP particle. This unambiguously proves the
face-to-face stacking of LP particles due to ionic interactions with J-aggregates (see above) of
dicationic diimides, while forming an unprecedented alternate organization between LP
particles and J-aggregates of dicationic diimides (Figure 4.2.9a and b). This is further supported
by TEM analysis on these xerogels which showed the appearance of nanoscale striations with
bright (organic) and dark (inorganic) contrasts due to the co-existence of both dye J-
aggregates and LP particles (Figure 4.2.9c-e). Moreover, the final dye-LP hybrids resemble an
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alternate (...ABAB...) organic-inorganic supramolecular co-polymer structure, which is quite

unique to this hybrid system.
4.2.8 Conclusions

In conclusion we have demonstrated a simple non-covalent strategy to make
luminescent soft-hybrids through controlled molecular organization of n-systems via ionic co-
assembly with crystalline inorganic LP nanoparticles. Depending on the ratio between organic
and inorganic components, the chromophores were organized on LP surface as fluorescent
monomers or supramolecular J-aggregates. In the former organization, the LP-dye hybrids
showed high fluorescence quantum yields in solution which also retained in solid-sate due to
fencing of dye monomers from aggregation through LP co-assembly. This approach was
further extended to make luminescent hybrid hydrogels having strongly coupled fluorescent J-
aggregates of n-type diimides. This highlights the unique feature of the hybrid co-assembly for
solution processable luminescent hybrids as these dyes have a natural tendency to form non-
fluorescent H-aggregates in solution or on the surface. Moreover, microscopy and PXRD
showed the unprecedented alternate hierarchical organization between LP particles and dye J-
aggregates. We propose that, these LP-chromophore soft-hybrid assemblies can be integrated
into various sensory, photonic and photovoltaic devices in an environmental friendly manner

owing to their ease of processability in water and tailor made optical functionality.
4.2.9 Experimental Section

General methods: TEM measurements were performed on a JEOL, JEM 3010 operated at 300
kV. Samples were prepared by placing a drop of the gels on carbon coated copper grids
followed by drying at room temperature. Electronic absorption spectra were recorded on a
Perkin Elmer Lambda 900 UV-Vis-NIR Spectrometer and emission spectra were recorded
on Perkin Elmer Ls 55 Luminescence Spectrometer. UV-Vis and emission spectra were
recorded in 1 mm path length cuvette. Fluorescence spectra of solutions, gels and films were
recorded in front-face geometry to avoid self-absorption at high concentrations. Fluorescence
guantum yields were calculated using 0.1 mM Rhodamine 6G in ethanol as a standard. Powder
XRD pattern of the compounds were recorded by in Bruker D8 Discover (40 kV, 30 Ma)
instrument using Cu Ka radiation (20 = 0.8-35°). *H-NMR measurements were performed on
BruckerAvance 400 (400 MHz) spectrometer. Fluorescence lifetime measurements in solutions
were performed on FLSP920 spectrometer, Edinburgh Instruments. A pulsed diode laser was
used as excitation source (Aex = 405 nm). Fluorescence lifetime of films were measured using
IBH (FluoroCube) time-correlated picosecond single photon counting (TCSPC) system. Films

were excited with a pulsed diode laser (<100 ps pulse duration) at a wavelength of 375 and 500
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nm (NanoLED-11) with a repetition rate of 1 MHz. The detection system consists of a
microchannel plate photomultiplier (5000U-09B, Hamamatsu) with a 38.6 ps response time
coupled to a monochromator (5000M) and TCSPC electronics (Data Station Hub including
Hub-NL, NanoLED controller and preinstalled Fluorescence Measurement and Analysis Studio
(FMAS) software). The fluorescence lifetime values were determined by deconvoluting the
instrument response function using DAS6 decay analysis software. The quality of the fit has
been judged by the fitting parameters such as x* (< 1.2) as well as the visual inspection of the
residuals. DLS measurements were carried out using a NanoZS (Malvern UK) employing a 532
nm laser at a back scattering angle of 173°. Rheological measurements were performed at 25 °C
on Anton Paar MCR 150, stress controlled rheometer having a cone and plate geometry with a

plate gap of 100 um.
4.2.9a Synthesis

LP XLG particles with low heavy metals content were purchased from Rockwood. Coronene
dianhydride was synthesized according to the literature methods®, perylene and naphthalene

dianhydrides, and N,N-dimethly ethylene diamine were purchased from Aldrich.
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Scheme 4.2.2. Synthesis of dicationic diimides. i) N,N-dimethyl ethylene diamine, isobutanol,

refluxing, 24 h. ii) methyl iodide, toluene, refluxing, 4 h.

General procedure for the synthesis of dicationic diimides: Dianhydrides (2.42 mmol) and
N,N-dimethyl ethylene diamine (23.6 mmol) were taken in 40 mL of isobutanol and stirred at
90 °C under N, atmosphere for 24 h. The resultant solution was filtered and washed with
ethanol and water and dried. The obtained product was suspended in 30 mL of 5% NaOH and

heated for 30 min at 90°C and filtered followed by several washings with water and ethanol
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(only for compounds 5 and 6). After drying under vacuum, diimides (5 and 6) were obtained in
the form of powders. The obtained diimide (4, 5 or 6) was taken in 50 mL of toluene with
excess of methyl iodide and refluxed for 4 h. The obtained residue were filtered and dried under

vacuum.

DCNDI: Yellow solid (yield 90 %); *"H NMR (DMSO-Dg, 400 MHz), & (ppm) = 8.72 (s, 4H),
4.61 (t, 4H, J = 7.2 Hz), 3.65 (t, 4H, J = 7.6 Hz), 3.26 (s, 18H); HRMS (ESI): m/z calculated:
219.1128, observed 219.1143 [M*%/2].

DCCDI: Orange solid (yield 70 %); *H NMR (DMSO-Ds, 400 MHz, 80 °C), & (ppm) = 9.95 (d,
4H, J =8.8), 9.29 (d, 4H, J =8.8), 4.47 (t, 4H, J = 6.8 Hz), 3.99 (t, 4H, J = 6.8 Hz), 3.39 (s,
18H); HRMS (ESI): m/z calculated: 305.1284, observed: 305.1272 [M*%/2].

DCPDI: Brownish red solid (yield 70 %); ‘H NMR (DMSO-Dg, 400 MHz, 80 °C), & (ppm) =
9.01 (d, 4H, J =8.0 Hz), 8.67 (d, 4H, J =8.0 Hz), 4.55 (t, 4H, J = 7.2 Hz), 3.73 (t, 4H, J = 7.2
Hz), 3.27 (s, 18H); HRMS (ESI): m/z calculated: 281.1284, observed: 281.1273 [M*%/2].
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PART-5
Super-Absorbent Dynamic Microporous Polymers: Guest-

Responsive Reversible Swelling, Enhanced Fluorescence, and

Light-Harvesting*

Abstract

Synthesis and guest-responsive properties of two fluorescent microporous organic
polymer networks (Py-PP and Py-BPP) rendered with pyrene chromophores are described.
The structure of these polymers was fully characterized by various techniques. The
hydrophobic nature of these porous networks allows the phase-selective swelling by the
instantaneous absorption of a broad range of organic solvents and oils from their water
mixtures at room temperature. Moreover the dynamic nature of these networks signals the
swelling process with enhanced fluorescence. We have further explored the guest encapsulation
in these microporous polymers for various photophysical processes. The dynamic swelling
behaviour has been used for rapid encapsulation of various chromophoric guests such as Cg
and fluorescent dyes, and investigated for photoinduced electron/energy transfer process. This
work holds a great promise on the design of smart porous organic solids from z-conjugated

small molecules for sensing and separation.
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* Papers based on this work have appeared in Chem. Eur. J. 2012, 18, 4505; Chem. Mater. 2012, 24,
969; J. Mater. Chem. 2011, 21, 12958.
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5.1 Introduction

Luminescent porous materials, which combine the advantages of both porosity and
guest-responsive (typically gases and solvent molecules) signalling, are the solid-state
analogues of well studied photo-functional molecular cages in solution.' Recently, many
crystalline materials like metal organic frameworks (MOFs), covalent organic frameworks
(COFs) and periodic mesoporous silica have been constructed with chromophoric ligands,
which showed remarkable guest-induced photo-electronic properties like energy transfer and
photoconductivity.? On the other hand, polymeric and self-assembled systems that can swell or
gel in presence of solvent guest molecules have been used as superabsorbents.® Though the
superabsorbent materials for water uptake have already been commercialized, the design of
corresponding analogues for organic solvent uptake, which are of great importance for
removing organic pollutants and for recovering oil from water due to spills,* remains
challenging as this requires selective, thermally stable and recyclable hydrophobic networks.’
Porous framework materials such as MOFs and COFs can be a used as organic superabsorbent
materials owing to their high surface areas. However, MOFs are chemically unstable and
framework can degrade even with ambient humidity as they are built via metal-lignad co-
ordination bonds (Scheme 5.1a). Though the co-ordinate bonds are abscent in COFs, the use of
reversible covalent bonds in their synthesis to maintain crystallinity again make them
chemically unstable (Scheme 5.1b).° In this context, amorphous porous organic polymers
(POPs)’ built via strong covalent bonds benefit from better thermal and chemical stabilities than
MOFs and COFs (Scheme 5.1c). Moreover, with the realization that the crystalline order is not
a prerequisite for controlling the functional properties of organic frameworks, POPs with an
amorphous two or three-dimensional (2/3D) network have recently emerged as a new class of
porous materials.® Hence we envision that, an amorphous dynamic porous network® with
emissive backbones could provide multi-functions such as guest/solvent responsive swelling
and signalling. In this respect, we find that the POPs with conjugated backbones would be
appealing to integrate both the luminescent and dynamic functionality to the materials.™
Although, POPs have been extensively studied for gas adsorption,™ the properties characteristic
of m-conjugated segments or dynamic networks, such as fluorescence response, light-harvestig
and solvent uptake, has not been adequately investigated to date.

Since artificial light-harvesting™ has gathered immense attention in recent years due to
its crucial role in photosynthesis and optoelectronic devices, we envision that luminescent
dynamic polymers can also serve as versatile donor scaffold for excitation energy-transfer when
loaded with appropriate guest molecules. However, encapsulation of guest molecules in POPs
often requires tedious procedures owing to their non-dynamic backbone. This can be achieved

under ambient conditions in POPs having dynamic framework. Even though light-harvesting
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was shown in non-dynamic POPs absorbing in the UV-region,™ visible light-harvesting** with

rapid encapsulation of energy acceptor (guest) is hitherto unknown.

Built via co-ordinate bonds Built via reversible covalent bonds Built via irreversible covalent bonds

Scheme 5.1. Structure of a) MOF-5 [reproduced from ref. 2i] and b) COF-1. c) Structure of a
POP built from tetrephenyl methane derivateive [reproduced from ref. 11b].

c)

Scheme 5.2. Molecular structures of microporous polymers; a) Py-PP and b) Py-BPP.
Molecular structures of guest molecules c) Cqo, d) DCM and €) NR dye molecules.

In this Part, we describe the guest-responsive reversible swelling, fluorescence
response and light-harvesting properties of two dynamic microporous polymer networks (Py-
PP and Py-BPP) rendered with pyrene chromophores (Scheme 5.2a and b). The hydrophobic
nature of these porous networks further allows the phase-selective swelling by the
instantaneous absorption of a broad range of organic solvents and oils from their water mixtures

at room temperature. We also demonstrate that, these hydrophobic microporous networks can
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efficiently soak fullerene (Cg), nile red (NR) and 4-(Dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4Hpyran (DCM) through n-m and host-guest interactions (Scheme 5.2c-
e). Detailed optical studies have shown electron/energy transfer from host network to the

entrapped guest chromophores.
5.2 Preliminary Work on POPs

We have been working on microporous conjugated polymers consisting of
polyaromatic components. In this direction, we have synthesized series of microporous organic
polymers via imidation and Suzuki cross coupling reactions of various structure directing
monomers (Schemes 5.2a and b, and 5.3). Though all the polymers have permanent porosity
(Table 5.1), only conjugated polymers, poly(phenylene)s (p-PPF and m-PPF) and pyrene based
polymers show fluorescence in the solid-sate and only the pyrene based polymer frameworks
display dynamic and superabsorbent nature in organic solvents. Polyimides are synthesized via
the condensation of amines having trigonal (Scheme 5.3a-c) and tetrahedral (Scheme 5.3d and
e) geometry with polyaromatic dianhydrides. Poly(phenylene)s (p-PPF and m-PPF) (Scheme
5.3f and g) are derived from triphenylbenzene derivatives with para- and meta-substituted
tribromides as structure directing monomers in the Suzuki cross-coupling reaction with
benzene-1,4-diboronic acid (BDA).

a)

Td-CPI

Scheme 5.3. Structures of a-c) trigonal and, d-e) tetrahedral polyimides and f-g) conjugated
poly(phenylene)s.

Interestingly, both poly(phenylene)s and polyimides showed excellent surface area and
high selectivity for CO, adsorption over N, (Table 5.1 and Figure 5.1). The presence of large

aromatic n-clouds on the pore surface, small pore size and the polar end functional groups in
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poly(phenylene)s are responsible for their selective CO, adsorption over N, (Figure 5.1a and b).
On the other hand, the presence of large humber of CO, phillic polar oxygen and nitrogen
functionalities inside the porous network of polyimides are mainly responsible for their
selective CO, adsorption (Figure 5.1c). Compared to poly(phenylene)s, polyimides posses high
thermal stability and selectivity towards CO, at room temperature (293 K). Owing to the
luminescent, dynamic and hydrophobic nature of pyrene derived porous polymers, we have
exploited their functional properties such as super-absorbent nature for organic solvents and as
light-harvesting scaffolds by non-covalent incorporation of various chromophoric guest

molecules inside their porous networks (vide infra).

Table 5.1. Surface areas of various POPs synthesized in our group.

POP Tr-NPI | Tr-PPI | Tr-CPI | Td-PPI Td-CPI p-PPF | m-PPF | Py-PP | Py-BPP
Surface

area 567 400 130 2213 210 269 229 1070 350
(m*g)
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Figure 5.1. Sorption isotherms for a) p-PPF and b) m-PPF at 195 K (filled symbols shows
adsorption, empty symbols shows desorption, P, is the saturated vapor pressure of the
respective adsorbates). ¢) N, and CO, adsorption isotherms of Tr-NPI, Tr-PPI and Td-PPI at
293 K (Figure 5.1a and b, reproduced by permission of The Royal Society of Chemistry,
http://pubs.rsc.org/en/Content/ArticleLanding/2011/JM/c1jm11508a).

In this Part, we restrict ourself to the pyrene based porous polymers keeping in mind

the general theme of this thesis.
5.3 Functional Properties of Pyrene Based Microporous Polymers

5.3a Synthesis and Structural Characterization

Scheme 5.2a and b show the polymers, designed from tetra-phenyl substituted pyrene
chromophores, which would impart both luminescence and hydrophobic interior to the
frameworks. The porous model shown in Figure 5.2 is built on the energy minimized geometry
of their structure repeating units which showed a twisted conformation for the phenyl rings that
bridges the pyrene chromophores, which would result in an extended three-dimensional
framework. Powder X-ray diffraction (PXRD) studies on both the polymers showed broad

peaks characteristic of the amorphous nature of organic microporous polymers. The
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orthogonally faced pyrene and phenylene rings would provide closed aromatic shells with
hydrophobic cavities for the encapsulation of large molecules, through strong host-guest

interactions.

Figure 5.2. Extended molecular structures of a) Py-PP and b) Py-BPP based on their energy-
minimised geometry of the basic structural units.

(HO)ZB‘Q'B(OH)Z

BDA

Py-PP
Br O Br
‘O Pd(PPhs),
K,CO,, DMF

OC
o o ij(

TBP

Py-BPP
BDPE

Figure 5.3. Synthetic scheme for Py-PP and Py-BPP.

Py-PP and Py-BPP were synthesized using Suzuki cross coupling reaction of 1,3,6,8-
tetrabromopyrene (TBP) with benzene 1,4-diboronic acid (BDA) and 4,4'-Biphenyldiboronic
acid bis(pinacol) ester (BDPE) respectively (Figure 5.3). The resulting polymers have been
characterized by solid-state *C-CP TOSS NMR, FT-IR and Thermo gravimetric analysis
(TGA) (Figure 5.4). Solid-state NMR of Py-PP showed three peaks at 138.4, 136.2, and 126.7
ppm corresponding to the two types of un-substituted and substituted phenyl carbon atoms,
respectively (Figure 5.4a). Py-BPP also showed similar set of peaks at 139.5, 132.7, and 126.5
ppm (Figure 5.4b). The structures with the pyrene-phenylene linkages are also evident from the
FT-IR measurements, which showed signals corresponding to aromatic C=C stretch (1595 cm™
1), C=C vibrational modes (1390 and 1480 cm™') of the substituted phenyl rings and aromatic
C—H stretch (3030-3010 cm ™). In addition, IR signals corresponding to trace amounts of the
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end functional B(OH), or OH groups (3300 cm™*) and C-Br (1005cm ™) are also observed
(Figure 5.4c and d). TGA profiles of both the polymers showed excellent thermal stability up to
500 °C for Py-PP and 350 °C for Py-BPP. Observed weight loss at the initial stages (~200 °C)
for both the polymers is attributted to the trapped solvent molecules (Figure 5.4e). N, gas
adsorption experiments (77 K) of the polymers, desolvated at 483 K, showed a typical type-I
profile of the isotherms with steep uptake at low pressure regions, suggesting the microporous
nature of the networks with a maximum N, uptake of 792 mL/g for Py-PP (Figure 5.5a). The
increase in N, uptake at P/P, > 0.8 in the adsorption isotherms can be attributed to the
interparticulate porosity associated with the meso- and macrostructures of the sample in the
bulk.” The BET (Brunauer-Emmett—Teller) surface areas evaluated for Py-PP and Py-BPP are
1070 m%g and 350 m?g respectively. Furthermore, greenish yellow emission (500-700 nm)
was observed for Py-PP with maximum at 540 nm, whereas green emission (470-650 nm) was
observed for Py-BPP with maximum at 517 nm (Figure 5.5b). The red-shifted absorption and
emission of these polymers compared to tetraphenyl pyrene (Aaps = 320 nm and Aem = 450 nm)™
indicates the presence of extended conjugation in the polymer. These results indicate that these
polymers combines both the microporous and luminescent functionalities, consistent with their
design.
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Figure 5.4. Solid state **C-CP TOSS NMR of a) Py-PP and b) Py-BPP. FT-IR spectra of c)
BDA, TBP and Py-PP, and d) BDPE, TBP and Py-BPP measured in KBr. ) TGA profiles of
Py-PP and Py-BPP measured under N, atmosphere.
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Figure 5.5. a) N, gas sorption isotherms (77 K) of the desolvated Py-PP and Py-BPP polymers
(closed symbols show the adsorption and open symbols show the desorption). b) Solid-state
emission spectra of Py-PP and Py-BPP powders.

5.3b Dynamic and Swelling Nature
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Figure 5.6. The dynamic nature of the polymers: a) Solvent adsorption isotherms of Py-PP and
Py-BPP (toluene at 293 K and water at 298 K); the sample was degassed at 483 K before
measurement and the equilibrium time was 500 s. Fluorescence enhancement of b) Py-PP and
c) Py-BPP after treatment with different organic solvents. d) Time-dependent fluorescence
response of Py-PP after treatment with toluene (inset: a photograph of the fluorescence change
in Py-PP, 60 min after treatment with toluene, Ae. = 365 nm). Py is the saturated vapour
pressure of the respective adsorbates, fluorescence measurements were done with a front-face
geometry, dee =380 nNm.
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The adsorption studies with toluene and water vapours (Figure 5.6) have provided
insight into the dynamic nature and polarity of the both polymer networks. Though, the
adsorption profiles showed significant uptake for toluene vapours, the pores were not accessible
to water vapours (typical type Il profile), which is consistent with the hydrophobic nature of the
polymers (Figure 5.6a). The adsorption isotherms of toluene displays a rapid uptake at low
relative pressures (P/Po ~ 0.2) followed by a monotonically increasing profile with the increase
of pressure, which ended without saturation at P/P, ~ 1, indicating a structural transformation
with gradual unfolding of the porous network. Furthermore, desorption isotherm does not
retrace the adsorption resulting in a large hysteresis (Figure 5.6a). The incomplete desorption
and large hysteresis suggests strong interaction of the toluene molecules with the pore surface
and solvent-induced structural modification, thus unveiling the dynamic and soft characteristics
of these polymers. Although ‘breathing’ in metal-organic frameworks upon gas uptake has been
reported recently,’ this is the first time an amorphous porous polymers with solvent-responsive
dynamic backbones, which would give interesting absorbent properties, have reported.

Table 5.2. Fluorescence lifetime data of Py-PP alone and with different organic guests.

Sample Name t; (ns) t, (ns) tz3 (NS)
Py-PP 0.074 ns 0.48 ns 1.7 ns
Py-PP + Ethanol 0.056 ns 0.52 ns 2.23ns
Py-PP + DMF 0.06 ns 0.63 ns 0.049 ns
Py-PP + Hexane 0.1ns 1.2ns 3.5ns
Py-PP + Toluene 0.104 ns 1.0ns 2.97 ns
Py-PP + ODCB 0.1ns 1.17 ns 3.5ns

Interestingly, both the polymers exhibited enhanced fluorescence with various organic
solvents, reiterating the guest induced structural/conformational changes in its conjugated
backbone (Figure 5.6b and ¢) and hence we have used their emission properties to further probe
the dynamic nature of the network. In order to investigate this property, the desolvated
polymers were exposed to various organic solvents and then emission spectra were recorded.
In a typical experimental procedure, 20 mg of desolvated polymer was soaked in 1 mL of
various anhydrous solvents for 5 minutes. The wet powder was then purged with nitrogen gas
to ensure the removal of physically absorbed solvent molecules and finally the resultant powder
sample was analyzed using a front-face fluorescent spectrometry setup (Aexe = 380 nm).
Solvent exposed powders of both the polymers showed visible color changes and bright green
emission with an enhancement in fluorescence intensity with varying orders of magnitude

depending on the solvent (Figure 5.6b and c). The emission spectra of the solvent-exposed
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polymers showed a blue-shift (10-25 nm) with respect to the desolvated samples. The
maximum fluorescence enhancement (4-5 times) was observed for aromatic non-polar solvent
like toluene whereas the polar solvents like DMF and ethanol showed only 1.5-2 times
enhancement in the emission. This was further supported by absolute quantum vyield
measurements on Py-PP and its solvent treated samples, which also showed a similar trend.*®
For example, the percentage of absolute quantum yield of ODCB treated sample was 10%,
which is nearly 8 times higher than that of the native Py-PP polymer (1.2%). Both the
polymers did not show any fluorescence response with water, proving further the hydrophobic
interior of the polymer. This guest-responsive emission could be attributed to reorganization in
the framework due to reduced inter-molecular interactions induced by the hydrophobic solvent
molecules. Time dependent steady-state fluorescence measurements of solvent exposed Py-PP
showed that the emission maxima slowly (with in 1 h for toluene) shifts back to the red-shifted
emission of desolvated framework clearly suggesting the reversibility of guest-induced
breathing of the Py-PP framework (Figure 5.6d).” Time-resolved decay emission
measurements carried with Py-PP further proved the changes in local environment of pyrene
chromophores on expansion of the network with guest molecules (Table 5.2). The decay
profiles were best fitted by a tri-exponential function and significant increase in the lifetime
was observed with non-polar solvents (eg. for toluene 0.1, 1.0 and 2.97 ns) which is consistent
with the increase in emission intensity, compared to that of desolvated Py-PP (0.07, 0.48, and
1.7 ns). However, no significant changes in lifetimes were observed with polar solvents like
DMF and ethanol.

The amorphous and dynamic porous features of these polymers promoted us to
investigate their absorbent behaviour with solvent/guest molecules. Interestingly, both the
polymers exhibited remarkable solvent uptake and resultant swelling in presence of various
organic solvents. In addition, the solvent uptake is accompanied by a simultaneous increase in
fluorescence of the frameworks, suggesting the crucial role of flexible backbone in the swelling
process (Figure 5.7a and b). We have systematically studied the swelling behaviour of both the
polymers in organic solvents of various polarities in terms of their equilibrium state of swelling
parameter (Q%) and equilibrium solvent content (H%),* that are calculated from the weight of
dried and swollen polymers (Figure 5.7c and d). Figure 5.7a and b shows the dried powder and
swollen polymers in ODCB for Py-PP and in toluene for Py-BPP and their swelling parameters
are summarized in Figure 5.7c and d. The swelling parameter and the solvents content varied
between 900-3000 and 90-99 respectively, for various organic solvents under investigation
suggesting the superabsorbent nature of both the polymers.® Starting from the nonpolar hexane,
the swelling degree increased with increasing solvent polarity, and the maximum swelling was

observed for chloroform. The difference in the swelling parameters between relatively non-
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polar solvents like hexane and toluene suggests that, size and shape of the guest molecules
along with its m-m interaction with the aromatic host framework are crucial for efficient
swelling. For example, Py-PP immobilizes ODCB to roughly 20 times to its own native weight
whereas it can trap hexane only up to 9 times. Then, the swelling degree decreased with
increasing solvent polarity and the polymer did not swell with water, which is consistent with
the hydrophobic aromatic framework structure of the polymers. Noticeably, the swelling
process was instantaneous compared to classical polymer absorbents and was stable for months.
Furthermore, this process could be repeated many times using recycled polymers after the
desolvation process under vacuum. In addition, we have observed that the swelling process was
more efficient while sonication or stirring and green fluorescent gel-like, self-standing materials
were formed within seconds, with only 4 wt% of Py-PP in ODCB and 10% of Py-BPP in
toluene (Figure 5.7a and b). Although the micropores of these polymers are robust for the
diffusion of small gas molecules (vide supra), solvation results in the structural re-organization
of the aromatic frameworks, resulting in the observed macroscopic swelling. This instantaneous
swelling and fluorescence enhancement are hitherto unknown features in microporous polymers
and provides an opportunity to exploit these polymers as selective absorbent and sensory

materials.
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Figure 5.7. Swelling properties of the polymers; a) Photographs of the swelling of Py-PP
powder without and with sonication in ODCB, under normal and 365 nm UV light. b)
Photographs of the swelling of Py-BPP powder without and with toluene, under 365 nm UV
light. Swelling behaviour of polymers expressed in terms of ¢) Q (%) and d) H (%), in various
organic solvents with different polarities (A: hexane, B: diesel, C: toluene, D: ODCB, E:
chloroform, F: ethanol , G: DMF, H:water).
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5.3c Oil Removal and Recovery from Water
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Figure 5.8. Phase-selective swelling of Py-PP; a-c) shows the swelling of diesel upon
sequential addition of Py-PP (1 g) to a beaker containing diesel-water mixture. d) and e) shows
the recovered polymer and diesel, respectively by simple squeezing of the scooped material.
(Composition of the initial mixture: water = 62 mL, diesel = 18 mL).

Having understood their structural features, we were further interested in the functional
aspects characteristic of its hydrophobic and dynamic pores. The significant uptake of diesel-oil
by both the polymers motivated us to attempt the phase-selective capture of oil in presence of
water, which is of great current technological interest for the cleaning up and recovery of oil
from marine spills.’® This has been demonstrated with a prototype experiment performed with
Py-PP. Remarkably, in a typical demonstration experiment, when Py-PP (1.0 g) was added
into a diesel-water mixture (1:3.5 volume ratio), the uniformly spread polymer powder quickly
absorbed the diesel and swelled while repelling the water (Figure 5.8). As shown in Figure 5.8,
Py-PP showed uptake capacities up to 12 times its weight for the collection of diesel. Most
importantly, the swelled polymer could be easily scooped out and both the polymer and diesel
(50-60%) were recovered by simple mechanical squeezing, leaving the water without any traces
of oil. Recovery of the diesel could be made almost quantitative when distillation procedure
was adopted. We have also observed phase-selective swelling for other oils and hydrocarbon
solvents. The instantaneous spreading and swelling action of Py-PP, would be very attractive
as a simple room temperature strategy for oil recovery, without impractical heating and

mechanical stirring procedures.
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5.3d Encapsulation of Cgpand Photoinduced Electron Transfer
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Figure 5.9. Photographs of saturated toluene solution of Cgy before and after treating with Py-
PP and schematic representation of Cg loaded Py-PP (Concentration of Cg in toluene = 2
mg/mL).
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Figure 5.10. a) Absorption spectra of saturated toluene solutions of Cg before and after
sequential treatment with Py-PP. b) N, adsorption isotherms (77 K), c) solid-state emission
spectra, d) absorption spectra and e) picosecond lifetime decay profiles (monitored at 540 nm)
of Py-PP powder with (red line) and without (black line) Cg (P, is the saturated vapour
pressure of the gas at 77 K, fluorescence measurements were done with a front-face geometry,
Aexe = 380 nm). f) Nanosecond transient absorption spectrum of Py-PP-Cg, adducts dispersion
in chloroform. The 490 nm peak can be assigned to the pyrene radical cation and the broad
absorption in the 500-700 nm could be due to the S;-S, transitions of pyrene.

The electron rich and curved n-surface of polymer porous backbones motivated us to
investigate its encapsulation of convex-shaped fullerene (Cqp), a well-known electron acceptor
molecule. Several well-defined molecular and co-ordination cages have been extensively
studied for the encapsulation of fullerene derivatives in solution, through specific host-guest
interactions, which is often a slow process.'®*® However, extended porous solids for Cg, uptake,
which would provide an assembled array of fullerenes, are seldom reported.’® We have

demonstrated absorbing of Cg molecules from toluene solution with Py-PP polymer.
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Remarkably, when Py-PP was soaked in a pale purple coloured saturated toluene solution (~
2.7 mM) of Cg, the solution immediately (< 1 min) became colourless, suggesting the efficient
and instantaneous encapsulation of Cs molecules inside the porous network (Figure 5.9). This
is further evident from the reduction in the absorbance of fullerene in the UV spectra of residual
solution (Figure 5.10a). This process could be repeated 3-4 times with the same polymer
sample to finally result in 15 wt% encapsulation of the Cgo Definitive proof for the Cg
encapsulation was provided by the N, adsorption measurements of desolvated Py-PP-Cg
adducts, which showed 20% decrease in the BET surface area against the pure Py-PP without
guest molecules (Figure 5.10b). The corresponding pore volume decreases from 0.71 cm®/g of
as-synthesized desolvated Py-PP, to 0.54 cm®/g in Py-PP-Cg, adducts. The fluorescence of the
fullerene encapsulated Py-PP was completely quenched, with no evidence for ground state
charge-transfer interaction, suggesting the excited state electron/energy transfer process form
pyrene to the Cg, as reported in literature for many pyrene-fullerene conjugates (Figure 5.10c
and d).” This is further evident from the quenching of fluorescence lifetime of the pyrene
donor in presence of the Cg (Figure 5.10e, Table 5.3). Nanosecond laser flash photolysis
studies on Py-PP-Cg, dispersion, showed the presence of pyrene radical cation at 490 nm,
indicating photoinduced electron transfer from the framework to the encapsulated Cg, guest

molecules (Figure 5.10f).%

Table 5.3. Picosecond lifetime data of Py-PP with and without Cg.

Sample Name t; (ns) t, (ns) t3 (nS)
Py-PP 0.074 ns (32.5 %) 0.48 ns (36.8 %) 1.7 ns (30.7 %)
Py-PP + Cg 0.056 ns (24. 5 %) 0.038 ns (44.5 %) 2.9 ns (30.0 %)

5.3e Fluorescence as a Probe for Guest Encapsulation

The polymers with dynamic backbones should exhibit a blue shifted emission upon
guest encapsulation (vide supra). We envisaged that if we could swell the network with a red
shifted fluorescent dye molecule, we can clearly use the emission of host frameworks as a
probe for guest encapsulation. For this purpose, we encapsulated both the frameworks with
different wi% of NR and DCM in the same way as Cg. Interestingly, along with the
continuous blue shift in the emission of Py-BPP there is a quenching in emission intensity was
observed with increase of NR wt% from 0-1.0 (Figure 5.11). The fluorescence quenching is
due to the energy transfer (vide infra) to the guest molecules and blue shift is due to the
swelling of polymer network (vide supra). Initially a 13 nm blue shift in Py-BPP emission was
observed with 0.1 wt% of NR loading which is further blue shifted to 36 nm with 0.5 wt% of
NR and finally reached 40 nm with 1 wt% loading of NR (517 nm to 477 nm) (Figure 5.11a).

204



Super-Absorbent Dynamic Microporous Polymers

When Py-BPP treated with different solvents, maximum 15 nm blue shift was observed due to
swelling. Similarly, blue shifts up to 45 nm were observed in case of Py-PP emission with 1
wt% of loading NR (Figure 5.11b).
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Figure 5.11. Normalized emission spectra of a) Py-BPP and b) Py-PP with different wt% of
NR loading.

These studies suggest that pyrene derived dynamic frameworks are capable of
encapsulating wide variety of guest molecules with varying emission response. Furthermore,
their swelling behaviour was not only limited to small solvent molecules but they are also able
to absorb photo-functional compounds such as DCM, NR and Cg. More interestingly, except
water they could efficiently absorb a variety of solvents ranging from zero polar solvents
(hexane and diesel oil) to highly polar solvents (DMF and Ethanol). The ability of these
polymers to absorb wide variety of guest molecules, irrespective of their size and polarity is due
to its dynamic porous framework which has the capability to reorganise. Further, they promote

photoinduced energy or electron transfer processes with photoactive guests.
5.3f POPs as Light-Harvesting Scaffolds

The dynamic and guest responsive behaviour of these pyrene based polymers
encouraged us to swell them with appropriate luminescent hydrophobic dyes to facilitate
Forster type energy transfer (FRET) from the pyrene framework to the guest molecules. Energy
transfer was shown in porous organic polymers in which non-covalent encapsulation of guest
requires overnight stirring at high temperatures.?® Since visible light-harvesting is preferred for
many practical applications, we have used red emitting DCM as acceptor to harvest visible
excitation energy from Py-PP and Py-BPP. In our case, the dynamic and swelling nature of
these polymers allowed facile encapsulation of DCM. Toluene was used as a mediating solvent
for guest encapsulation due to good solubility of DCM and excellent swelling behaviour of the
polymers in this solvent. In a typical experimental procedure different amounts of dye were

dissolved in 0.5 mL toluene and added to 30 mg of polymers. The resultant swelled polymer-
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dye composites were kept at room temperature for 30 min and dried at room temperature as
well as in vacuum to remove the toluene, completely. The resultant powders loaded with
different wt% of DCM were used for optical measurements. The gradual luminescence changes
in the polymer powders with increasing guest loading further confirm their encapsulation
within the porous cavities of the polymers. Furthermore, we could achieve control over
distribution of guest molecules as isolated and aggregated species, inside the porous networks
of the polymers.
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Figure 5.12. Normalized absorption spectra of DCM (in toluene) with the emission spectra of
Py-BPP and Py-PP a) before, and b) after swelling in toluene.

The good spectral overlap between emission of Py-BPP and Py-PP polymer powders
with the absorption of DCM dye indicates that it would be possible to make visible light-
harvesting antenna using simple host-guest chemistry (Figure 5.12). Energy transfer
experiments were performed with varying amounts of DCM loading (0-10 wt%) inside the
porous network of the polymers. As the amount of encapsulated DCM (0-10.0 wt%) increases,
gradual quenching in the emission of both the donor frameworks with concomitant increase in
the DCM emission (600-700 nm) intensity was observed (Figure 5.13). This gives an indication
of excitation energy transfer from host frameworks (Py-BPP and Py-PP) to the entrapped dye
molecules. Moreover, the absence of vibronic features in the DCM emission when it was
loaded into the pore channels of Py-BPP and Py-PP confirms the existence of orientational
dipolar interactions between DCM and aromatic shells of host frameworks.?? These kinds of
dipolar interactions are indeed important to achieve efficient Forster type energy transfer. This
inherent property of DCM to show orientational dipolar interactions with aromatic and polar
solvents is added advantage in addition to dynamic behaviour of Py-BPP and Py-PP in the
construction of present visible light-harvesting antenna. In these host-guest systems, 2.0-2.5
wt% of guest was able to completely harvest the excitation energy from host frameworks
(Figure 5.13a and b). The observed gradual red-shift in the emission maxima of encapsulated
DCM molecules (up to 30 nm) with increasing its concentration are attributed to the formation

of DCM aggregates inside the pores at higher amounts of loading (~10 wt%). Emission
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spectra, collected for different wt% of DCM loaded polymers indicates that, at below 2wt% of
DCM energy transfer is mainly to its isolated species (DCM, Amax = 570 nm), where all DCM
molecules are spatially distributed inside the pore channels (Figure 5.13a and b). Above 2 wt%
of DCM loading leads to the energy transfer mostly to its aggregated species (Amax = 604 Nm).
This was further rationalized by the observed amplified fluorescence of DCM by energy
transfer in this host-guest system (Figure 5.13c and d). In case of Py-BPP loaded with 10 wt%
of the DCM, excitation at 380 nm (indirect excitation) results in nearly 2 times higher DCM
emission due to energy transfer, compared to its direct excitation at 500 nm (Figure 5.13c).
Similarly 2.5 times amplification in the DCM emission was observed in case of Py-PP loaded
with 2.5 wt% of DCM (Figure 5.13d). This clearly indicates that the enhancement in the
emission of both isolated and aggregated DCM molecules inside the pores is indeed due to

resonance energy-transfer.
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Figure 5.13. Normalized emission spectra of a) Py-BPP and b) Py-PP loaded with different
wt% of DCM. Insets show the photographs of Py-BPP (inset of 5.13a) and Py-PP (inset of
5.13b) powders under 365 nm UV light loaded with different wt% of DCM (fluorescence
measurements were done with a front-face geometry, Aee = 380 nm). Emission spectra of
directly (ex. = 380 nm) and indirectly (e = 500 nm) excited c) Py-BPP loaded with 10.0 wt%
and d) Py-PP loaded with 2.5 wt% of DCM dye.

207




PART-5

a) b)
201
60
> 2> 151
D [2]
2 40 c
2 € 10
C —_
- — Py-BBP — Py-PP
204 — Py-BBP + 2 wi% DCM —— Py-PP + 2.5 wt% DCM
54
0 T T r r r 0 T T )
350 400 450 500 550 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 5.14. Excitation spectra of a) Py-BPP powder with (monitored at 650) and without
(monitored at 540) DCM. Excitation spectra of b) Py-PP powder with (monitored at 650) and
without (monitored at 560) DCM.

Energy transfer was further supported by excitation spectra collected at both polymers
and DCM emission wavelengths (Figure 5.14). The appearance of absorption features of both
polymer and DCM in the excitation spectra collected for both Py-BPP-DCM and Py-BPP-
DCM host-guest systems at DCM emission (650) wavelength, where polymers have negligible
emission, further supports population of DCM excited states via energy transfer from host
polymers (Figure 5.14). Furthermore, the controlled loading of DCM molecules inside the
polymers leads to the tunable emission from green to red followed by yellow. This is visually
shown in the photographs taken under 365 nm UV-irradiation of Py-BPP and Py-PP powders
loaded with different wt% of DCM. As shown in the insets of Figure 5.13a, Py-BPP alone is
green emissive, with 1 wt% of DCM loading leads to greenish yellow, at 2 wt% it is yellow and
finally at 10 wt% the polymer is orange-red emissive. Similar colour trends were seen in case
of Py-PP loaded with different wt% of DCM in the insets of Figure 5.13b.
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Figure 5.15. Lifetime decay profiles of a) Py-BPP and b) Py-PP alone and with DCM (lifetime
measurements were done with a front-face geometry, A, = 380 nm). Wavelengths in graphs
indicate the where decay profiles were monitored.
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Further investigation on fluorescence lifetime and absolute quantum yields of host-
guest polymers provided decisive proof for the resonance energy transfer from host frameworks
to the guest molecules without any radiation reabsorption process (Figure 5.15). The lifetime
decay profiles were fitted with tri exponentials and average lifetime was considered for the
analysis. Py-BPP framework with an average lifetime of 2.49 ns in its solid state, decreased to
2.1 ns (monitored at 500 nm) after loading with 2 wt% of DCM (Figure 5.15a). Similarly, the
average lifetime of Py-PP also shortened from 0.72 ns to 0.58 ns (monitored at 520 nm) with
2.5 wt% of DCM loading (Figure 5.15b). This decrease in the excited state lifetimes of host
frameworks upon encapsulation of DCM s a clear indication of excited state energy transfer
mechanism for fluorescence quenching of host frameworks. Absolute quantum yield
measurements further gave quantitative picture for the efficiency of energy transfer process.
The high absolute quantum yield (¢ = 0.56%) of DCM (2 wt%) loaded Py-BPP compared to
the individual Py-BPP(¢ = 0.31%) and DCM (¢ = 0.24%) indicates efficient resonance energy
transfer without radiation reabsorption process. The calculated energy transfer efficiency (#7er =
1- ¢ (0)/¢(w)) is 44 % where ¢ (w) and ¢ (0) are the absolute quantum yields of the Py-BPP
with and without DCM respectively. Similarly, higher absolute quantum yield (0.83%) was
observed for Py-PP loaded with DCM (2.5 wt%) than individual Py-PP (0.42%) and DCM
(0.24%) with ~49 % energy transfer efficiency.

5.4 Conclusions

In conclusion this work introduces a novel class of multi-functional organic
microporous polymers, in which the porous fluorescent frameworks can undergo swelling in
presence of hydrophobic and aromatic guests. This remarkable guest-induced breathing of
hydrophobic pores imparted unprecedented properties, such as super-absorbency and phase-
selective swelling of oil from water, for these microporous organic polymers. Furthermore, the
fluorescent and electron donor pyrene scaffold combined with the dynamic porosity facilitated
guest-induced emission changes and encapsulation of Cg acceptor molecules and luminescent
hydrophobic guests which holds great promise for applications in sensors. Efficient visible
light-harvesting and band gap engineering was observed for these polymers with encapsulated
red emitting DCM dye molecules. The unique ability of these polymers to encapsulate various
guest molecules with fluorescence response behaviour holds a great promise in designing smart

materials for sensing and separation.

5.5 Experimental Section

General methods: Electronic emission spectra were recorded on Perkin Elmer Ls55

Luminescence Spectrometer. Fluorescence spectra of solid powders were recorded in front-face
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geometry with 380 nm wavelength. The absolute fluorescence quantum yield of the Py-PP and
its solvent treated samples have been calculated according to the reference 16. Laser Flash
photolysis was carried out using a Nd:YAG laser source producing nanosecond pulses (8 ns) of
355 nm light with the energy of the laser pulse being around 200 mJ. Dichroic mirrors were
used to separate the third harmonic from the second harmonic and the fundamental output of
the Nd-YAG laser. The monitoring source was a 150W pulsed xenon lamp, which was focused
on the sample at 90° to the incident laser beam. The beam emerging through the sample was
focused onto a Czerny-Turner monochromator using a pair of lenses. Detection was carried out
using a Hamamatsu R-928 photomultiplier tube. Transient signals were captured with an
Agilent infinium digital storage oscilloscope and the data was transferred to the computer for
further analysis. Solid state *C NMR CPTOSS measurements were performed on Brucker
Avance 400 (400 MHz) spectrometer with MAS rate of 5 kHz. Infrared (IR) spectra were
recorded on small amount of the samples embedded in KBr pellets using a Bruker FT-IR
spectrometer. Thermogravimetric analysis (TGA) was carried out (Mettler Toledo) in nitrogen
atmosphere (flow rate 50 mLmin™) in the temperature range 30~700 °C (heating rate 5 °C/min).
CHNS analyses were carried out using Thermo Scientific Flash 2000 Elemental Analyzer.
Powder XRD pattern of the compounds were recorded by in Bruker D8 Discover (40 kV, 30
Ma) instrument using Cu Ka radiation (20 = 0.8-60°).

Computational details: The tetraphenyl pyrene monomer was optimized using Gaussian-09
suite of programs.”® The optimization was carried out within Denisty Functional Theory (DFT)
using B3LYP? hybrid exchange-correlation functional and 6-31G basis set. The optimised

geometries were visualised using Visual Molecular Dynamics (VMD).*

Adsorption measurements: N, adsorption study of the degassed samples of about 150 mg for
a period of 18 hours under high vacuum (10 pa), were carried out using QUANTACHROME
QUADRASORB-SI analyzer at 77 K. The adsorbates were charged into the sample tube, and
then the change of the pressure was monitored, the degree of adsorption was determined by the
decrease of the pressure at the equilibrium state. All operations were computer-controlled and

automatic.

H (%) and Q (%) of the polymers are calculated using following equations.
H (%)= (Wwet - Wdry)/Wwet X 100
Q (%)= Wiyet/Wary X 100

Where W, = Weight of the polymer after swelling in the solvents and

Wiary = Weight of the dry polymer
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5.5a Synthesis

Compounds TBP, BDA and BDPE were purchased from Aldrich.

Synthesis of Py-PP: A mixture of TBP (0.19 mmol) and benzene 1,4-diboronic acid (BDA,
0.38 mmol) in DMF (20 mL) was degassed by four freeze-pump-thaw cycles. To this mixture
2M K,COj; in water (2 mL) and tetrakis(triphenylphosphine)-palladium(0) (45 mg, 38.9 umol)
were added followed by degassing by four freeze-pump-thaw cycles. After that the resultant
mixture was purged with Ar for 3 times and stirred at 150 °C in a schlenk flask for 36 h. After
cooling to room temperature the mixture was poured into water and filtered. The precipitate
was washed with methanol, dichloromethane and dried in vacuum. The precipitate was further
purified by soxhlet extractions with methanol, dichloromethane, toluene and tetrahydrofuran for
12 h each to give the product as a dark green solid (150 mg). Solid-state **C NMR (100 Mz, §;
ppm): 126.7, 136.2, 139.5; FT-IR (v; cm ): 3325, 3060, 3010, 1595, 1480, 1450, 1390, 1175,
1051, 1004, 834, 702; Elemental Analysis (%) calculated for CgHy4: C 95.617, H 4.383; found:
C, 86.72; H, 4.34.

Synthesis of Py-BPP: A mixture of TBP (0.19 mmol) and 4,4'-Biphenyldiboronic acid
bis(pinacol) ester (BDPE, 0.19 mmol) in DMF (20 mL) was degassed by four freeze-pump-
thaw cycles. To this mixture 2M K,COs in water (2 mL) and tetrakis(triphenylphosphine)-
palladium(0) (45 mg, 38.9 pmol) were added followed by degassing by four freeze-pump-
thaw cycles. After that the resultant mixture was purged with Ar for 3 times and stirred at 150
°C in a schlenk flask for 36 h. After cooling to room temperature the mixture was poured into
water and filtered. The precipitate was washed with methanol, dichloromethane and dried in
vacuum. The precipitate was further purified by soxhlet extractions with methanol,
dichloromethane, toluene and tetrahydrofuran for 12 h each to give the product as a green solid
(140 mg). Solid-state *C NMR (100 Mz, &; ppm): 126.5, 132.7, 138.4; FT-IR (v; cm*): 3025,
2913, 1602, 1485, 1359, 1145, 1095, 1004, 823, 728; Elemental Analysis (%) calculated for
CaoH,: C 95.617, H 4.383; found: C 89.47; H 4.42.
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