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PREFACE

This PhD thesis has been categorized into four main chapters, namely, Introduction,
Molecular Engineering, Molecular Biomimicry and Molecular Materials. The first
chapter serves as an introduction to the thesis, outlining the fundamental aspects of
molecular assembly and the essence of exploiting bioinspired designs for
fundamental as well as technological implications. To put it in a nutshell, the
Nature’s archetypal molecular assemblies have been the result of rigorous natural
selection and evolution over billions of years. Unsurprisingly, an eclectic approach
to design and manufacture advanced materials necessarily include biomolecules due
to their remarkable property of integrating structure, function and dynamics. It is
thus believed that bioinspired design strategy will provide us with new
opportunities to explore novel functional molecular materials and understand

previously intractable complex biochemical phenomena.

With this premise in mind, thoughtful efforts were invoked to engineer the
assemblies of arylenediimides viz. naphthalenediimides (NDIs) and
perylenediimides (PDIs) upon derivatization with amino acids, which is especially
interesting due to their wide spread applications in fields ranging from biomedicine
to electronics. A wide variety of molecular designs were employed to exploit several
non-covalent interactions like solvophobic, aromatic, hydrogen bonding, halogen
bonding, van der Waals, metal coordination and charge transfer interactions, in an
effort to find structure-property correlations. All these molecular design strategies
are described in great detail as sub-chapters in the second chapter entitled

Molecular Engineering.

In the third chapter, an ambitious effort was ventured to try and mimic
biological processes occurring at the molecular-level or their assemblies, which
forms the basis of a new discipline termed as Molecular Biomimicry. Herein, the
first sub-chapter deals with the extremely slow dynamics of an abiotic helical
assembly with an unusual relevance to the secondary structure of proteins, which

finds importance with respect to prevalent protein folding mystery and the

e
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associated conformational diseases. The second sub-chapter provides the first
evidences for emergence and autoregulation in a dynamic molecular assembly.
Emergence is a complex behavior occurring in the system due to a delicate interplay
of multiple interactions, which are often unpredictable and unprecedented. On the
other hand autoregulation is a mechanism by which a system actuates or modulates
its responses depending on the external stimuli. We strongly believe that
investigations of molecular systems having such behaviors could be instrumental in
shedding novel insights about biochemical processes and also as an advanced

means to treat biological ailments.

The fourth chapter entitled Molecular Materials is further divided into three
sub-chapters. In the first sub-chapter, lotus effect inspired self-cleaning functional
molecular material, developed by means of simple solution processable breath-
figure technique (BFT) has been described. Using this approach, hydrophobic
decorative molecular materials besides potential applications in electronics and
miniaturized biochemical assays could be realized. On the other hand, simple
modular peptides designed by a reductionistic approach are shown to mimic the
mechanical properties of spider silk, which forms the basis for second sub-chapter.
Such a design strategy holds promising applications as biological implants,
biocompatible sutures, tissue engineering and other technologies. Finally, as our
core functional molecule namely, NDIs are potential n-type organic semiconductors;
the earlier embarked molecular structure-property correlation studies have led us
to find very high electron mobilities even in their bulk state. The added advantage of

solution processability engenders great promise in organic electronics.

In summary the thesis is structured in such a way that the first chapter
provides the scope and objective of the work, while the second describes molecular
engineering strategies by means of thoughtful exploration, the third renders
interesting insights into complex biochemical processes and the fourth forms the
basis for technological applications. The contents of this thesis are adapted from our

publications listed in page 261, with permission of Wiley-VCH, RSC and ACS.
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I Chapter 1: Introduction

1.1. Bioinspiration

The term bioinspiration relates to the design strategies that are inspired by mechanisms or
laws or functions operating in biological systems.'™ Over the years, few other related
terms are also being employed by several research groups, namely biomimetics
(biomimicry), biotechnology, biokleptics and bionics. The term biomimetics is derived
from the Greek word ‘bios’ meaning ‘life’ and ‘mimesis’ meaning ‘to imitate’.’>%° As
early as 1969 Otto Schmitt coined the term biomimetics, which made its first appearance
in Webster’s Dictionary in 1974 with the definition, “the study of the formation, structure
or function of biologically produced substances and materials (as enzymes or silk) and
biological mechanisms and processes (as protein synthesis or photosynthesis) especially
for the purpose of synthesizing similar products by artificial mechanisms which mimic
natural ones”. On the other hand, the term biotechnology refers to the technological
application that uses biological systems, living organisms, or derivatives thereof, to make
or modify products or processes for specific use.?** Relatively an unknown term
biokleptics deals with the usage of biological components to perform their natural
function in a non-biological environment. The term bionics was coined by Jack Steele,
which is defined as, “the application of biological methods and systems found in nature

to the study and design of engineering systems for modern technology”.?>*

It should be noted that the definitions of the above terms are also available in few
other variations and a stringent distinction of these terminologies from one another is
seldom simple. For a better understanding of the subtleties associated with these
terminologies, interested readers are suggested to refer to a recent perspective article by

Staniland et. al..”® Evidently the fields of biomimetics, biotechnology, biokleptics and

3



I Chapter 1: Introduction

bionics derive its inspiration from the biological world in one way or the other, and hence

by and large are the subsets of bioinspiration.

1.2. Why Bioinspiration?

Let us now address some of the most obvious questions as to why one has to undertake a
bioinspired pathway? What are its benefits? How to make de novo designs? And so forth.
We humans being the most intelligent species on this planet earth, have the capability to
create and do things as per our whims and fancies. The irony is that, all of our methods
can be mostly classified into the standard heat, beat and treat strategies. Unlike human’s
- way, Nature knows how to make even the most complex molecules, minerals as well as
architectures, all in ambient temperatures and pressures. Interestingly, all of this is
governed either directly or indirectly by a simple process known as self-assembly.?* At
the first outlook, this may not seem obvious. Just to elaborate on its importance, let us
consider the formation of biominerals such as bones, teeth, sea-shells etc., which
necessarily has to involve the organization of specific chemical entities into appropriate
patterns and positions via a complicated interplay of molecular recognition and
interactions to engender respective functions. Same is true for the intriguing architectures
associated with cellular proteins, membranes, organelles, tissues and organisms. For
instance, in order to biosynthesize a particular molecule, the respective enzymes
(biomolecules) have to be assembled into a specific quaternary (native) structure and also
the reagents has to be made available at the site of production via appropriate molecular

recognition/interactions. All in all, the self-sustainability of the natural world involves the
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auto-regulation of chemical interactions and their assembly. With this pretext, it is thus
safe to say that the Nature’s self-assembly approach has unparalleled superiority,
efficiency and simplicity in tailoring organization with molecular-level precision.
Nature’s archetypal chemical engineering with specific structure-function relationship
has thus inspired researchers to design novel biomimetics for advanced functional
applications and to unravel the progressive evolution of self-organization towards

complex matter.**

Although, the idea of mimicking is not new, we humans either knowingly or
unknowingly have been inspired by the natural world since time immemorial. Not so
obvious point to note is that the very process of learning our communicative language is
by repeated imitation, and as a matter of fact we humans are the best imitators on this
planet. Having a life span of several billions of years and with several millions of species,
our natural world thrives on innumerable mysteries and engineering wonders. Therefore
we strongly believe that the very process of imitation can aid us to decipher these secrets
for a better understanding of our natural world. Moreover, it could also be a means to
generate ingenious solutions to a wide range of our current engineering problems
pertaining to energy, health and environment. Over the years, one such thought-process
of mimicking bird’s flight has led to multi-billion dollar aviation industry with a
phenomenal impact on human’s locomotion across the globe. Similarly, a wide variety of
applications has been envisioned from the inspirations drawn from several biosystems,
which in principle can bring about significant changes in our day-to-day activities.>*"#18

In Table 1, we have provided a list of some of the interesting applications modeled on

biological systems.

5



I Chapter 1: Introduction

Table 1. Properties of some biological systems envisioned for various applications.

Biological System Application

Plant Leaf
Lotus Leaf
Lizard
Desert Beetle
Spider Silk

Water Strider
Rice Leaf

Peacock Feather

Morpho Butterfly Wing

Beetle Shell
Kingfisher Beak
RodentIncisors

Woodpecker Head

Shark Skin

Termite Mound
Mosquito Eye
PolarBear Skin/Fur
Bacteria Flagella
Octopus

Tortoise Beetle
Blue Damselfish

Deep-Sea Sponges
Bat

1.3. Self-assembly

Photosynthesis
Superhydrophobicity
Sticking
Wettability

Strength
Toughness

Superhydrophobicity
Directional Wetting

Structural Coloration

Aerodynamics
Chopping
Shock Absorbers
Wettability

Air Conditioning
Superhydrophobicity
ThermalInsulation
Propeller
Maneuverability

Stimuli Responsive
Structural Coloration

Glass

Echolocation

Energy Harvesting
Self-Cleaning
Reversible Adhesives
Fog Harvesting

Biological Implants
Automotives

Locomotion

Fluid Transport

Beautification

Bullet Trains
Cutting Tool
Safety Equipments

Drag Reduction
Anti-biofouling

Architectures
Anti-fogging
Artificial Fur/ Textiles
MolecularMachines
Soft Robotics

Camouflage

Optical Fibers

Navigation

Self-assembly is the process of formation of organized structure or pattern from a

disordered system of pre-existing components as a consequence of specific, local

6



I Chapter 1: Introduction

interactions among the components themselves, without an external guidance.®% In

general, self-assembly can be classified into two types as follows;

* Static self-assembly: The ordered state forms as the system approaches
equilibrium, reducing its free energy and are primarily governed by
thermodynamic properties of the system. Due to their tendency to equilibrate,
this type of assembly facilitates self-healing properties.?*

#* Dynamic self-assembly: The ordered states are attained under non-equilibrium
conditions and are essentially kinetically controlled systems. This type is

especially interesting due to their pivotal role in living systems.?**

1.4. Molecular self-assembly

If the constitutive components of a self-assembly process are molecules, then the process
is termed as molecular self-assembly.3**** Molecular self-assembly can be further

classified into two types namely,

* Intermolecular self-assembly: Herein the formation of organized structure or
pattern involves the non-covalent interactions between neighboring molecules.
The term molecular self-assembly generally refers to intermolecular self-
assembly.

* Intramolecular self-assembly: Herein the formation of organized structure or
pattern involves the non-covalent interactions within the different segments of

a molecule. This type is commonly referred to a folding process.
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1.5. Molecular interactions

In order to form an organized structure or pattern of a designer molecule, various non-
covalent forces such as m-m stacking, hydrogen-bonding, van der Waals interactions,
hydrophobic interactions, electrostatic interactions and/or metal co-ordinations are to be
controlled effectively.*** As these non-covalent forces are weak in nature, their effective
control is most often tricky and a daunting task. In order to control molecular

interactions, we employ supramolecular design principles.*®>*

Despite significant
advances in supramolecular chemistry, direct control of molecular organization remains a
challenging endeavor, and although we have improved our ability to tune the selectivity
and specificity of weak, complicated molecular interactions, the field is still in its infancy.

In this regard, designing and engineering the molecular organizations as per requirement

needs to be the primary objective and future prospect of molecular self-assembly.

1.6. Molecular architectonics

After exploring the macroscopic world for several centuries and having visualized
microscopic world for few decades, we are now venturing into the verge of controlling
matter via pre-programmed assemblies. To construct such complex molecular systems,
various weak non-covalent interactions have to be harnessed synchronously. This
obligation of harvesting tricky intermolecular interactions cooperatively makes
supramolecular engineering a challenging and intriguing endeavour.>*®* To achieve this
daunting task, several primitive yet elegant molecular designs involving hydrogen-

bonding, metal coordination and/or aromatic interactions either in solution or at an

8
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(@)

Figure 1. (a) Molecular model of an ingeniously designed peptide amphiphile, which directs the
mineralization of hydroxyapatite to form a composite material. (b) Schematic representation of
the self-assembly of peptide amphiphiles into cylindrical micelle. (¢) Schematic representation of
the structure of self-assembled grahitic nanotube obtained from hexabenzocoronene amphiphile.
(d) Left and right-handed arrays of n-stacked hexabenzocoronene amphiphiles. (e) Schematic
representation of the molecular organization of the photoconductive nanotube with a coaxial
donor-acceptor configuration. The electron-accepting and donating functionalities are shown in
green and blue respectively. (f) Schematic representation of the supramolecular linear
heterojunction formed from fusing assemblies of distinct molecular components. (g) Molecular
models of a sequence-specific threading tetra-intercalator having an extremely slow dissociation
rate constant. (a) and (b) Adapted with permission of AAAS from reference 63. (c) and (d)
Adapted with permission of National Academy of Sciences USA from reference 64. (e) Adapted
with permission of AAAS from reference 65. (f) Adapted with permission of AAAS from
reference 66. (g) Adapted with permission of NPG from reference 67.

9
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Figure 2. (a) Molecular models show the host-guest assembly (side- and top-view) formed by the
complexation of cucurbit[7]uril with bicyclic azoalkane, which illustrates supramolecular
reactivity occurring in molecular pockets. (b) Molecular mechanics minimized representation of
naphthalenediimide (NDI) stacks self-assembled on the surface of a single-walled carbon
nanotube (SWNT). This non-covalent surface encapsulation strategy facilitates internalization of
SWNTs into cells. (c) Schematic representation of a supramolecular nanotube formed from an
amphiphilic NDI derivative. The hierarchical nanotubes are formed via stacking of nanorings,
which are formed from a monolayer of NDI derivatives. (d) Molecular models (side- and top-
view) show the inclusion of Cg in a NDI based helical nanotube. The poorly soluble Cg
molecules are solubilized by using these helical nanotubes. (e) Schematic representation of the
formation of self-assembled molecular aggregates at the air-water interface. A convenient
strategy to form regular-shaped self-assembled aggregates. (f) Schematic model of the self-
assembly of twisted stacks of C; symmetric benzene-1,3,5-tricarbonamide derivatives. An
interesting example of helical stacks of enantiomers having different stabilities. (a) Adapted with
permission of NPG from reference 68. (b) Adapted with permission of Wiley-VCH from
reference 69. (c) Adapted with permission of Wiley-VCH from reference 70. (d) Adapted with
permission of Wiley-VCH from reference 71. (e) Adapted with permission of ACS from

reference 72. (f) Adapted with permission of ACS from reference 73.

10



I Chapter 1: Introduction

interface (liquid/liquid, solid/air etc.) have been attempted in the recent past.”*"® During
this journey, bio-inspired molecular designs as well as the entirely de novo designs have
encountered both successes and failures. Although the successful ones were either
because of serendipity or creativity, it is their combination with failures that has
strengthened our supramolecular engineering skills (refer Figure 1, 2 for some interesting
examples). Moreover, the supramolecular engineering of designed functional molecular
modules to tailor-made architectures encompassing a detailed relationship between
structural information and functional property has rarely been explored.”® The process
of custom-designing and/or molecularly engineering assemblies is conceptualized as
molecular architectonics. Such an enabling technology with its characteristic chemical,
physical and biological properties would undoubtedly make a tremendous impact in wide

variety of fields pertaining to materials science and biomedicine.

1.7. Two-dimensional (2D) nanoarchitectonics

Herein, we describe the rationale for molecular designs and the nature of non-covalent
interactions involved in 2D self-assembly. 2D nanoarchitectonics is the state of the art in
supramolecular engineering.®” It is the obligation to harvest intermolecular interactions
cooperatively that makes 2D supramolecular engineering a challenging task and has
remained elusive, until the last few years (Figure 3). Moreover, 2D architectonics is a
much-needed significant milestone in the history of supramolecular engineering, as it fills
up the missing link between zero-dimensional (0D; nanoparticles) and one-dimensional

(1D) nanostructures (nanofibers/belts/helices) with the three-dimensional (3D) bulk

11
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structures. Such an advancement has far-reaching consequences with a wide variety of

applications, namely in the field of device fabrication, catalysis, sensing, separation,

89-93

electronics, optoelectronics and biomaterials, amongst others.

Figure 3. Schematic representation depicts the molecular designs to obtain two-dimensional
assemblies from two orthogonal non-covalent interactions. Adapted with permission of RSC from
reference 62.

Nanosheets are 2D architectures with a topographical thickness in the range of a
typical monomer unit, up to 100 nm, while the lateral dimensions are of the order of few
hundred nanometres to few microns or even larger. The process of custom-designing and
engineering these nanosheets is conceptualized as 2D nanoarchitectonics.?*® This 2D
nanoarchitectonics is an intriguing prospect (vide infra) for the simple reason that not
much is known and hence it provides profuse opportunities for an inquisitive mind to
explore and conquer. One such expedition has led to the discovery of graphene and its

extraordinary properties.**®” In light of the technological applications foreseen in

12
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graphene, it is imperative that one explores for alternatives as well 6289193999 | grqer
to emphasize further and also to give an enticing flavour of this newly unfolding field of

2D nanoarchitectonics, we shall first describe what are known as S-Iayers.loo'101

S-layers are one of the simplest yet highly sophisticated self-assembling systems
commonly found as the crystalline surface layer proteins in bacteria and archaea.
Remarkably, these periodic 2D structures are bestowed with precisely positioned
functional groups, which render identical physicochemical properties on each molecular
unit, down to the sub-nanometer level. More interestingly, even if isolated from their cell
surface they are persistent in their ability to reassemble into 2D crystals. This inherently
programmed assembly of S-layers has been explored in the recent past for applications in
biotechnology, diagnostics, biomedicine, biomimetics, molecular nanotechnology and
controlled biomineralization. Despite significant advances in this 2D biotemplating
strategy, extremely low production yields, molecular size, stability, confined scope for
functionalization and narrow operating conditions inhibit their optimal utilization. In this
context, one has to look for novel 2D nanomaterials in an effort to find analogues,
biomimics and to explore for even more exciting and fascinating materials with

multifunctional technological implications.

For a regularly shaped 2D nanosheet like a square or rhombus, both the length
and breadth in the lateral dimensions are equal. However, in other instances (viz.
rectangle or parallelogram), a nominal value of length to breadth aspect ratio of ~10 or
less are considered 2D, which also distinguishes them from 1D nanobelts and
nanoribbons. Here the term 2D intends to emphasize that the extent of molecular

interactions (driving force) across both the lateral directions (length and breadth) is
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almost similar, unlike the dominant mono-directional (along the length) molecular

interaction, as in the case of one-dimensional nanostructures.

In order to realize 2D molecular assembly one has to envision at least two
molecular interactions (similar or different) acting approximately orthogonal to each
other (Figure 4). These specific interactions can then extend along two lateral directions
to result in 2D architectures. However, in designing such molecular systems, care must be
taken in terms of chemical functionality and flexibility of the linker otherwise it might
lead to 1D (or OD) assembly. In addition, to compensate for the limitation associated with
hydrogen-bonding-based assembly in polar solvents, hydrophobic and or electrostatic
interactions could be incorporated into the molecular designs. Herein, relatively stronger
electrostatic interactions could facilitate ionic assembly while the enhanced hydrophobic
forces could facilitate aromatic stacking. However, finding that optimal molecular recipe
and the appropriate solvent conditions to assemble in two lateral directions, could be a
significant challenge. A similar strategy could also be extended to coordinate metal
centers with suitably designed ligands. Alternatively, a better understanding of the nature
of molecular interactions and the growth mechanisms are needed to achieve

monodispersity in the shape, size and topographical thickness of 2D assembly.

Although graphene is the prime example of a 2D nanomaterial, supramolecularly
engineered organic and hybrid analogues offer several advantages.®>®® For example,
large scale production of single-layer pristine graphene as well as uniform chemical
functionalization has been one of the major concerns associated with graphene research.
In contrast, supramolecular engineering of organic and hybrid 2D nanomaterials via

solution processing facilitates large scale production by an efficient, inexpensive and
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facile process, which are highly desirable for applications in optics and electronics.
Moreover, with the inclusion of inorganic entities in the form of hybrid 2D
nanomaterials, a wide variety of multifunctional properties like mechanical strength,
magnetism, conductivity, photoluminescence, catalytic activity can also be harnessed.
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Figure 4. (a) Chemical structure of a positively charged peptoid amphiphile and the molecular
model of the assembled sheets (b). (c) Fluorescent optical microscope image of the peptoid sheets
stained with Nile Red. Adapted with permission of NPG from reference 102.

1.8. Our bioinspired approach

In recent years, the fabrication of designer molecules based advanced materials has
gained unprecedented importance and interest due to their envisioned efficiency,
specificity and complex operational capabilities.**3* However, construction of complex
molecular systems represents a great challenge in chemistry and material science. Man’s
long standing quest for advanced molecular materials is inspired by Nature. Nature’s
archetypal molecular assemblies have been the result of rigorous natural selection and

evolution over billions of years. Unsurprisingly, an eclectic approach to design and
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manufacture advanced materials necessarily include biomolecules due to their remarkable

property of integrating structure, function and dynamics.

It is thus believed that bio-inspired design strategies will provide us with new
opportunities to explore novel functional molecular materials and understand previously
intractable complex biochemical phenomena.'®**% Among all biomolecules, amino acids
are particularly appealing due to their remarkable molecular recognition, chirality and

distinctive sequence specific self-assembling properties.’’*® There are around 20

Table 2. List of amino acids with their distinct side chains
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naturally occurring amino acids, each with its own unique size and functionality, which
facilitates characteristic structural properties (Table 2). Unlike other auxiliaries, amino
acids depending on their side chain functionality can furnish hydrophilic, hydrophobic
and aromatic interactions in a single compact moiety. Moreover amino acids can
facilitate metal binding, flexibility with respect to functionalization, pH sensitivity,

stereospecificity and biocompatibility.

In our work, we have employed two basic design strategies, one wherein which
various functional molecules were derivatized with amino acids in an effort to efficiently
tailor their molecular assemblies and exploitation thereof for advanced properties (Figure
5). For this particular endeavour, we have specifically chosen two important members of
arylenediimde family namely naphthalenediimide (NDI) and perylenediimide (PDI) as
our functional molecules due to their wide variety of applications ranging from

biomedicine to electronics.

The second design strategy was to identify a biological process or product and the
mimic of which has to be developed by means of molecular self-assembly (Figure 5).
Such design strategies could be instrumental in shedding interesting insights about the
natural processes and could also provide opportunities to develop unprecedented
functional molecular materials. We strongly believe that the scope to indulge in such
bioinspired modular approach has far reaching consequences in the near future. With
natural biological systems representing the benchmark standards, we anticipate that
continued creative design strategies would lead to increasingly complex bio-inspired
materials with multiple functions and advanced applications. As the natural world

abounds with innumerable mysteries, the quest to develop advanced bioinspired
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molecular materials will be a never ending process. With time, we can only hope to get

better in terms of complexity, functionality and ultimately their practical applications in

our day-to-day life.

(@)

Amino Acid
Derivatives

Molecular
Biomimicry

Functional
Molecular
Systems

Functional
Molecular
Materials
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Molecular
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Molecules

Identifying a Natural
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Molecularly Engineered
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Figure 5. Schematic representation of the two design strategies employed in this thesis. (a) The

first is to design functional molecular systems by conjugating functional molecules with amino

acid derivatives. (b) Such functional molecular systems can lead to functional molecular materials

and/or shed insights into certain biochemical processes, which is termed as molecular

biomimicry. (c) The second strategy is to identify a natural process/product and to recreate it by

molecular assemblies for technological applications.

1.9. Why arylenediimides?

Arylenediimides are the class of molecules that comprises of an aromatic core appended

with two imide functionalities.™®” The main challenge in organizing aromatic moieties lies
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PyDI

PDI

in controlling and optimizing the relatively strong m-n interactions by modulating their

substituents. In our opinion, commonly employed strategy to functionalize
arylenediimides (as a specific example or otherwise) with long-chain alkyl, alkoxy or
phenyl substituent’s seems to be not sufficient enough to modulate their properties
efficiently.®™ The solubility is crucial for the solution processing of individual
molecules, and this requires appropriate side-chain functionalities. Substitution with long
or branched alkyl groups can aid solubility in organic non-polar solvents, while their
solvo/hydrophobic effect in polar solvents can facilitate aromatic stacking. Generally,
linear alkyl chains lead to 1D architectures while branched chains lead to 0D
agglomerates. Increasing the size of the aromatic core can aid in molecular packing, but

planarity, solubility as well as their effective n-n stacking can be affected.

Solvent-molecule interactions are yet another factor affecting the morphology of
molecular self-assembly. Moreover, aggregation can vary from being spontaneous to
being a rate-controlled process, depending on the alkyl chain length. In contrast to alkyl
chains, alkoxy imide substituents (bolaamphiphiles), being hydrophilic, engenders
solubility in polar solvents, although they can still be assembled in non-polar solvents.
Amphiphiles with alkyl and alkoxy imide substituents on either side are also employed in
molecular designs, while the incorporation of phenyl substituents offer rigidity and

provide additional aromatic interactions. However, all these substituents are somewhat
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restricted to simple, specific interactions such as hydrophobic, hydrophilic or aromatic
interactions, and lack a combination of non-covalent forces that can act in a cooperative
manner. This limitation led us to look for better alternatives, and we realized that a
solution might lie with the naturally evolved amino acids (for the reasons described
above). Thus an integration of the characteristic properties of arylenediimides
(NDIs/PDIs) and that of amino acids could lead to unprecedented advanced molecular

materials with electronics and biomedical applications amongst others.

In addition, it is interesting to note that the performance of an electronic device
based on organic semiconductors primarily rely on the organization of m-conjugated
materials.** To realize the extensive applications of organic electronic devices, both p-
and n-type organic semiconductors are essential. The p-type organic semiconductors have
been thoroughly investigated over recent decades, but the performance of n-type organic
semiconductors has lagged behind that of p-type semiconductors.*****® NDIs/PDIs are
among the most promising n-type organic semiconductors, and in spite of having a wide
variety of applications (vide supra) in fields ranging from electronics to biomedicine,
morphological modulation of NDIs/PDIs is largely unexplored.®”®"*" 12" For the
potential applications of these organic semiconductors, there is a need to be able to tune

the molecular interactions and thereby construct desired architectures.

1.10. Salient features of arylenediimides

NDIs and PDIs possess high electron affinity, good charge carrier mobility, excellent

thermal and oxidative stability, making them promising candidates for organic electronics
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applications namely organic field effect transistors (OFETS), photovoltaic devices and

flexible diSplays,1°7*1l7'119'123

The molecular planarity, rainbow fluorescence and the
characteristic redox behaviour of NDI is especially intriguing.”” DNA intercalation,
antimicrobial and anticarcinogenic properties of NDIs render rather unique biomedical
applications.”*?*?" On the other hand, the near-unity fluorescence quantum yields of
PDIs engender usage as industrial colorants in the form of dyes and pigments
complementing their favorable photophysical and electrochemical properties. Utility of

such excellent molecular characteristics of NDIs and PDIs have started emerging only in

recent times and their full potentials are yet to be exploited.

1.11. NDls and its molecular properties

The synthesis of NDI with symmetric imide substituents (R1 = R2) involves a simple one
step procedure in which 1,4,5,8-naphthalenetetracarboxylic dianhydride is condensed
with the appropriate amino acid in a high boiling solvent like isopropanol or N,N-
dimethylformamide for 12-24 h at 70-110 °C. Recently, Sanders and co-workers have
reported a much simpler microwave-assisted synthetic procedure to obtain NDIs in very
high yield within 5-10 min.'?® Moreover, the procedure provides control over stepwise
condensation of a-amino acids with naphthalenetetracarboxylic dianhydride to result in
unsymmetrical NDI derivatives (R1 # Ry) in excellent yield. The energetics and the
factors influencing the formation of N-desymmetrized NDIs by microwave-assisted

synthesis are investigated very lately.?
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The imide substituents in NDI have little effect on the molecular-level electronic
and optical properties while significantly affects the solubility and molecular
organization. However, with one or more substituents at positions 2, 3, 6 and 7, termed as
core substituted NDIs (cNDIs) affect both electronic and optical properties.’*** ¢cNDIs
with electron donating substituents in the core generate a colorful push-pull system. The
replacement of substituent’s single atom is sufficient to tune the fluorescence in the entire
visible spectrum, which is known as rainbow fluorescence. cNDIs with electron acceptors
produce exceptionally m-acidic aromatic systems. The computed quadrupole moment Q,,
for unsubstituted NDIs is -18.6 B (Buckinghams) whereas introduction of two cyano-
acceptors in the core results in exceptional m-acidity with Q. of -39.2 B. The elusive

tetracyano cNDI possess the highest predicted Q,; of -55.5 B.

NDIs exhibit strong absorption bands, namely band I in the range of 300-400 nm
and band II at ~235 nm, which are attributed to characteristic n-n* transitions of NDI
chromophores polarized along the z and y axis respectively.*** NDIs are weakly
fluorescent with a 7 nm Stokes-shifted mirror-image emission bands. However, broad
emission bands at ~ 475 nm are attributed to excimer-like emissions. NDIs can form
stable radical anions in high yields either chemically or electrochemically at modest
potentials (NDI: Eleg = -1.10 V vs. Fc/Fc* in CH,Cl,). The radical anions comprise of
characteristic visible and near-infrared absorption bands at ~ 450 nm. The chiral
supramolecular assemblies of NDIs exhibit strong exciton-coupled circular dichroism
(CD).** The negative sign of the first cotton effect is ascribed to M-type of helicity while
the positive sign of the first cotton effect to P-type of helicity. The amplitude of the CD

signal depends on the molar extinction coefficient of the chromophore, twist angle,
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intermolecular distance and the length of the supramolecular polymer. The planarity and
high m-acidity of the NDI system is ideal for face-to-face n-stacking, while their enhanced
solubility offers better processability than other aromatic imides. For additional
information, interested readers are suggested to refer excellent reviews about ‘Chemistry
of naphthalenediimides’ by Langford et al."*” and ‘Core-substituted naphthalenediimides’

by Matile et al.***

1.12. PDIs and its molecular properties

The condensation of perylenetetracarboxylic dianhydride with an appropriate amino acid
in imidazole or n-butanol at temperatures >110 °C for few hours, results in the formation
of symmetrical PDI derivative (R; = R,) in good yields.™** However the unsymmetrical
PDIs (R1 # R») are obtained via multistep methods. One of the most commonly employed
methods involve partial hydrolysis of symmetrical PDIs to perylene monoimide
monoanhydride, which on subsequent imidization with the second amine or amino acid
result in the unsymmetrical PDI in moderate yields. Substitutions at 1, 6, 7 and/or 12
positions of PDI are known as bay or core substituents. Substitutions at the bay positions
are usually achieved via respective bromo or chloro bay substituted PDIs. PDIs typically
exhibit strong vibronically structured absorptions with maxima at ~ 525 nm and molar
absorptivities of the order of 10° M cm™. However, the emission spectrum is a small
Stoke-shifted mirror image of absorption spectrum with near unity fluorescence quantum
yields. The core substitutions significantly affect both absorption and emission properties

of PDIs and moreover the steric effects imparted by core substituents can cause twisting
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of PDI core, which strongly influences their aromatic stacking. A non-core substituted
PDI possess two reversible reduction potentials (at ~ -1.0 and -1.2 V vs. Fc/Fc*) and one
reversible oxidation potential (at ~ +1.2 V). PDI radical anion exhibit characteristic

absorption maxima at ~713 nm while the dianion at ~546 nm.
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The chemistry of molecular assemblies involves weak yet complex non-covalent
interactions such as m-m stacking, hydrogen-bonding, van der Waals interactions and
solvo/hydrophobic interactions amongst others.*™ For potential applications as functional
molecular materials, there is an inherent need to develop novel design strategies to
effectively control the molecular interactions induced organizations and thereby pre-
programmable molecular systems can be realized.™ In this regard, we present a bio-
inspired design strategy to tailor the self-assembly of NDIs (as a specific example) by
incorporating minute structural mutations.** We envision the need for such a bio-inspired
design strategy due to some of the limitations associated with the other strategies (as
discussed in Chapter 1) that are being employed in the literature. These limitations led us
to look for better alternatives, and we realized that a solution might lie with the naturally
evolved amino acids, due to their extraordinary molecular recognition and sequence-

specific self-assembling properties.

This chapter thus provides examples of amino acid functionalized NDI derivatives
and the ways in which their molecular organizations can be engineered into distinct
micro/nanoarchitectures, in an effort to try and understand their structure-property

correlations.*>*’

By functionalizing naphthalenetetracarboxylic dianhydride with
appropriate amino acid derivatives, the molecular assemblies of the resulting NDIs could
be tailored into several 0D architectures namely nanospheres, nanocups, mesocups,
microbowls, microspheres, microparticles, 1D architectures namely nanobelts, twisted

nanoribbons, supercoiled helices, microfibers, and 2D architectures namely nanosheets,

comb-edged nanoflakes, microsheets and fractals.
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2.1. Tryptophan Derivatized Naphthalenediimides

Herein we report on an exclusive investigation of the molecular organization of NDI
appended with two tryptophan moieties.”> The choice of tryptophan as an imide
substituent is unique due to its polar carboxylic acid group and an indole aromatic
heterocycle offering both hydrophilic and hydrophobic properties in a single moiety. In
addition, tryptophan provides interaction sites for metal binding, flexibility with regard to
functionalization, and biocompatibility. This work demonstrates the possible ways in
which various properties can be exploited. Tryptophan appended NDI (NDI-Trp) has
excellent solubility in polar solvents. A small structural modification such as using the
methyl ester of tryptophan (NDI-TrpOMe) improves solubility in non-polar solvents. All
these features bring about drastic changes in the morphology of self-assembled NDIs by
transforming them into well-defined architectures. These molecular assemblies have been
thoroughly characterized by photophysical, spectroscopic and morphological studies. The
molecular organization can be changed from nanospheres to particles, nanobelts, fibers
and fractals. The latter possesses a broad range of applications due to their wide range of
length scales.®® Such drastic changes in the morphology of NDI architectures are

striking evidences of the importance of these weak, complicated non-covalent forces.

o)
S NH H,CO Q N NH
N
HN'N HNN Q OCH,
0 0

NDI-Trp NDI-TrpOMe
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2.1.1. Hydrophobic effect induced assembly

A typical UV-vis absorption spectra of NDI-Trp in acetonitrile (100 pM) shows
absorption bands at 340 nm, 358 nm and 378 nm due to characteristic n-n* transitions
(Figure 1a).2%# Increasing the solvent polarity by means of water (which has the highest
hydrophobic effect) induces stacking interactions between the aromatic molecules. Water
molecules solvating the aromatic surface have a higher energy than bulk water, and
aromatic stacking reduces the total surface area exposed to water. The bathochromic shift

of the absorption band with solvent polarity was observed for NDI-Trp. A bathochromic
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Figure 1. UV-vis spectra of NDI-Trp (a) and NDI-TrpOMe (b) in acetonitrile (100 puM)
with increasing percentage of added water. UV-vis spectra of NDI-Trp (c) and NDI-
TrpOMe (d) in 10% aqueous acetonitrile (100 pM) with the addition of NaOH (in

equivalents).
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shift of 2 nm, 4 nm and 6 nm for the 340 nm, 358 nm and 378 nm absorption bands was
observed respectively. On the other hand, the absorption spectrum of NDI-TrpOMe in
acetonitrile also possesses absorption bands at the same wavelength, as it is unaffected by
methyl ester substitution (Figure 1b). The hydrophobic effect on NDI-TrpOMe in terms
of bathochromicity was found to be minimal, as can be seen from the absorption spectra.
A bathochromic shift of 1 nm and 2 nm for 358 nm and 378 nm bands respectively was
observed, while 340 nm band was unaffected. Aromatic interactions are intriguing
molecular recognition elements because they are expected to be strong in water due to

their hydrophobic interactions.

2.1.2. Assembly in basic medium

Solvent-induced aggregation of NDI-Trp was found to be affected by protecting their
free carboxylic acid groups with methyl esters, as in NDI-TrpOMe. In contrast,
deprotonation of the carboxylic acid protons of NDI-Trp with an alkali such as sodium
hydroxide (NaOH) shows interestingly different results. To a 10% aqueous acetonitrile
solution of NDI-Trp (100 uM), NaOH was added portion-wise. The absorption bands for
NDI-Trp were at 341 nm, 358 nm and 379 nm respectively in the absence of NaOH
(Figure 1c). Successive addition resulted in a marginal bathochromic shift, up to a total of
4 equivalents of NaOH. With additional NaOH (5, 10, 20, 50 and 100 equivalents) the
absorption bands show a strong hypsochromic shift. The absorption spectrum of NDI-
Trp with 10 equivalents of NaOH contains bands at 331 nm, 349 nm and 364 nm.

Further increase in the NaOH content resulted in a very broad band.
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However, NDI-TrpOMe on NaOH treatment resulted in spectral features as
shown in Figure 1d. It is not surprising that NDI-TrpOMe shows absorption spectra
similar to that of NDI-Trp (except for the initial slight bathochromic shift). Hydrolysis of
methyl ester in NDI-TrpOMe by added NaOH generates the respective sodium salt, as in
the case of NDI-Trp. The differences between the spectral features of NDI-Trp and
NDI-TrpOMe for the initial (although small shifts, but were consistent) equivalents of
NaOH can be explained by means of the resulting side-products, water and methanol
from NDI-Trp and NDI-TrpOMe respectively. The hydrophobic effect, which has been
shown to cause the bathochromic shift (Figure 1a, 1b), is held responsible for the initial
bathochromic shift observed in the case of NDI-Trp, as water is the byproduct. However,
the weaker solvophobic interactions of methanol compared to water results in minimal
bathochromic shifts, as observed in the case of NDI-TrpOMe. With more than 4
equivalents of NaOH, the imide rings of NDI-Trp and NDI-TrpOMe opens to form the

naphthalene derivative.

2.1.3. Circular dichroism studies

To gain further insight into the mode of aggregation, we carried out CD studies on NDI-
Trp and NDI-TrpOMe.??" The CD spectrum of NDI-Trp in acetonitrile solution (100
M) shows intense negative bands at 221 nm with a shoulder at 202 nm, and less intense
bands at 276 nm, 335 nm, 352 nm and 372 nm (Figure 2a). The negative bands at 221 nm
and 202 nm are attributed to n-=* and m-m* transitions of the imide chromophore

respectively. The intense 221 nm band suggests possible additional contributions. The
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Figure 2. CD spectra of NDI-Trp (a) and NDI-TrpOMe (b) in acetonitrile (100 pM) with
increasing percentage of added water. CD spectra of NDI-Trp (c) and NDI-TrpOMe (d) in
10% aqueous acetonitrile (100 puM) with added NaOH (in equivalents). Concentration
dependent CD spectra of NDI-Trp (e) and NDI-TrpOMe (f) in acetonitrile.
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close proximity of n-z* (221 nm) and =n-7* (202 nm) transitions can facilitate mixing in a
phenomenon known as the one-electron effect, which can enhance n-n* bands. However,
the specific interactions with aromatic chromophores could also be responsible for the
enhanced 221 nm band.?®° The band centered at 276 nm is due to the m-* transitions of
tryptophan, while those at 335 nm, 352 nm and 372 nm are due to that of NDI imposed

by a chiral chemical environment.

Solvent-dependent CD studies on the aggregation mode of NDI-Trp are shown in
Figure 2a. The negative band at 221 nm for NDI-Trp in acetonitrile was shifted to 213
nm (AA =8 nm) in 90% aqueous acetonitrile. The n-z* transition in amides is dependent
on solvent, and increasing the solvent polarity by adding water shifts the n-z* transition
to lower wavelengths. With increasing solvent polarity, the 221 nm (n-z* transition) band
is quenched preferentially, rather than the 202 nm (z-n* transition) band. The spectral
band features of NDI-Trp almost disappeared in 90% aqueous acetonitrile. The broad
band centered at 276 nm was also found to quench with increasing solvent polarity,
without any shift in band position. The n-* transition bands of NDI at 335 nm, 352 nm
and 372 nm were found to have a bathochromic shift to 337 nm, 357 nm and 378 nm
respectively, similar to the bathochromic shift observed during absorption spectroscopic
studies (Figure 1a). The CD study of hydrophobic effect on NDI-TrpOMe is shown in
Figure 2b. NDI-TrpOMe exhibits a bathochromic shift with respect to NDI (7-*)
bands, but a hypsochromic shift with respect to the imide (221 nm) band, similar to NDI-
Trp. In 60% aqueous acetonitrile, NDI-TrpOMe shows a 1 nm hypsochromic shift of
the 221 nm band, and a 1 nm bathochromic shift for the 352 nm and 372 nm bands. The

hypsochromic shift of the 221 nm band and the bathochromic shift of NDI bands
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observed in CD measurements are due to the different mechanisms involved, as already

discussed.

Surprisingly, NDI-Trp with NaOH was found to display a bathochromic shift of
the 221 nm negative band (Figure 2c). A bathochromic shift of 2 nm was observed with
10 equivalents of NaOH. The bands above 240 nm showed minimal changes for various
equivalents of NaOH. At 100 equivalents of NaOH, the bands above 240 nm completely
disappeared. This is in agreement with the disappearance of the characteristic spectral
features as observed in the absorption spectroscopic studies (Figure 1c). Interestingly, the
202 nm band due to the n-n* transition of imide was found to have a hypsochromic shift.
The NaOH-mediated interaction of NDI-Trp is believed to shift the 202 nm band to
below 200 nm. In addition, positive band-like features were observed at 210 nm and 240
nm. CD studies on NDI-TrpOMe with NaOH reveal spectral features similar to NDI-
Trp (Figure 2d). A bathochromic shift of only 1 nm was observed for the 221 nm band in

the case of NDI-TrpOMe.

Concentration-dependent CD studies of NDI-Trp and NDI-TrpOMe are shown
in Figure 2e and Figure 2f respectively. The chiral-field-induced n-n* transitions of
tryptophan result in a very broad negative band centered at 276 nm. However, the chiral-
field-induced n-r* transitions of NDI result in negative bands at 335 nm, 352 nm and 372
nm. For low concentrations of NDI-Trp (1 puM and 10 pM) in acetonitrile these
characteristic bands above 240 nm were not observed. Unlike NDI-Trp, the CD spectrum
of 500 uM NDI-TrpOMe shows bands at 282 nm, 356 nm and 375 nm. The reduced

solubility of NDI-TrpOMe is believed to aid in their molecular organization.
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2.1.4. Vibrational spectroscopic studies

Vibrational spectroscopic studies of NDI-Trp and NDI-TrpOMe further revealed the
changes in their vibrational modes (Figure 3). NDI-TrpOMe exhibits vibrational
absorption frequencies at 1580 cm™, 1670 cm™ and 1706 cm™, among others. The
vibrational frequency at 1706 cm™ is assigned to vc=o of carboxylic acid groups, 1580
cm™ to aromatic ve=c and the 1670 cm™ peak is attributed to the imide vc=o vibrational
frequency, commonly known as the amide | band. The chemical environment constrained
by conformation alters the amide | band, but the lack of conclusive structure—spectra
correlations in the literature along with their several categories complicates the
unambiguous assignment of amide | bands with the corresponding secondary structure.
On the basis of the observed vibrational absorption frequency at 1670 cm™, we attribute
NDI-Trp to a class of B-turn conformations.®*** NDI-Trp in 90% aqueous acetonitrile
shows peaks at 1580 cm™, 1666 cm™ and 1704 cm™ corresponding to aromatic ve=c,
imide vc=o and vc=o Of carboxylic acid functional groups respectively. These changes in
the vibrational frequencies are attributed to hydrophobic-effect-induced structural

variations.

In case of NDI-TrpOMe the peak at 1719 cm™ is attributed to ester vc=o, and the
1580 cm™ peak to aromatic vec, while the 1705 cm™ and 1678 cm™ peaks are assigned to
the imide vc=o Vvibrational frequencies. NDI-TrpOMe showed slight changes in the
vibrational modes in 60% aqueous acetonitrile. In another experiment NaOH was added
portion-wise to an acetonitrile solution of NDI-Trp; the corresponding spectral changes
are shown in Figure 4. With successive addition of NaOH, the carboxylic acid vc-p and

imide carbonyl vc-o were found to shift towards lower frequencies. The carboxylic acid

45



I Chapter 2: Molecular Engineering

@) 90% 60%
0% 0%
\.._“——-\/ ~

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000

Wavenumber cmY) Wavenumber cm

Figure 3. (@) and (b) IR spectra of NDI-Trp and NDI-TrpOMe in 0/60/90% aqueous

acetonitrile respectively.
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Figure 4. IR spectra of NDI-Trp (in acetonitrile) with the addition of NaOH (in equivalents).

ve=o Was found to be at 1700 cm™, while the imide carbonyl vc=o at 1660 cm™* with 2
equivalents of NaOH (deprotonation of carboxylic acid protons). For 100 equivalents of
NaOH, very broad vibrational modes at 620 cm™, 800 cm™, 1429 cm™, 1574 cm™, 1598

cm™* and ~3000 cm™ were observed.
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2.1.5. Nuclear magnetic resonance (NMR) studies

NMR spectroscopic investigation further confirmed the structural changes occurring
during the course of NDI-Trp aggregation. *H NMR spectra for the solvent-dependent
aggregation of NDI-Trp (agueous CD3;CN solution) is shown in Figure 5a. The
hydrophobic-effect-induced stacking of NDI-Trp did not show significant changes in the
naphthalene core proton resonances. The aromatic component (indole) of tryptophan
shows interesting changes. The indole N-H proton resonating at 6 = 8.91 ppm in CD3CN
undergo a downfield shift to 6 = 9.72 ppm in 65% aqueous CD3CN. The labeled protons

Hb, Hc, Hd and He experience an upfield shift, while Ha undergoes a downfield shift.
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Figure 5. (a) Chemical structure of NDI-Trp with proton assignments (top) and 'H NMR
spectra of NDI-Trp in CDsCN with varying percentage of added water (0-65%). (b) 'H NMR
spectra of NDI-Trp in 10% aqueous CD3;CN with increasing amount of added NaOH (0-100
equivalents). All the "H NMR spectra were recorded with different equivalents of added NaOH

maintaining the solvent composition of 10% aqueous CD;CN.
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However, the structural changes in NDI-Trp in the presence of NaOH are clearly evident
from the *H NMR studies (Figure 5b). On portion-wise addition of NaOH, the indole N—
H proton shifts toward lower & values. At 4 equivalents of NaOH the indole N-H
disappears, indicating the abstraction of protons by NaOH. The naphthalene core protons
undergo an upfield shift. The aCH also experiences an upfield shift from 6 = 5.99 ppm to
6 = 5.69 ppm, while protons Hb, Hc and Hd show minimal variations in the chemical
shift. However, Ha and He protons have slight upfield and downfield shifts respectively.
Addition of more than 4 equivalents of NaOH brings about significant changes in the *H
NMR of NDI-Trp. Chemical shifts observed in the aromatic region above 4 equivalents
of NaOH are a clear indication of the structural changes occurring due to the presence of
NaOH. 'H NMR studies shows the major variations in the proton resonances of
tryptophan, and hence tryptophan and its indole moieties play a crucial role in

determining the mode of aggregation.

2.1.6. Morphological studies

NDI-Trp forms spherical aggregates from acetonitrile solution as shown in the field-
emission scanning electron microscopy (FESEM) image (Figure 6a). Transmission
electron microscopy (TEM) image clearly showed the presence of solid nanospheres of
NDI-Trp (Figure 6b). We obtained a maximum of 6 nm bathochromic shift (NDI
electronic transitions) in absorption as well as CD studies, along with an 8 nm
hypsochromic shift of the 221 nm band (CD) for NDI-Trp in 90% aqueous acetonitrile.

Consequently, the FESEM micrograph showed the formation of particles of NDI-Trp
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Figure 6. (a) FESEM micrograph of NDI-Trp nanospheres obtained from 100% acetonitrile
solution. (b) The corresponding TEM micrograph of NDI-Trp nanospheres. (c) FESEM
micrograph of NDI-Trp triangular particles obtained from 90% aqueous acetonitrile solution.
(e) FESEM micrograph of NDI-Trp fractals formed by 10% aqueous acetonitrile solution
containing 2 equivalents of NaOH. (d) and (f) are corresponding high magnification

micrographs of (c) and (e) respectively.

from 90% aqueous acetonitrile (Figure 6¢ and 6d). The interplay between hydrogen
bonding, solvophobic forces and aromatic stacking decides the molecular organization

and hence their morphology. The intermolecular hydrogen bonding between carboxylic
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Figure 7. FESEM micrographs of NDI-TrpOMe nanospheres obtained from 100%
acetonitrile solution (a) and fibers (bundle of nanobelts) obtained from 60% aqueous
acetonitrile (c). (b) and (d) are the corresponding high magnification micrographs of (a) and

(c) respectively.

acid groups of NDI-Trp in cooperation with the solvophobic and aromatic interaction
leads to nanospheres in acetonitrile solution. The presence of water in agueous
acetonitrile solution of NDI-Trp disrupts the intermolecular hydrogen bonding. The
particles are believed to be formed from disordered organization of NDI-Trp, as

indicated by absorption and morphological studies.

NDI-TrpOMe also forms spherical aggregates from acetonitrile solution as
shown in Figure 7a and 7b. The presence of the methyl ester of tryptophan in NDI-
TrpOMe results in no significant changes in the aggregation mode with respect to NDI-

Trp from acetonitrile solution. From the absorption spectroscopic study we had observed
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a bathochromic shift of not more than 2 nm for the NDI n-n* transitions, a hypsochromic
shift of 1 nm for the 221 nm (CD) band. Surprisingly, the molecular self-assembly of
NDI-TrpOMe from 60% aqueous acetonitrile differs distinctly. NDI-TrpOMe forms
fibers from 60% aqueous acetonitrile. The FESEM micrograph with a high aspect ratio
fibers (bundle of nanobelts) is shown in Figure 7c and 7d. Atomic force microscopy
(AFM) data revealed the transformation of NDI-TrpOMe nanospheres into nanobelts
and then into microfibers (Figure 8a). The nanobelts bundle together to form long fibers
that have a thickness of a few 100 nm to a few micrometers (Figure 8b). The formation of
spherical aggregates from NDI-TrpOMe suggests that intermolecular hydrogen bonding
(carboxylic groups) need not be necessary, as the aggregation is mainly facilitated by
solvophobic and aromatic interactions. However, the presence of the methyl ester reduces
the solubility in water, and moreover the dominance of hydrophobic forces in cooperation

with aromatic interactions leads to 1D aggregation.

Analogous to the morphological changes induced by the bathochromic shift due
to hydrophobic effect, NaOH too was found to affect the morphology. Deprotonation of
the carboxylic acid protons in NDI-Trp was found to result in hardly any change in the
absorption spectra. However, deprotonation results in drastic changes in the morphology
of NDI-Trp. With 2 equivalents of NaOH, the formation of the sodium salt of NDI-Trp
results in the formation of fractals (Figure 6e, 6f). For 10 equivalents of NaOH, distinct
microstructures of NDI-Trp are formed. With further increase of NaOH (100
equivalents), agglomeration of NDI-Trp was observed. NDI-TrpOMe also results in
similar fractals for 2 equivalents of NaOH and agglomerated masses for 100 equivalents

of NaOH. We also studied the morphological changes as a function of concentration of
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Figure 8. AFM image of NDI-TrpOMe showing (a) the structural transition from
nanospheres to nanobelts and in turn into microfibers (60% aqueous acetonitrile), (b)
microfiber (nanobelt bundles) formed from 60% aqueous acetonitrile. The insets in (a) and

(b) are the corresponding height profiles.

NDIs. At higher concentration (1 mM) NDI-Trp agglomerates, while 1 mM NDI-
TrpOMe transforms into 1D nanobelts. Relatively (NDI-Trp) reduced solubility
rendered by the methyl ester functionality as well as the enhanced solvo/hydrophobic

forces is believed to enforce 1D assembly of NDI-TrpOMe.

2.1.7. Conclusions

In an attempt to mimic Nature’s versatility in terms of molecular recognition and the
specific assembly properties embodied in amino acids, we have synthesized tryptophan-
appended NDIs, NDI-Trp and NDI-TrpOMe. The tryptophan, as the imide substituent,
possesses all the characteristics of a conventional substituent in a simple yet compact
system. We were successful in tuning the morphology of NDIs to well-defined

architectures including nanospheres, particles, nanobelts, fibers and fractals. Such drastic
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change in the morphologies of NDI-Trp and NDI-TrpOMe is an illustration of the
possibilities for extending morphology control mediated by molecular recognition. Our
current work on tryptophan-appended NDI is an intriguing approach that, with further
chemical modifications, has scope for electronic as well as biomedical applications.
Tryptophan-appended NDIs are examples of compact model systems that should enable
us to understand the relative contributions of non-covalent forces and to exploit them for

useful applications

2.1.8. Experimental section

2.1.8.1. Materials and methods

All the solvents and reagents were obtained from Sigma-Aldrich and used as received
unless otherwise mentioned. *H and **C NMR were measured on a Bruker AV-400
spectrometer with chemical shifts reported as ppm (in CDCIl3/CD3;CN/DMSO-ds,
Tetramethylsilane as internal standard). Mass spectra were obtained from Shimadzu 2020
LC-MS. UV-vis spectra were recorded on a Perkin Elmer Model Lambda 900
spectrophotometer. Circular dichroism (CD) measurements were carried out on a Jasco J-
810 spectropolarimeter. FESEM measurements were performed by using FEI Nova
nanoSEM-600 equipped with field emission gun operating at 15 k\V. AFM measurements
were performed using Innova (Veeco) atomic force microscope. For FESEM and AFM
measurements sample was taken on a fresh, ultra clean Si (111) substrate. TEM
micrographs were obtained on a 200 mesh holey carbon supported copper grids.

Elemental analysis was carried out on ThermoScientific FLASH 2000 Organic Element
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Analyzer. IR spectra were recorded on a Bruker IFS 66/V spectrometer on a sodium

chloride crystal.

2.1.8.2. Synthesis of tryptophan appended naphthalenetetracarboxylicdiimide (NDI-

Trp)

A modified procedure of Sanders and coworkers® has been employed to synthesize NDI-
Trp. 1,4,58-Naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol) and L-
tryptophan (305 mg, 1.49 mmol) were
suspended in DMF (20 mL) in a 250 mL
Erlenmeyer flask. To this suspension was
HNT N Q OH

o oo added 0.2 mL of triethylamine. The

suspension was sonicated until the

mixture became homogeneous. The reaction mixture was heated under microwave
irradiation at full power for 3 min. in steps of 30 sec. and with 30 sec interval. The
resulting dark brown oil was taken up into methanol (400 mL). The solution was added
under stirring to 600 mL of 1N HCI. The resulting suspension was allowed to coagulate
overnight and then filtered through a sintered glass funnel. The solid was then washed
with 200 mL deionized water and dried in vacuo to obtain a brown solid of NDI-Trp.
Yield 90%. 'H NMR: (400 MHz, DMSO-ds) 8ppm 3.46-3.52, (dd, 2H, CH,, J = 8 Hz, 8
Hz); 3.65-3.71 (dd, 2H, CH,, J = 8 Hz, 8 Hz); 5.84-5.87 (dd, 2H, aCH, J = 8 Hz, 4 Hz);
6.78-6.82 (M, 2H, ArH); 6.92-6.96 (m, 2H, ArH); 7.04-7.05 (d, 2H, ArH, J = 4 Hz); 7.19-

7.21 (d, 2H, ArH, J = 8 Hz); 7.46-7.48 (d, 2H, ArH, J = 8 Hz); 8.61 (s, 4H, ArH); 10.64-
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10.65 (d, 2H, NH, J = 4 Hz); 12.99 (br, 2H, COOH). *C NMR: (100 MHz, DMSO-dg)
Sppm 24.0, 54.2, 110.1, 111.2, 117.9, 118.2, 120.7, 123.6, 125.7, 125.9, 127.0, 131.1,
135.9, 162.0, 170.4. MS (El): m/z = 641.16 [M+H]" for CgsH2sN4Og (calc. 641.17).
Elemental analysis: Found: C, 67.47; H, 3.83; N, 8.72; Calcd: C, 67.50; H, 3.78; N, 8.75

for C35H24N40Os.

2.1.8.3. Synthesis of tryptophan methylester appended

naphthalenetetracarboxylicdiimide (NDI-TrpOMe)

Synthesis of L-Tryptophan methyl ester hydrochloride: Anhydrous methanol (50 mL) was
taken in a 100 mL 2-necked round bottom flask fitted with a reflux condenser and an
additional dropping funnel and cooled to ice temperature. Acetyl

chloride (3 mL) was added drop-wise through the dropping

CI- + N NH

H3N funnel. After 15 min, L-tryptophan (3 g) was added and the
OCHj3

o reaction mixture was refluxed at 70 °C for 6 h. The reaction

mixture was vacuo dried to obtain L-tryptophan methyl ester hydrochloride in

quantitative yield and used for further reaction without purification.

1,4,5,8-Naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol) and L-
tryptophan methyl ester hydrochloride (380 mg 1.49 mmol) were suspended in 20 mL of
DMF in a 100 mL round bottom flask. To this suspension was added 0.5 mL of
triethylamine under inert atmosphere. The reaction mixture was refluxed at 65 °C for 21
h. Solvent was evaporated under vacuo and the residue was purified by column

chromatography (15 % methanol in chloroform). Yield 86%. 'H NMR: (400 MHz,
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CDCl3-CF;COOH) dppm 3.64-3.70, (dd, 2H, CH,, J = 8 Hz, 8 Hz); 3.78-3.84, (dd, 2H,
CH;, J =8 Hz, 8 Hz); 3.90 (s, 6H, CH5);
0O 6.12-6.16 (dd, 2H, aCH, J = 8 Hz, 4 Hz);

eof SN A
N O N 6.86-7.02 (m, 6H, ArH); 7.13-7.15 (d,

S 2H, ArH, J = 8 Hz); 7.46-7.48 (d, 2H,

o

ArH, J = 8 Hz); 8.57 (s, 4H, ArH). *C

NMR: (100 MHz, CDCl3-CF;COOH) 6ppm 24.5, 53.9, 55.1, 110.2, 110.4, 118.6, 119.8,
122.4, 123.2, 126.1, 126.6, 127.2, 131.8, 136.1, 163.0, 172.5. MS (El): m/z = 668.19
[M]* for CagH2sN4Og (calc. 668.19). Elemental analysis: Found: C, 68.23; H, 4.25; N,

8.35; Calcd: C, 68.26; H, 4.22; N, 8.38 for C3gH23N4Os.
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2.2. Phenylalanine Derivatized Naphthalenediimides

In this sub-chapter, we describe the novel molecularly engineered organization of NDIs
into  nanosheets, nanocups, mesocups, and bowl-like complex architectures.'®
Phenylalanine methylesters functionalized NDlIs (L-NDI and D-NDI) were subjected to a
simple solution processing technique to exploit the non-covalent interactions.
Hydrophobic and n-n interactions enforce the self-assembly of L- and D-phenylalanine
methylesters-appended NDIs into free-floating nanosheets with large lateral dimensions
(Figure 9). To the best of our knowledge, we are, for the first time, disclosing the
formation of large free-floating nanosheets by molecular self—assembly of an n-type
organic semiconductor. Interestingly the nanosheets exhibit a remarkable conductivity of
1.6 Scm™. In organic-semiconductor films the mobility is mainly limited by molecular
ordering and transport across the grain boundary.®**= This problem can be tackled by
means of 1D molecular organization or growing films with large micrometer-sized grains.
An alternative synergistic approach could be a 2D molecular organization. Consequently
the self-assembled NDI nanosheets with large lateral dimension and high-level molecular

ordering are certain to allow the fabrication of competent devices with ease.

On the other hand, solute-solvent interactions, involving chlorinated co-solvents,
were used to obtain the attoliter (10™*® L) containers. The composition and the type of
chlorinated co-solvent employed resulted in the formation of nanocups, mesocups, and
bowl-like architectures. Such ultra-small volume containers are particularly important in
the emerging fields of miniaturized biochemical assays or single-molecule analysis.*0*?

These studies provide interesting insights of biological interactions at the molecular level,

which are usually hidden in ensemble and time-averaging bulk experiments. Furthermore,

57



I Chapter 2: Molecular Engineering

our NDI self-assembly based nanocups, mesocups, and bowls represent a novel class of
ultra-low volume containers, which are unique from those obtained by etching (top-

down) and emulsions, vesicles, or virus particles (bottom-up) approach.***®

Molecular
Organization

Figure 9. (a) Molecular Structures of phenylalanine methylester appended
naphthalenediimides (L-NDI and D-NDI) with their pictorial representation (b). (c) Proposed
molecular packing model for the self-assembled NDI nanosheets. | = length, b = width and h

= height (thickness) of the nanosheet.
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2.2.1. Highly crystalline large 2D nanosheets
2.2.1.1. Photophysical studies

The UV-vis absorption spectrum of L-NDI and D-NDI (100 pM) in acetonitrile
exhibits strong absorption bands, namely band I in the range of 300-400 nm and band 11
at 235 nm (Figure 10a). Band | and Il are attributed to characteristic n-n* transitions of
NDI chromophores, polarized along the z and y axis, respectively. In 90% aqueous
acetonitrile L-NDI and D-NDI undergo bathochromic shifts of 8 nm (band I) and 11 nm
(band 1) due to n-x stacking. A decrease in absorption intensity and a broadening of the
band, accompanied by a red shift, indicate the presence of well-defined J-type aggregates.

154748 and showed

Interestingly L-NDI and D-NDI are weakly fluorescent in acetonitrile,
a strong emission band in 90% aqueous acetonitrile centered at 475 nm with a shoulder at
530 nm (Figure 10b). The emission band is red shifted by 90 nm from its usual 7 nm
Stokes-shifted weak mirror-image emission bands. This characteristic emission band is

attributed to an excimer-like emission (excitation spectra not shown) due to the formation

of ground-state aggregates.*’

To gain further insights into the relative intermolecular orientation of the NDI
chromophores, both L-NDI and D-NDI were subjected to circular dichroism (CD)
studies. L- and D-phenylalanine methyl esters induce opposite chirality, as reflected in
their mirror-image CD spectra in comparison to the NDI system, which is achiral under
normal conditions (Figure 10c). The CD spectrum of L-NDI (100 uM) shows intense
band at 215 nm and a less intense bands in the range of 225-400 nm. The 215 nm band is

attributed to n-r* transitions of the imide chromophore. The less intense bands are due to
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Figure 10. Photophysical studies of L/D-NDI (100 uM) in acetonitrile and 90% aqueous
acetonitrile. (a) UV-vis absorption, (b) fluorescence emission and (c) circular dichroism (CD)
spectra. (d) CD spectra of L/D-NDI (1 mM) in acetonitrile. Photographs of L-NDI in
acetonitrile solution (A) and free-standing sheets with an excimer-like emission in 90%
aqueous acetonitrile (B) under UV light. (e) Schematic representation of the transition of the
angles between the z-polarized transition moments of stacked L/D-NDI chromophores. I): L-
NDI in acetonitrile, I1): L-NDI in 90% aqueous acetonitrile, I11): D-NDI in acetonitrile and

IV): D-NDI in 90% aqueous acetonitrile.
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band | and band Il electronic transitions of L-NDI. The CD spectrum for a relatively
higher concentration of L-NDI (1 mM) clearly shows a strong Cotton effect (Figure 10d).
The negative sign of the first Cotton effect (M-helicity) of L-NDIs in acetonitrile reflects
the induction of supramolecular chirality to achiral NDI, on appending with the chiral L-

phenylalanine methylester.>*

Interestingly in 90% aqueous acetonitrile flat CD features were observed (Figure
10c). The increased hydrophobic forces impose a m-m stacking of the L-NDI
chromophores. The observed CD silencing is thus attributed to the transition of the angles
between the z-polarized transition moments of the stacked L-NDI chromophores towards
zero (Figure 10e).° On the other hand, a complementary Cotton effect was observed for
D-NDI (Figure 10c) with a positive sign of the first Cotton effect (P-helicity) in

acetonitrile, and CD silencing in 90% aqueous acetonitrile, similar to that of L-NDI.

2.2.1.2. Characterization by microscopy and diffraction techniques

FESEM revealed the formation of sheets with micrometer-size lateral dimension from
90% aqueous acetonitrile solution of L-NDI (Figure 11a). Similarly, D-NDI also self—
assemble to form sheets in 90% aqueous acetonitrile. Furthermore free-floating sheets of
L-NDI and D-NDI (100 puM, 90% aqueous acetonitrile) can be obtained within an hour
of sample preparation. Such solution processing would lead to a convenient large-scale
production of nanosheets for device applications without the need for sophisticated
instrumentation. Thus, a formed free-floating sheet is an illustration of a successful

molecular design and engineering with an optimal utilization of non-covalent
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Figure 11. (a) FESEM, (b) fluorescence confocal (¢) HRTEM and (d) AFM micrographs of
L-NDI obtained from 90% aqueous acetonitrile. The inset in (c) is the SAED (selected area
electron diffraction) pattern recorded on nanosheet revealing the single-crystalline ordering.
(e) The corresponding height profile of AFM micrograph (d). The nanosheet possesses a
typical height of ~10 nm. (f) Powder X-ray diffraction pattern of drop casted self-assembled
L-NDI nanosheets. The inset corresponds to a d spacing of 3.68 A.

interactions. In Figure 11b we show the confocal microscopy image of L-NDI sheets
with a blue intrinsic fluorescence. The observed fluorescence is due to an excimer-like
emission, as evident from fluorescence-spectroscopy studies. High-resolution
transmission electron microscopy (HRTEM) image of L-NDI nanosheet is shown in
Figure 11c. The selected-area electron diffraction (SAED) pattern recorded on these
nanosheets exhibited well-resolved hexagonal spots, revealing the single-crystalline
ordering (inset, Figure 11c) of the sample. An AFM image of the L-NDI sheets is shown
in Figure 11d; the height profile reveals a 10 nm height for a typical sheet (Figure 11e).

However, self-assembled nanosheets of NDI with topographical thicknesses (heights) of
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10-100 nm can be obtained. Moreover, powder X-ray diffraction (PXRD) studies on L-
NDI nanosheets showed a very high crystallinity along with a d spacing of 3.68 A
corresponding to n-w stacking (Figure 11f). The obtained diffraction peaks were indexed
with the DICVOL program with lattice parameters of a = 9.81 A and ¢ = 23.88 Ain a

tetragonal crystal system.

2.2.1.3. Solvophobic effect

The UV-vis absorption spectra of L-NDI (100 uM) in dimethylformamide (DMF; Figure

12a) and dimethylsulphoxide (DMSO; Figure 12c) exhibit strong absorption bands
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Figure 12. UV-vis spectra of 100 uM L-NDI in (a) DMF and 90% aqueous DMF, (c) DMSO
and 90% aqueous DMSO. (b) and (d) the corresponding fluorescence spectra of (a) and (c)

respectively.
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corresponding to their characteristic n-n* transitions. In 90% aqueous DMF and 90%
aqueous DMSO, both L-NDI and D-NDI undergo bathochromic shifts due to n-n
stacking and exhibit excimer-like emission (Figure 12b and 12d). The high solvent
polarity of DMF and DMSO in comparison with acetonitrile renders reduced influence by
hydrophobic forces for their molecular organization. In 90% aqueous DMF, L-NDI
organizes to form elongated belt-like sheets with ~100 um length and 2-10 pm width
(Figure 13a). On the contrary, in 90% aqueous DMSO, L-NDI organizes to form smaller
(length 2-10 pm) but thicker sheets (thickness ~500 nm), as shown in Figure 13b. Thus,
molecular organization of NDI into 2D sheets with varying dimensions can be obtained

by using appropriate aqueous co-solvents.

Figure 13. (a) and (b) FESEM micrograph of L-NDI in 90% aqueous DMF and 90%
aqueous DMSO respectively.

2.2.1.4. Conductive atomic force microscopy

A conductive AFM (C-AFM) technique was employed to study the conductivity of

individual self-assembled nanosheets. Remarkably, the current-voltage (I-V)
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characteristics of all measured L-NDI nanosheets displayed metallic conductivity. These
I-V features were consistent throughout the length and width of the nanosheets, indicating
persistent molecular ordering. A remarkable conductivity of 1.6 Scm™ was obtained for a
nanosheet with the topographical thickness of 60 nm (Figure 14). Such metallic
conductivities are reported only in heavily doped conducting polymers and small

molecules.*>®
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Figure 14. Current-voltage (I-V) characteristics obtained by C-AFM on a L-NDI nanosheet
of 60 nm topographical thickness.

Furthermore, most of the organic semiconductors that exhibit high mobility (e.g.,
pentacene) adopt an edge-to-face herringbone structure with reduced intermolecular
electronic couplings.® The observed metallic conductivity is attributed to the presence of
high-level molecular ordering in L-NDI nanosheets. The molecular planarity of the NDI
core and the ground-state molecular aggregation (excimer-like emission, CD silencing,
and diffraction data) is envisioned to yield such high-level molecular ordering. The

proposed model for the molecular packing of L-NDI and D-NDI is shown in Figure 9.
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The methyl ester of phenylalanine in L-NDI and D-NDI systems initiate the molecular
organization as a result of enhanced hydrophobic forces in 90% aqueous acetonitrile. The
L-NDI chromophores undergo 1D =-m stacking in a direction perpendicular to the
nanosheet surface. However the phenyl ring of phenylalanine facilitates a lateral

organization to form 2D nanosheet architectures through interdigitation.*®

2.2.2. Attoliter containers
2.2.2.1. Halogen-bonding-mediated crystallization

The single crystals of L-NDI were grown in chloroform. The crystal structure is
composed of crystalline chloroform (Figure 15). The chlorine atoms were found to
interact with the carbonyl oxygen of the methyl ester (3.02 A; blue dotted line) and the
carbonyl oxygen of naphthalenediimide (3.19 A; green dotted line) in L-NDI by means
of halogen bonding, as shown in Figure 15.5"° Halogen bonding is a highly directional

non-covalent interaction (10-200 kJ mol™), which arises as a result of positive

~
QD
~

10-40nm
-

wu08-0v

400-500nm
Halogen

Bonding

Nanocup

Figure 15. (a) Schematic of the L-NDI nanocup obtained from chlorinated co-solvent and (b)

Molecular packing diagram for L-NDI single crystals grown in chloroform.
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electrostatic potential developed along the carbon-halogen covalent bond. This c-hole
acts as an electrophillic species, which pulls the donor lone pair electrons closer towards
the halogen atom and accounts for the orientation of the halogen bonds. Experimental
studies have confirmed the theoretical prediction that electron density is anisotropically

distributed around the halogen atom in organic halides.

2.2.2.2. Effect of chlorinated co-solvents - morphological studies

The observed solute-solvent molecular interactions prompted us to investigate the
probable role of chloroform in molecular organization. Consequently, the studies using
chloroform as co-solvent resulted in interesting morphological changes (Figure 16). In
chloroform alone, L-NDI forms random aggregates. However in 50% (v/v)
chloroform/methanol, L-NDI organizes into cups of ~400 nm lateral widths, as shown in
Figure 16a. Interestingly these cups were homogeneously distributed throughout the
substrate. Furthermore in 10% (v/v) chloroform/methanol, L-NDI organizes into bigger
cups with ~800 nm lateral width (Figure 16b). A careful inspection of the architectures
obtained from 10% (v/v) chloroform/methanol reveals the presence of a few partially
formed cup-like architectures. In addition, the occurrence of ridges within a fully formed
bigger cup is in agreement with the dimensions of the smaller cup (lateral width: ~400
nm). Thus bigger cups are envisioned to be formed by the fusion of smaller cups. A
typical bigger-cup formation involves the fusion of about four to six smaller cups. In
methanol alone, the organization of L-NDIs into spherical structures was observed.

Hence chloroform is believed to have a profound influence on the mode of aggregation.
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For further verification, we used other chlorinated solvents, such as dichloromethane and
carbon tetrachloride. L-NDI formed cups of ~700 nm in 10% (v/v) dichloromethane/
methanol. However 10% (v/v) carbontetrachloride/methanol results in bowl-like
architectures of 1.5-2 um (Figure 16¢). Moreover in 10% (v/v) chloroform/acetonitrile L-
NDI formed spherical aggregates. On the other hand, a dispersion of L-NDI in
acetonitrile, when mixed with chloroform, resulted in cups of 300-700 nm lateral
dimensions. These results clearly suggest that chlorinated co-solvents play a crucial role
in the molecular organization of L-NDI into molecular containers. The nature of the
halogen bonding driven by an appropriate chlorinated co-solvent determines the

dimensions and morphology of the container. AFM studies on L-NDI cups obtained
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Figure 16. FESEM images of L-NDI (a) nanocups obtained from 50% (v/v) CHCIl3/MeOH,
(b) mesocups obtained from 10% (v/v) CHCIls/MeOH, (c) bowls from 10% (v/v) CCl,/MeOH
and (d) AFM micrograph of L-NDI nanocups obtained from 50% (v/v) CHCIs/MeOH. The
corresponding height profiles of (d) are shown in (e) and (f) respectively. Container volumes
are indicated V1 (red), V2 (green), V3 (yellow) and V4 (cyan).
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from 50% (v/v) chloroform/methanol revealed an overall diameter (thickness) of 400-500
nm and an exterior topographical height in the range of 40-80 nm (Figure 16d). The
interior of the cup possess a typical height of 10-40 nm with an internal diameter [full
width at half maximum (FWHM)] of 90-200 nm. An AFM image of these nanocups is
shown in Figure 16d. The corresponding height profiles shown in Figure 16e and 16f

accounts for a net volume of 0.58 (V1), 0.6 (V2), 0.19 (V3), and 0.2 (\V4) attoliters.

The average volume capacity for the measured nanocups ranges from 0.1 to 1.5
attoliters. To demonstrate the utility, we made use of a femtojet technique to fill
fluorescent dye into few L-NDI nanocontainers obtained on a glass/mica/aluminium
substrate. Under appropriate experimental conditions, femtojet can inject liquid droplets

of nanometer dimension. Dilute solutions of the analyte appended with fluorescent dyes

Figure 17. Fluorescence confocal micrographs of L-NDI mesocups on aluminium. (a)
fluorescence micrograph obtained with an excitation at 543 nm (rhodamine) (b) bright field
micrograph (c) two-photon fluorescence (L-NDI) micrograph and (d) overlay of (a), (b) and

(c). Scale bar =1 pm.
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are commonly employed for biological assays. Herein, by using a femtojet technique, the
fluorescent dye rhodamine was randomly sprinkled into an array of L-NDI containers and
visualized with confocal microscopy (Figure 17). This illustrates the probable use of
these ultrasmall containers for miniaturized applications. Furthermore, in order to
passivate the surface, the self-assembled containers were gold coated by using a
sputtering technique, which was confirmed by energy-dispersive X-ray analysis (EDAX)

and FESEM studies.

2.2.3. Conclusions

We have shown a novel molecular design of NDI to engineer their organization into
nanosheets, nanocups, mesocups, and bowl-like complex architectures. Phenylalanine
methyl ester functionalized NDI was subjected to a simple solution processing technique
to exploit non-covalent interactions. The successful molecular design comprises of
methyl ester functionality to initiate molecular organization and the phenyl ring to
facilitate lateral organization, as the NDI core experiences n-t stacking under enhanced
hydrophobic (90% aqueous acetonitrile) forces. The subtle balance between hydrophobic
and =-m interactions enforce the self-assembly of L-NDI and D-NDI into free-floating
nanosheets with large lateral dimensions. The self-assembled nanosheets displayed
excimer-like emissions. The molecular planarity of NDI core, well resolved electron
diffraction, highly crystalline XRD patterns, CD silencing, and the spectroscopic data
strongly emphasize the excellent crystallinity of nanosheets. The high degree of

molecular ordering resulted in a metallic conductivity of 1.6 Scm™ of undoped L-NDI
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nanosheets. On the contrary, L-NDI was organized into container-like complex
architectures by employing chlorinated co-solvents. L-NDI was organized into nanocups
of ~ 400 nm external lateral width. Furthermore, L-NDI was also organized into mesocup
and bowl-like architectures. The dimensions and the morphology of the containers are
mediated by halogen bonding with chlorinated co-solvents. Nanocups possess a net
volume of 0.1-1.5 attoliters. These self—-assembled attoliter containers are the first of its

kind and may find use in miniaturized applications.

2.2.4. Experimental section

2.2.4.1. Materials and methods

1,4,5,8-Naphthalenetetracarboxylic dianhydride was obtained from Sigma-Aldrich. L-
phenylalanine, D-phenylalanine, acetyl chloride, and triethylamine were obtained from
Spectrochem Pvt. Ltd. Mumbai (India). All other reagents and solvents were of reagent

grade and used without further purification.

Absorption spectroscopy: UV-vis spectra were recorded on a Perkin Elmer Model
Lambda 900 spectrophotometer. A 100 uM solution of the sample was analyzed in quartz

cuvette of 1 mm path length.

Fluorescence spectroscopy: Fluorescence spectra were recorded on a Perkin Elmer
Model LS 55 spectrophotometer. A 100 uM solution of the sample were analyzed in a

quartz cuvette of 1 mm path length with an excitation at 375 nm.
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NMR Spectroscopy, mass Spectrometry (MS), and elemental analysis: *H and *C NMR
were recorded on a Bruker AV-400 spectrometer with chemical shifts reported as ppm (in
CDCl; with tetramethylsilane as internal standard). Mass spectra were obtained from
Shimadzu 2020 LC-MS. Elemental analysis was carried out on ThermoScientific FLASH

2000 Organic Element Analyzer.

Circular dichroism: CD measurements were carried out on a Jasco J-810
spectropolarimeter under nitrogen atmosphere. 100 uM / 1 mM solutions of the sample

were analyzed in quartz cuvette of 1 mm path length.

Infrared (IR) spectroscopy: IR spectra were recorded on a Bruker IFS 66/V spectrometer
on a sodium chloride crystal. The liquid sample (free-floating sheets in case of 90%
aqueous acetonitrile) was drop-casted and was allowed to dry naturally on the sodium

chloride crystal.

Field emission scanning electron microscopy: FESEM images were acquired with a FEI
Nova nanoSEM-600 equipped with a field-emission gun operating at 15 kV. The sample

was prepared by drop-casting either onto a Al stub or on a Si(111) substrate.

High-resolution transmission electron microscopy: HRTEM measurements were
performed on a JEOL, JEM 3010 instrument operated at 300 kVV. The samples were

prepared by drop-casting onto 200 mesh, holey, carbon-supported copper grids.

Atomic force microscopy: AFM images were acquired under ambient conditions using an
Innova (Veeco) atomic force microscope in dynamic force (tapping) mode. The samples
were prepared by drop-casting on freshly cleaved mica or Si(111). AFM section analysis

was done offline.
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Current sensing (conductive) atomic force microscopy (C-AFM): C-AFM was also
performed using the above-mentioned Innova (Veeco) atomic force microscope. Pt/Ir
coated Si tips with a tip radius (Max) of 25 nm (Bruker; Model: SCM-PIC) were
employed. The samples were prepared by drop-casting on freshly cleaved highly oriented
pyrolytic graphite (HOPG). I-V characteristics were obtained from several points on the
self-assembled nanosheets of different topographical thickness (height). The value of the
conductivity (o) was calculated from the equation [o = d /(AR) Scm™], where d is the
sheet thickness/height (10-100 nm), A is the area of the C-AFM probe in contact with the
surface and computed as zr?, assuming a contact radius of 25 nm between tip and sample.

R is the resistance of the sample, calculated from the inverse slope of the I-V curve.

X-ray single-crystal measurement: X-ray single-crystal structural data were collected on
a Bruker Smart-CCD diffractometer equipped with a normal focus, 2.4 kW sealed tube
X-ray source (Mo Ka radiation, 0.71073 A), operating at 50 kV and 30 mA. An empirical
absorption correction based on symmetry equivalent reflections was applied using the

SADABS program.

Powder X-ray diffraction (PXRD): PXRD patterns were recorded with a Rigaku-99
(Miniflex) diffractometer using Cu Ka radiation (A = 1.5406 A). The free-floating self-
assembled L-NDI nanosheets were drop-casted on a glass slide. The diffraction peaks

were indexed with the DICVOL program.

Gold sputtering: Gold was sputtered with a Polaron SC502 Sputter Coater (FISONS

Instruments) in Argon atmosphere.
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Femtojet technique: The fluorescent dyes were injected by using Injectman NI2 coupled
to a Femtojet (Eppendorf) setup. The dyes were injected by means of Femtotips with an
injection pressure (P;) of 15/25/50/200 hPa, an injection time (t;) of 0.2 s and a
compensation pressure (P¢) of 0 hPa. A 1 uM solution of rhodamine B base in 10:90 (v/v)

CHCI3: MeOH was employed.

Fluorescence confocal microscopy: Fluorescence confocal microscopy images were
obtained from LSM 510 META-Carl Zeiss. A two-photon laser was employed to excite
the self-assembled NDI nanosheets. An excitation wavelength of 543 nm was used to
excite the rhodamine B base. The LSM image examiner was utilized for processing the

images.

2.2.4.2. Synthesis of L-phenylalanine methylester appended naphthalenediimide (L-

NDI)

Synthesis of L-phenylalanine methyl ester hydrochloride: Anhydrous methanol (50 mL)
was placed into a 100 mL two-necked round-bottom flask, fitted with a reflux condenser
and an additional dropping funnel, and cooled to ice temperature

H3N (0 °C). Acetyl chloride (3 mL) was added drop-wise through the

o ocHs dropping funnel. After 15 min, L-phenylalanine (3 g, 18.16

mmol) was added, and the reaction mixture was refluxed overnight at 70 °C. The reaction

mixture was dried in vacuo to obtain L-phenylalanine methyl ester hydrochloride in

quantitative yield and used for further reaction without purification.
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1,4,5,8-naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol) and L-
phenylalanine methyl ester hydrochloride (322 mg 1.49 mmol) were suspended in DMF
0 0O 0 (20 mL) in a 100 mL round-bottom flask.

o S
N N To this suspension, triethylamine (0.6 mL)

< roon
o] o0

reaction mixture was refluxed at 75 °C for 24 h. The solvent was evaporated in vacuo,

was added under inert atmosphere. The

and the residue was purified by column chromatography (1% methanol in chloroform).
Yield 74%. *H NMR (400 MHz, CDCls, 8): 8.63 (s, 4H), 7.1 (m, 10H), 6.02 (dd, 2H, J =
8Hz, 4Hz), 3.77 (s, 6H), 3.73 (dd, 2H, J = 8Hz, 4Hz), 3.50 (dd, 2H, J = 12 Hz, 4 Hz);
3¢ NMR (100 MHz, CDCl3, 8) 169.6, 162.4, 136.9, 131.3, 129.2, 128.5, 126.9, 126.8,
126.3, 54.8, 52.8, 34.9; MS (EI): m/z = 590.16 [M]" for Ca4H2sN,Os (calc. 590.17);
Elemental analysis: Calcd. for C34H26N20g: C, 69.15; H, 4.44; N, 4.74. Found: C, 69.12;

H, 4.48; N, 4.69.

2.2.4.3. Synthesis of D-phenylalanine methylester appended naphthalenediimide (D-

NDI)

Synthesis of D-phenylalanine methyl ester hydrochloride: Anhydrous methanol (50 mL)

/@ was placed into a 100 mL two-necked round bottom flask, fitted
o+

HyN— with a reflux condenser and an additional dropping funnel, and
_>7—OCH3
o cooled to ice temperature (0 °C). Acetyl chloride (3 mL) was

added drop-wise through the dropping funnel. After 15 min, D-phenylalanine (3 g, 18.16

mmol) was added and the reaction mixture was refluxed overnight at 70 °C. The reaction
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mixture was dried in vacuo to obtain D-phenylalanine methyl ester hydrochloride in

quantitative yield, which was used for further reaction without purification.

1,4,5,8-naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol) and D-

phenylalanine methyl ester hydrochloride (322 mg 1.49 mmol) were suspended in DMF

00 0 (20 mL) in a 100 mL round-bottom flask.
ol IUIAL AP

N N To this suspension triethylamine (0.6 mL)
C o~ Yook

0

’, ”

00 was added under inert atmosphere. The
reaction mixture was refluxed at 75 °C for 24 h. The solvent was evaporated in vacuo and
the residue was purified by column chromatography (1% methanol in chloroform). Yield
71%. *H NMR (400 MHz, CDCls, 8): 8.63 (s, 4H), 7.1 (m, 10H), 6.02 (dd, 2H, J = 4Hz,
4Hz), 3.77 (s, 6H), 3.73 (dd, 2H, J = 8Hz, 4Hz), 3.50 (dd, 2H, J = 12 Hz, 4 Hz); °C
NMR (100 MHz, CDCl3, 6) 169.6, 162.4, 136.9, 131.3, 129.2, 128.5, 126.9, 126.8, 126.4,
54.9, 52.8, 34.9; MS (El): m/z =590.18 [M]" for CasH2sN,Os (calc. 590.17); Elemental
analysis: Calcd. for C34H26N20g: C, 69.15; H, 4.44; N, 4.74. Found: C, 69.10; H, 4.49; N,

4.78.
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2.3. Tailoring the nt-n Stacking of Functional Modules

The elucidation of the complex factors that govern recognition events at the molecular
level represents a daunting challenge in our quest to master the art of pre-programmed
molecular assemblies.®*® In this context, we present the molecular architectonics of
thoughtfully designed amino acid appended functional molecules 1-5 (Figure 18). NDI
and pyrene were employed as functional modules due to their unusual topological shape
similarity as well as complementary m-acidic and n-basic character, respectively.’’ In
addition, we show that dyads of such unusual functional modules energetically favor
alternate assembly in contrast to the predominant self-sorted assembly observed for
single-component systems. Moreover, by incorporating minute structural mutations into
the amino acid side-chains of 1-5, we successfully tailored their assemblies into well-
defined supramolecular architectures, namely supercoiled helices, twisted nanoribbons,
nanobelts, comb-edged nanoflakes and nanosheets. A detailed analysis with the aid of
experimental and theoretical studies has generated interesting insights into the factors that

govern the recognition events at the molecular level.

As the performance of the electroactive molecular materials is essentially
dependent on their molecular ordering, it is extremely important to develop novel
modular approaches for tailoring their assemblies.®® Interestingly, NDI is a highly z-
acidic planar molecule with an estimated molecular quadrupole moment (Qzz) of +18.6 B
(Buckinghams).?! This n-acidic behaviour of NDI, which is in the range of explosive
TNT, is an attractive property, because most aromatic compounds are w-basic, for
example, benzene has a Qzz of -8.5 B, and pyrene has a Qzz of -13.8 B. Thus, NDI and

pyrene exemplify a unique molecular (electron donor-acceptor) pair due to their

77



I Chapter 2: Molecular Engineering
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Figure 18. Molecular structures of designer functional molecules 1-5. Blue colour signifies

the topological shape similarity of naphthalenediimide (NDI) and pyrene. Electrostatic
potential surfaces of (a) m-acidic NDI and (b) m-basic pyrene with their respective computed
axial quadrupole moments Qzz. (c) Energy-minimized structures of NDI-NDI, pyrene—pyrene
and NDI-pyrene stacking. (d) Schematic representation depicting the probable self-sorting or
alternate stacking for hypothetical dyads of NDI and pyrene. The estimated interaction

energies, E in kcal mol™, are shown in (c) and (d).

complementary n-character and also the unusual topological shape and the similarity of
their molecular structures. However, the anticipated preferential alternate stacking of NDI

and pyrene (when part of distinct molecular components), in contrast to their self-sorted
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assemblies, are rarely realized due to their relatively weak non-covalent interaction
energies.”"® On the other hand, exploitation of such donor/acceptor alternate stacking
induced charge-transfer complexation (if extended to long-range order) is instrumental in
obtaining excellent conduction through inherent doping as well as for the recently shown
remarkable room-temperature ferroelectric property.®® Thus, to extend the envisioned
ordering from the molecular level to well-defined supramolecular architectures on a
microscopic scale and also to explore systematic molecular structural mutation induced
structure-property correlations, we have designed amino acid functionalized dyads of
NDI and pyrene (1-5). The amino acid auxiliaries for tailoring the molecular assemblies
were chosen on the basis of the phenomenal molecular/chiral recognition and distinctive
sequence-specific self-assembling properties embodied in them as a result of over a
billion years of stringent natural selection.!* Specifically, by introducing minute
molecular structural mutations in the side-chain of the amino acid auxiliary, striking
variations in the supramolecular architectures, namely supercoiled helices, twisted

nanoribbons, nanobelts, comb-edged nanoflakes and nanosheets, were realized.’

2.3.1. Photophysical studies

To understand the nature of the molecular assembly, we first subjected our functional
molecules 1-5 to photophysical studies. The UV-vis absorption spectra of 1 in
dimethylsulfoxide exhibits typical absorption bands in the region of 270-400 nm due to
characteristic m-n* transitions polarized along the z and y axes of the NDI and pyrene

chromophores (Figure 19a). Upon incremental addition of water to the DMSO solution of
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Figure 19. UV-vis absorption spectra of a 200 uM solution of (a) 1, (b) 2, (¢) 3, (d) 4 and (e) 5
in aqueous DMSO containing various percentages of water. (f) Fluorescence spectra of
pyrenemethylamine hydrochloride (Py for comparsison) and 200 uM solution of 1 in aqueous

DMSO. The values represent various percentages of water in aqgueous DMSO.
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1, a decrease in absorption intensity as well as broadening of the band was observed,
which indicates molecular aggregation. Up to 30% aqueous DMSO, only a decrease in
the absorption intensity was observed without any appreciable changes in the absorption
maxima (Amax). Interestingly, with a further increase in water content in the DMSO
solution of 1, a bathochromic shift of around 3 nm with respect to the band at 330 nm
(Amax), as well as an increase in the absorption intensity, was observed. Thus, these
absorption characteristics of 1 suggest the formation of two different kinds of aggregates
at 30% and 80% aqueous DMSO, which are termed as AGG1l and AGG2 (AGG =
aggregate), respectively (see below). Similar spectral features were observed for 2-5 in
aqueous DMSO, which suggests identical molecular aggregation behavior (Figure 19b-e).
In addition, the fluorescence emission of both the pyrene and NDI units in 1-5 was found
to be quenched in DMSO as well as in aqueous DMSO (Figure 19f). Interestingly, in
aqueous DMSO, brick-red free-floating aggregates of 1-5 were found to form within a
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Figure 20. Absorption spectra of a 1 mM solution of 1-5 in 30% agueous DMSO showing
the charge-transfer band. The inset shows the characteristic brick-red free-floating aggregates
formed in 1 mM solutions of 1-5 (LA-5A) in 30% aqueous DMSO within a few hours of

sample preparation. 1D is a solution of 1 in DMSO alone.
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couple of hours of sample preparation, which suggests a probable alternate stacking of
NDI and pyrene (1LA-5A; inset in Figure 20). Note that neither NDI nor pyrene are
coloured in the visible region when dissolved individually (not shown) nor the dyad
dissolved in only DMSO (1D; inset in Figure 20). Furthermore, the UV-vis spectra of 1-5
clearly show the characteristic broad absorption band in the region of 400-600 nm, which
confirms the charge-transfer complexation of NDI and pyrene (Figure 20). The
differences in the intensities of the charge-transfer bands for 1-5 can be ascribed to the

steric and geometrical constraints in the complexes formed by NDI and pyrene.

2.3.2. Circular dichroism studies

To gain further insights into their mode of aggregation and also to detail the relationship
between chirality and function, circular dichroism (CD) studies were performed. A
DMSO solution of 3 did not show any CD features, which indicates the absence of
excitonic coupling between the chromophores (Figure 21a). However, 3 in 30% aqueous
DMSO exhibits a bisignated Cotton effect in the region of 270-400 nm, which
corresponds to characteristic n-n* transitions of NDI and pyrene. The negative sign of the
first Cotton effect indicates a left-handed (M-type) supramolecular helical organization of
3. More interestingly, the transcription of molecular chirality from the L-isoleucine
methyl ester is extended to the pyrene unit through the covalently interlinked NDI, which
can be ascribed to the domino effect. The band at 278 nm, which is due to So-S3
transitions in pyrene, shows a negative bisignated couplet centered at 280 nm, consistent

with an M-type helical arrangement of adjacent pyrene transition dipoles within the
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Figure 21. CD spectra of (a) 3, (b) 1 (c) 2, (d) 4 and (e) 5 in agueous DMSO containing
various percentages of water. (f) Results of majority-rule experiments for 4/5 monitored at

350 nm and 386 nm in 30% aqueous DMSO.
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assembly. Furthermore, at 80% aqueous DMSO very weak CD signals are observed for 3,
which can be attributed to effective charge-transfer-induced CD silencing. Thus, the
observed distinct CD spectral features of 3 in 30% and 80% aqueous DMSO is consistent
with the two kinds of aggregates (AGG1 and AGG2; Figure 19a) found in absorption
studies. Identical CD spectral characteristics were also observed for 1, 2 and 4 (Figure
21b-d) in DMSO as well as in agueous DMSO. However, 5 shows a complementary
Cotton effect with a right-handed (P-type) supramolecular helicity as the transcription of
chirality is from D-phenylalanine methyl ester (Figure 21e). Furthermore, we subjected
the two enantiomers 4 and 5 to a majority-rules experiment to evaluate the amplification
of chirality. The non-linear plot of CD amplitude versus enantiomeric excess indeed
shows appreciable amplification in the majority-rules experiment (Figure 21f). PXRD

patterns of 1-5 show reflections at around 3.36 A, which corresponds to the inter-planar

(@ (b) (©
> 2 2
= I ‘»
5 5 g
c £ <
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
2 theta 2 theta 2 theta
(d) (e)
2 >
3 B
g 5
£ IS
10 20 30 40 50 10 20 30 40 50
2 theta 2 theta

Figure 22. PXRD spectra of (a) 1, (b) 2 (c) 3, (d) 4 and (e) 5.
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distances between stacked NDI and pyrene (Figure 22). In addition, the reflection at
around 21 A in the small-angle region correlates well with the calculated end-to-end
length of dimers of the functional molecules (~21 A) and can thus be ascribed to the

distance between their centers in two laterally assembled structures.

2.3.3. Morphological studies

The free-floating self-assembled aggregates of 1-5 formed in aqueous DMSO were
subjected to morphological studies. The two kinds of aggregates, namely AGG1 and
AGG2, formed from 1-5 in 30% and 80% aqueous DMSO, respectively, were
investigated extensively under electron and scanning probe microscopes. The L-alanine
methylester appended functional molecule 1 in 30% aqueous DMSO shows 2D sheet
architectures (Figure 23a). Typically, these sheets have lengths of up to around 2 um and
widths in the range of 0.2-1.4 um. The 2D sheet architecture emphasizes the fact that the
tendency for molecular assembly (strength of inter molecular interactions) of 1 along its
length and breadth is nearly equal. Although there is no clear demarcation between sheets
and short belt-like architectures, we had earlier proposed that an aspect ratio (length to
breadth) of ~10 corresponds to sheets, based on reports in the literature.®* AFM revealed
that the topographical thickness (height) of these sheets is in the range of 20-50 nm.
However, 1 in 80% aqueous DMSO shows 1D belts with lengths in the order of several
microns (Figure 23b). Interestingly, the widths of these belts are in between 100 nm and
500 nm, and their heights are 15-80 nm. Thus, it appears that in 80% aqueous DMSO,

enhanced hydrophobic force induced aromatic stacking predominates along the length of
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the belt in contrast to the van der Waals force driven lateral association of 1 along its
breadth. Similarly, the L-valine methyl ester appended functional molecule 2 was found
to assemble into 2D comb-edged flakes (Figure 23c) and 1D belts (Figure 23d) in 30%
and 80% aqueous DMSO, respectively. The 2D comb-edged flakes are 1-2 um in length

with widths of 0.5-1 pum and heights in the range of 50-100 nm. The 1D belts of 2 are a

few hundreds of microns long with their widths in the range of 50-300 nm.

Height (nm)

0 02 0.4 08 08 1 4 02 03 04 05
Distance (pm) Distance (pm)

o

Figure 23. Field emission scanning electron microscopy (FESEM) images of (a) 1 in 30%
aqueous DMSO, (b) 1 in 80% aqueous DMSO, (c) 2 in 30% aqueous DMSO, (d) 2 in 80%
aqueous DMSO, (e) 3 in 30% aqueous DMSO, (f) 3 in 80% aqueous DMSO, (g) 4 in 30%
aqueous DMSO and (h) 5 in 30% aqueous DMSO. The insets in (g) and (h) are high-
resolution micrographs of the left- and right-handed supercoiled helices of 4 and 5,
respectively. (i) Atomic force microscopy (AFM) image of 4 in 30% aqueous DMSO and (j)
the corresponding height profile along the dashed black line in (i). (k) AFM image of 5 in
30% aqueous DMSO and (I) the corresponding height profile along the dashed black line in

(K).

On the other hand, 1D twisted ribbons are observed for L-isoleucine methyl ester

appended functional molecule 3 in 30% aqueous DMSO (Figure 23e). Moreover, the
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free-floating aggregates of 3 formed in 80% aqueous DMSO were also found to be 1D
twisted ribbons (Figure 23f). These twisted ribbons have widths of 50-125 nm,
topographical thicknesses of 35-60 nm and lengths of several microns. In addition, the
pitch of the helix was found to be around 200 nm. Interestingly, L-phenylalanine methyl
ester appended functional molecule 4 shows 1D supercoiled helix structures in both 30%
and 80% aqueous DMSO (Figure 23g). Similarly, 1D supercoiled helix structures are
observed for D-phenylalanine methyl ester appended functional molecule 5 (Figure 23h).
The resultant supercoiled helix structures of 4 and 5 exhibit left- and right-handed helical
signatures, which is consistent with the CD studies. The widths of these supercoiled
helices were found to be around 100 nm, whereas the helical pitches are around 120 nm
and the heights from 4 to 20 nm (Figure 23i-1). Although the photophysical studies of 3-5
showed the existence of two different kinds of aggregates (AGG1 and AGG2 in 30% and
80% aqueous DMSO, respectively), the absence of appreciable differences in their
morphologies is believed to be a result of variations in structural organization that make
minimal contributions to the overall supramolecular architecture. Subsequently, we
carried out further studies to gain an understanding of the nature of the supramolecular
architecture upon mixing 4 and 5 in a majority-rules experiment. This study showed the
existence of both left- and right-handed supercoiled helices in the mixed sample, and in
addition non-helical 1D belts were also observed (Figure 24). The formation of non-
helical nanobelts is most likely due to the mixing of oppositely helical 4 and 5 into a

single 1D architecture that nullifies the net helical contributions from 4 and 5.
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Figure 24. a), b) and c) FESEM images of 4 and 5 when subjected to Majority-rules

experiment in 30% aqueous DMSO. The arrows show the non-helical belt like architectures.

2.3.4. Theoretical studies and discussion

The above-discussed 1D or 2D supramolecular architectures, namely nanobelts, twisted
nanoribbons, supercoiled helices, comb-edged nanoflakes and nanosheets, formed by our
functional molecules are a result of the information stored in their molecular structure,
which ultimately governs the recognition events at the molecular level. The
photophysical studies indeed confirmed that the NDI and pyrene units of the functional
modules form stacks, supposedly due to the envisioned topological shape similarity and
n-complementarity. However, to gain greater insights into the energetics as well as
stereochemical and geometrical constraints of the functional molecules, ab initio DFT
studies were performed by using the Gaussian 09 package.®® For the DFT calculations, we
employed the B3LYP exchange correlation functional with the 6-31+g(d,p) basis set for
all atoms.® For the optimization of the dimer formed by homo- or hetero-stacking of two

functional modules, we used the ®B97XD exchange correlation functional, which
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includes empirical dispersion and long-range correlation with the 6-31g(d) basis set.®"®

In general, when two different chromophores like NDI and pyrene are mixed, the result
could be either a self-sorted (NDI-NDI and pyrene— pyrene) or alternate (NDI-pyrene)
assembly. To predict the outcome of such a scenario, we estimated the interaction
energies of hetero- and homo-stacked NDI and pyrene (Figure 18 and Table 1). The
interaction energies for NDI-NDI, pyrene-pyrene and NDI-pyrene complexes are -27.17,
-16.45 and -23.35 kcalmol™®, respectively, which suggests that molecular self-sorting
(driven mainly by the stacking of two m-acidic NDIs, which would experience reduced
electrostatic repulsions) is most likely to predominate over alternate assembly unless

aided by an additional molecular interaction.

Alternatively, interaction energies of -8.43 and -10.05 kcal mol™ were obtained
for homo-stacked naphthalene (Nap) and 1,5-dihydroxynaphthalene (DHN), respectively
(Figure 25), whereas hetero-stacked NDI-Nap and NDI-DHN have interaction energies of
-17.39 and -19.85 kcal mol™, respectively (Figure 25). Consequently, an interaction

energy difference of around 6 kcal mol™ between the hetero-stacks of NDI-pyrene (-23.35

Table 1. Computed interaction energies (E) of homo- and hetero-stacked

functional modules.

NDI-NDI? -27.17
Pyrene-pyrene -16.45
Nap-Nap? -8.43
DHN-DHN¢ -10.05
NDI-pyrene -23.35
NDI-Nap -17.39
NDI-DHN -19.85

2NDI = naphthalenediimide, ® Nap = naphthalene, © DHN = 1,5-dihydroxynaphthalene.
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Figure 25. Energy-minimized structures of naphthalene—naphthalene (Nap—Nap), 1,5-
dihydroxynaphthalene—1,5-dihydroxynaphthalene (DHN-DHN), naphthalenediimide—
naphthalene (NDI-Nap) and naphthalenediimide—1,5-dihydroxynaphthalene (NDI-DHN)
stacking with their respective estimated interaction energies (E).

kcal mol™) and NDI-Nap (-17.39 kcal mol™) can be ascribed to the topological shape
similarity of NDI and pyrene. Unsurprisingly, in the literature, molecular NDI is most
commonly found in a self-sorted assembly when mixed with donors like
dialkoxynaphthalene (DAN) at room temperature.’** On the other hand, mixing an
oligomer/polymer of NDI with another oligomer/polymer of a donor like pyrene or DAN
was found to facilitate charge-transfer complexation.’* However, it should be noted that
in the latter case, a 1:1 co-assembly of all NDI and pyrene/DAN units may not be
feasible, and in addition a well-defined supramolecular architecture has not been realized
to the best of our knowledge. Alternatively, a smarter design involving a dyad of NDI

and pyrene should facilitate mixed stacking rather than a self-sorted assembly (Figure
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18). Logically, the self-sorting of a hypothetical dyad of NDI-pyrene accounts for an
interaction energy of -43.62 kcal mol™ [-(27.17 + 16.45) kcal mol™], whereas alternate
stacking results in -46.7 kcal mol™®  [~(23.35 + 23.35) kcal mol™]. To further validate
our hypothesis, we first obtained energy-minimized structures of our functional
molecules, which, as expected, revealed V-shaped structures due to the presence of the
methylene linker between the NDI and pyrene units. The characteristic V-shaped
geometric structure of the functional molecules allows four modes (I-1V) of dimerization
(Figure 26a). Of these, mode 1V has the most stable structure; the three remaining modes,
I-111, are not so stable due to energetically unfavourable aromatic interactions and steric
repulsions. The geometry optimizations of the dimers of 4 and 5 show alternate stacking
of NDI and pyrene with interaction energies of -52.10 and -53.62 kcal mol™, respectively
(Figure 26b,c). In addition, computational studies showed the charge-transfer interaction

of NDI and pyrene units with Anax = 519 nm (Figure 27).

Having understood the origin and nature of the primary molecular interactions in
our functional modules, that is, charge-transfer complexation, we performed additional
analyses to account for the observed supramolecular architectonics. The resulting
differences in the molecular assemblies of our functional molecules, namely, nanosheets
and nanobelts from alanine derivative 1, comb-edged nanoflakes and nanobelts from
valine derivative 2, twisted nanoribbons from isoleucine derivative 3 and supercoiled
helices from phenylalanine derivatives 4 and 5, can all be ascribed to molecular structural
mutations in the side-chain of the amino acid (Figure 28 and Table 2). The side-chains of
alanine, valine, isoleucine and phenylalanine possess an estimated hydrophobicity of 1.0,

2.2, 2.7 and 2.3 kcal mol™, respectively whereas their non-polar surface areas (excluding
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Figure 26. (a) Schematic representation of four plausible modes of dimerization for

functional molecules 1-5. (b,c) Energy-minimized structures of dimers of 4 and 5,

Figure 27. Molecular orbital diagrams depicting the charge-transfer interaction between NDI
and pyrene in 4. The value of 519 nm is the wavelength of the absorption maxima predicted
by using time-dependent density functional theory (TD-DFT) as implemented in the Gaussian
09 package. The B3LYP exchange correlation was used for the TD-DFT calculations.
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Table 2. Hydrophobicity and surface area of the amino acid functionalities.

Functionality Hydrophobicity® Surface area®
[kcal mol] [A2)

alanine 1.0 86
valine 2.2 135
isoleucine 2.7 155
phenylalanine 2.3 194

2 Estimated hydrophobicity of the side-chain of the respective amino acid. ° Non-polar

surface area (excluding methyl ester functionality) of the respective amino acid.

Figure 28. Schematic representation of the molecular organization of (a) 1, (b) 2, (c) 3, (d) 4
and (e) 5 in agqueous DMSO. The energy-optimized structures obtained by using the B3LYP
exchange correlation functional with the 6-31+g(d,p) basis set were employed to arrive at the

proposed molecular packing models.

the methyl ester functionality) vary from 86 to 194 A?(Table 2).% At the same time, the
hydrophobic nature of the amino acid residues plays an equally important role by
facilitating hydrophobic interactions in aqueous solutions. Moreover, based on our earlier
experience we believe that the conversion of the carboxylic acid group of the amino acids
into the methyl ester is necessary to eliminate any probable counter hydrophilic
interactions in aqueous solution.”® Although the steric bulkiness of the side-chain

increases by a factor of 1.57 from alanine (86 A?) to valine (135 A?), it is believed that it
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is still below the threshold for inducing helicity into the supramolecular architecture.
However, the greater steric repulsion rendered by the side-chains of isoleucine (155 A%
1.80 times that of alanine) and phenylalanine (194 AZ% 2.25 times that of alanine) is
thought to result in twisted belts and supercoiled helices, respectively. Moreover, the left-
and right-handed supercoiled helical architectures of 4 and 5 arise from the transcription

of chirality from the L- and D-phenylalanine methyl ester functionalities, respectively.

2.3.5. Conclusions

We have designed and developed amino acid appended functional molecules 1-5
comprising NDI and pyrene modules. These functional molecules are unique in terms of
their design as they comprise topologically matching n-complementary modules. Such a
design was envisioned to be the structural analogue of the lock-and-key model.
Interestingly, the functional molecules 1-5 assembled into free-floating aggregates in
aqueous DMSO due to enhanced hydrophobic forces in aqueous solutions. Moreover, we
have shown that this design strategy was instrumental to exploit the intermolecular
charge-transfer complexation of NDI and pyrene unlike the predominant self-sorted
assembly observed for single-component systems. With the aid of DFT calculations we
have shown that the alternate stacking of functional aromatic modules could be
energetically controlled by smarter molecular designs. In addition, by incorporating
systematic structural mutations into the side-chains of the amino acid auxiliaries, we have
shown that the molecular assemblies can be tailored effectively to give well-defined 1D

and 2D supramolecular nanoarchitectures. In particular, supercoiled helices, twisted
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nanoribbons, nanobelts, comb-edged nanoflakes and nanosheets were realized through
minute structural mutations in 1-5. We further hope that this work will inspire the design
and development of novel as well as improved molecular systems in an enduring effort to
master the art of molecular programming and to decipher the role of molecular structure

in complex biochemical processes through the intriguing systems-chemistry approach.

2.3.6. Experimental section
2.3.6.1. Materials and methods

1,4,5,8-Naphthalenetetracarboxylic dianhydride, 1-pyrenemethylamine hydrochloride and
N, N-diisopropylethylamine were obtained from Sigma—Aldrich. L-Isoleucine, L-alanine,
L-valine, L-phenylalanine, D-phenylalanine and acetyl chloride were obtained from
Spectrochem Pvt. Ltd. Mumbai, India. All other reagents and solvents were of reagent-
and spectroscopy grade and used without further purification. *H and *C NMR spectra
were recorded at 298 K with a Bruker AV-400 spectrometer with chemical shifts reported
in ppm (in [Dg] DMSO with tetramethylsilane as internal standard). Mass spectra were
obtained with an HRMS 6200 series TOF/6500 series spectrometer (Agilent
Technologies). Elemental analysis was carried out with a ThermoScientific FLASH 2000

Organic Element Analyzer.

Absorption spectroscopy: UV-vis spectra were recorded with a Perkin—Elmer Model
Lambda 900 spectrophotometer. Samples (200 uM / 1 mM) were analysed in quartz

cuvettes of 1 mm pathlength.
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Fluorescence spectroscopy: Fluorescence spectra were recorded with a Perkin—Elmer
Model LS-55 spectrophotometer. Samples (200 pM) were analysed in quartz cuvettes of

1 mm pathlength with excitation at 330 nm.

Circular dichroism (CD) spectroscopy: CD measurements were performed with a Jasco
J-815 spectrometer under nitrogen. The sensitivity, time constant and scan rate were
chosen appropriately. Samples (400 puM) were analysed in quartz cuvettes of 1 mm

pathlength.

Field-emission scanning electron microscopy (FESEM): FESEM micrographs were
acquired by using a FEI Nova nanoSEM-600 microscope equipped with a field-emission
gun operating at 5 kV. Samples were prepared by drop-casting the free-floating

aggregates on Si(111) substrate and allowing them to dry under ambient conditions.

Atomic force microscopy (AFM): AFM micrographs were acquired under ambient
conditions with an Innova (Veeco) atomic force microscope in dynamic force (tapping)
mode. The sample was prepared by drop-casting the free-floating aggregates on Si(111)
substrate and allowing them to dry under ambient conditions. AFM section analysis was

carried out offline.

Powder X-ray diffraction (PXRD): PXRD patterns were recorded with a Rigaku-99
(Miniflex) diffractometer by using Cu-K,, radiation (A = 1.5406 A). The free-floating self-
assembled aggregates of 1-5 were placed in a petridish and allowed to dry under ambient
conditions. The solvent-free aggregates thus obtained were transferred to a glass slide to

collect the diffraction data.
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2.3.6.2. Synthesis of 1

Synthesis of L-alanine methyl ester hydrochloride: Anhydrous methanol (50 mL) was
placed in a 100 mL 2-necked round-bottom flask fitted with a reflux condenser and an

additional dropping funnel, cooled to ice temperature. Acetyl

cl o+
H3N‘$OCH chloride (3 mL) was added drop-wise through the dropping funnel.
3

© After 15 min, L-alanine (3 g) was added, and the reaction mixture
was refluxed at 70 °C for 24 h ensuring complete conversion of the carboxylic acid to the
methyl ester. The reaction mixture was vacuum-dried with successive co-evaporation
with toluene to obtain the pure L-alanine methyl ester hydrochloride. *H NMR (400
MHz, D,0): 6 = 4.26 (q, 1 H, a-carbon proton), 3.86 (s, 3 H, methyl ester protons), 1.59

(d, J =8 Hz, 3 H, methyl protons) ppm.

1,4,5,8-Naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol), L-alanine
methyl ester hydrochloride (104 mg 0.74 mmol) and 1-pyrenemethylamine hydrochloride

0 o (200 mg, 0.74 mmol) together with N,N-
N @ N& dimethylformamide (DMF) (20 mL) and
m ;

o o 0\ N, N-diisopropylethylamine (1 mL) were

heated at 110 °C for 36 h. Herein, mainly

three products could be expected, viz. naphthalenediimide with L-alanine methyl ester as
the imide substituents on both sides (denoted as Ala-NDI-Ala); naphthalenediimide with
1-pyrenemethylamine as the imide substituents on both sides (denoted as Py-NDI-Py);
naphthalenediimide with L-alanine methyl ester and 1-pyrenemethylamine as the imide
substituent on either sides (expected product 1). The product pyrene-NDI-pyrene is

insoluble in most of the solvents supposedly due to lack of any chemical functionality to
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facilitate solubility. The product Ala-NDI-Ala is highly soluble in non-polar organic
solvents like chloroform, while the expected product 1 (pyrene-NDI-Ala) possess limited
solubility (ca. 1 mg/mL) in solvents like DMF and dimethylsulfoxide (DMSQO). The
resulting reaction mixture containing a precipitate was filtered, and the filtrate was dried
under vacuum and then subjected to thorough washing with chloroform and methanol to
obtain the expected product 1. Yield 10 %. 'H NMR (400 MHz, [Ds] DMSO): & = 8.75
(br., 4 H, NDI aromatic protons), 8.66 (br., 1 H, pyrene aromatic proton), 8.34 (br., 3 H,
pyrene aromatic protons), 8.15 (br., 4 H, pyrene aromatic protons), 7.98 (br., 1H, pyrene
aromatic proton), 6.06 (s, 2 H, methylene protons), 5.62 (br., 1 H, a-carbon proton), 3.65
(s, 3 H, methyl ester protons), 1.61 (d, J = 8 Hz, 3 H, methyl protons) ppm. HRMS (ESI):
caled. for CssH23N206 [M + H]" 567.1556; found 567.1522. CssH22N»O¢ (566.15): calcd.

C 74.20, H 3.91, N 4.94; found C 74.15, H 3.95, N 4.93.

2.3.6.3. Synthesis of 2

Synthesis of L-valine methyl ester hydrochloride: Anhydrous methanol (50 mL) was
placed in a 100 mL 2-necked round-bottom flask fitted with a reflux condenser and an

additional dropping funnel, cooled to ice temperature. Acetyl

“ Hslll'- oo chloride (3 mL) was added drop-wise through the dropping funnel.
o 3 After 15 min, L-valine (3 g) was added, and the reaction mixture

was refluxed at 70 °C for 24 h ensuring complete conversion of the carboxylic acid to the
methyl ester. The reaction mixture was vacuum-dried with successive co-evaporation

with toluene to obtain the pure L-valine methyl ester hydrochloride. *H NMR (400 MHz,
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D,0): 6 =4.05 (d, J = 4 Hz, 1 H, a-carbon proton), 3.87 (s, 3 H, methyl ester protons),

2.41-2.33 (m, 1H, B-carbon proton), 1.06 (dd, J = 4, 8 Hz, 6 H, methyl protons) ppm.

1,4,5,8-Naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol), L-valine
methyl ester hydrochloride (125 mg 0.74 mmol) and 1-pyrenemethylamine hydrochloride
o o (200 mg, 0.74 mmol) together with DMF

@ N (20 mL) and N,N-diisopropylethylamine (1

OGO o Q 0 O o\ mL) were heated at 110 °C for 36 h. Here
Q also three main products could be expected

as described above. The resulting reaction mixture containing a precipitate was filtered,
and the filtrate was dried under vacuum and then subjected to thorough washing with
chloroform and methanol to obtain the expected product 2. Yield 12%. *H NMR (400
MHz, [Dg] DMSO): & = 8.68 (br., 4 H, NDI aromatic protons), 8.60 (d, J = 8 Hz, 1 H,
pyrene aromatic proton), 8.31-8.25 (m, 3 H, pyrene aromatic protons), 8.14-8.04 (m, 4 H,
pyrene aromatic protons), 7.95-7.90 (m, 1 H, pyrene aromatic proton), 6.00 (s, 2 H
methylene protons), 5.16 (d, J = 8 Hz, 1 H, a-carbon proton), 3.63 (s, 3 H, methyl ester
protons), 2.73-2.67 (m, 1 H, B-carbon proton), 1.25 (d, J = 4 Hz, 3 H, methyl protons),
0.76 (d, J = 8 Hz, 3 H , methyl protons) ppm. HRMS (ESI): calcd. for C37H,7N206 [M +
H]* 595.1869; found 595.1838. C3;H26N,O¢ (594.18): calcd. C 74.74, H 4.41, N 4.71;

found C 74.76, H 4.44, N 4.69.
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2.3.6.4. Synthesis of 3

Synthesis of L-isoleucine methyl ester hydrochloride: Anhydrous methanol (50 mL) was
placed in a 100 mL 2-necked round-bottom flask fitted with a reflux condenser and an
additional dropping funnel, cooled to ice temperature. Acetyl

c Hs': chloride (3 mL) was added drop-wise through the dropping funnel.

o) ot After 15 min, L-isoleucine (3 g) was added, and the reaction
mixture was refluxed at 70 °C for 24 h ensuring complete conversion of the carboxylic
acid to the methyl ester. The reaction mixture was vacuum-dried with successive co-
evaporation with toluene to obtain the pure L-isoleucine methyl ester hydrochloride. *H
NMR (400 MHz, D,0): d = 4.17 (d, J = 4 Hz,1 H, a-carbon proton), 3.89 (s, 3 H, methyl
ester protons), 2.17-2.07 (m, 1 H, B-carbon proton), 1.57-1.47 (m, 1 H, y-carbon proton),
1.43-1.32 (m, 1 H, y-carbon proton), 1.06 (d, J = 8 Hz, 3 H, methyl protons), 0.98 (t, 3 H,

methyl protons) ppm.

1,4,5,8-Naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol), L-
isoleucine methyl ester hydrochloride (135 mg 0.74 mmol) and 1-pyrenemethylamine
0 0 hydrochloride (200 mg, 0.74 mmol)

together with DMF (20 mL) and N, N-

N N
OGO o Q 0 O o\ diisopropylethylamine (1 mL) were heated
Q at 110 °C for 36 h. Here also three main
products could be expected as described above. The resulting reaction mixture containing
a precipitate was filtered, and the filtrate was dried under vacuo and then subjected to
thorough washing with chloroform and methanol to obtain the expected product 3. Yield

13 %. *H NMR (400 MHz, [Dg] DMSO): & = 8.76-8.71 (m, 4 H, NDI aromatic protons),
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8.63 (d, J = 8 Hz, 1 H, pyrene aromatic proton), 8.34-8.28 m, 3 H, (pyrene aromatic
protons), 8.16-8.07 (m, 4 H, pyrene aromatic protons), 7.95 (d, 1 H, J = 8 Hz, pyrene
aromatic proton), 6.05 (s, 2 H, methylene protons), 5.25 (d, J = 8 Hz, 1 H, a-carbon
proton), 3.61 (s, 3 H, methyl ester protons), 2.73-2.71 (m, 1 H, B-carbon proton), 1.33-
1.27 (m, 1 H, y-carbon proton), 1.22 (d, J = 8 Hz, 3 H, methyl protons), 0.98-0.92 (m, 1
H, y-carbon proton), 0.76 (t, 3 H, methyl protons) ppm. HRMS (ESI): calcd. for
CagH20N206 [M+H]"609.2026; found 609.1996. C3sH2sN,0s (608.19): calcd. C 74.99, H

4.64, N 4.60; found C 74.95, H 4.68, N 4.57.

2.3.6.5. Synthesis of 4

Synthesis of L-phenylalanine methyl ester hydrochloride: Anhydrous methanol (50 mL)
was placed in a 100 mL 2-necked roundbottom flask fitted with a reflux condenser and an

additional dropping funnel, cooled to ice temperature. Acetyl

chloride (3 mL) was added drop-wise through the dropping
o OCHs funnel. After 15 min, L-phenylalanine (3 g) was added, and the
reaction mixture was refluxed at 70 °C for 24 h ensuring complete conversion of the
carboxylic acid to the methyl ester. The reaction mixture was vacuum-dried with
successive co-evaporation with toluene to obtain the pure L-phenylalanine methyl ester
hydrochloride. *H NMR (400 MHz, D,O): & = 7.50-7.33 (m, 5 H, phenyl aromatic

protons), 4.49 (t, 1 H, a-carbon proton), 3.89 s, 3 H, (methyl ester protons), 3.41 (dd, J =

4, 8 Hz, 1 H, methylene proton), 3.30 (dd, J = 4, 8 Hz, 1 H, methylene proton) ppm.
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1,4,5,8-Naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol), L-
phenylalanine methyl ester hydrochloride (160 mg 0.74 mmol) and 1-pyrenemethylamine
hydrochloride (200 mg, 0.74 mmol)
N N together with DMF (20 mL) and N, N-

OGO o Q 0 O 0\ diisopropylethylamine (1 mL) were

Q heated at 110 °C for 36 h. Here also
three main products could be expected as described above. The resulting reaction mixture
containing a precipitate was filtered, and the filtrate was dried under vacuum and then
subjected to thorough washing with chloroform and methanol to obtain the expected
product 4. Yield 13 %. 'H NMR (400 MHz, [Ds] DMSO): & = 8.72-8.61 (m, 5 H, NDI
and pyrene aromatic protons), 8.36-8.30 (m, 3 H, pyrene aromatic protons), 8.16-8.08 (m,
4 H, pyrene aromatic protons), 7.98 (d, 1 H, J = 8 Hz, pyrene aromatic proton), 7.19-7.05
(m, 5 H, phenyl aromatic protons), 6.04 (br., 3 H, a-carbon and methylene protons), 3.69
(s, 3 H, methyl ester protons), 3.66-3.59 (m, 1 H, methylene proton), 3.44-3.37 (m, 1 H,
methylene proton) ppm. HRMS (ESI): calcd. for C43H,7N20s [M+H]" 643.1869; found
643.1836. C41H26N20¢ (642.18): calcd. C 76.63, H 4.08, N 4.36; found C 76.61, H 4.12,

N 4.33.

2.3.6.6. Synthesis of 5

Synthesis of D-phenylalanine methyl ester hydrochloride: Anhydrous methanol (50 mL)
was placed in a 100 mL 2-necked round-bottom flask fitted with a reflux condenser and

an additional dropping funnel, cooled to ice temperature. Acetyl chloride (3 mL) was
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added drop-wise through the dropping funnel. After 15 min, D-phenylalanine (3 g) was
added, and the reaction mixture was refluxed at 70 °C for 24 h ensuring complete

conversion of the carboxylic acid to the methyl ester. The reaction
cl o+ a’@

HyN—S mixture was vacuum dried with successive co-evaporation with
_>—OCH3 . .
o toluene to obtain the pure D-phenylalanine methyl ester

hydrochloride. *H NMR (400 MHz, D,O): § = 7.51-7.33 (m, 5 H, phenyl aromatic
protons), 4.48 (t, 1 H, a-carbon proton), 3.88 (s, 3 H, methyl ester protons), 3.41 (dd, J =

4, 8 Hz, 1 H, methylene proton), 3.31 (dd, J = 4, 8 Hz, 1 H, methylene proton) ppm.

1,4,5,8-Naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol), D-
phenylalanine methyl ester hydrochloride (160 mg 0.74 mmol) and 1-pyrenemethylamine
0 0 hydrochloride (200 mg, 0.74 mmol)

N N § together with DMF (20 mL) and N, N-

CGO o O o_c}_o\ diisopropylethylamine (1 mL) were
O heated at 110 °C for 36 h. Here also
three main products could be expected as described above. The resulting reaction mixture
containing a precipitate was filtered, and the filtrate was dried under vacuum and then
subjected to thorough washing with chloroform and methanol to obtain the expected
product 5. Yield 12 %. *H NMR (400 MHz, [Dg] DMSO): & = 8.74-8.60 (m, 5 H, NDI
and pyrene aromatic protons), 8.36-8.30 (m, 3 H, pyrene aromatic protons), 8.17-8.07 (m,
4 H, pyrene aromatic protons), 7.98 (d, J = 8 Hz, 1 H, pyrene aromatic proton), 7.19-7.06
(m, 5 H, phenyl aromatic protons), 6.03 (br., 3 H, a-carbon and methylene protons), 3.69
(s, 3 H, methyl ester protons), 3.66-3.58 (m, 1 H, methylene proton), 3.44-3.37 (m, 1 H,

methylene proton) ppm. HRMS (ESI): calcd. for C41H>7N>Og [M+H]" 643.1869; found

103



I Chapter 2: Molecular Engineering

643.1832. C41H26N206  (642.18): calcd. C 76.63; H 4.08, N 4.36; found C 76.64, H 4.10,

N 4.38.

2.3.7. Appendix

'H and **C NMR of NDI-Trp

e 'Hand **C NMR of NDI-TrpOMe
e 'Hand *C NMR of L-NDI

e 'Hand **C NMR of D-NDI

e 'HNMR and HRMS of 1

e 'HNMR and HRMS of 2

e 'H NMR and HRMS of 3

e 'HNMR and HRMS of 4

e 'HNMR and HRMS of 5

e Crystal data for L-NDI
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Crystal data for L-NDI: Formula C3sH2sN20gCl3, Mr = 700.72, Monoclinic, Space group
P,1 (no. 4), a = 8.0720(9) A, b = 25.548(3) A, ¢ = 8.2074(9) A, B = 112.362(2)°, V =
1565.3(3) A®, Z = 2, pearc =1.502 g cm, u (MoKo) = 0.352 mm™, T = 293 K, A ( MoKa)
= 0.71073 A, 6max = 28.0°, Total data = 17985, Unique data = 7297, (Rint = 0.046),
Observed data [I > 25(I)] = 6375, R = 0.0576, Rw = 0.1278, GOF = 1.10. CCDC 813796
contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam. ac.uk/data_request/cif.
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The extraordinary molecular recognition, self-replication, autocatalysis, self-healing,
photosynthesis, autoregulation, synthesis of proteins/biominerals/bioarchitectures, and so
forth are some of the hallmark processes occurring under ambient conditions in biological
systems.® Undoubtedly, these archetypal bioprocesses are crucial for the existence as
well as functioning of life.”*® An effort to understand these processes occurring at the
molecular and/or at its assembly-level via an act of imitation forms the basis of a newly
emerging discipline termed as molecular biomimicry.™*® Such an endeavor not only
sheds novel insights into the biochemical processes but also provides ambitious
opportunities for the intriguing prospects of systems chemistry, synthetic biology, as well

as an advanced means to aid biological ailments.’%°

Although, the current advancement in science and technology can empower us to
see atoms and molecules, there is an inherent dearth of design strategies to efficiently
manipulate their assemblies and to furnish biological functionalities.?”* In this regard,
we propose a bioinspired design strategy as an eclectic approach to mimic bioprocesses,
which in turn may give rise to biological functionalities.* In this chapter, we provide two
sets of functional molecular systems, which exhibit unprecedented molecular behaviors
having relevance to biological systems. In the first sub-chapter, we show the extremely
slow dynamic assembly of our functional molecule with an unusual relevance to the
secondary structure of proteins. In the second sub-chapter, we describe probably the most
complicated synthetic molecular assembly that has ever been reported, to the best of our
knowledge. In the latter case we present the examples of autoregulatory and emergent

behaviors in a man-made dynamic molecular assembly.
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3.1. Extremely Slow Dynamics of an Abiotic Helical Assembly - Unusual

Relevance to the Secondary Structure of Proteins

In this work, we describe the self-assembly of three PDIs namely 1, 2, and 3 obtained by
functionalizing with isoleucine, phenylalanine, and alanine methylesters, respectively.®
In particular, 1 exhibited an unusual molecular assembly behavior with an extremely
slow rate of helical organization over a day’s time. Further, temperature-dependent
studies showed that this slow dynamics of organization was under kinetic control, unlike
the ubiquitous thermodynamically controlled synthetic assemblies.®%® Surprisingly, the
molecular assembly was not reversible upon thermal treatment, which was supposedly
due to heat-induced conformational modifications in the isoleucine side chain of 1.
However, the so-formed random aggregates of thermally treated 1 could be made
reversible only upon addition of thermally untreated aggregates of 1, which act as seeds.
This intriguing molecular assembly behavior and the slow dynamics provided us a rare

opportunity to find an unusual correlation with the secondary structure of proteins.

It is interesting to note that the majority of the freshly biosynthesized proteins
must transform to their native three-dimensional conformation in order to be functional or

biologically active, by a process known as protein folding.>**° It was estimated that even
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a small protein of 100 amino acids would take an astronomical length of time to reach its
native conformation if the folding were to be a random process.® In contrast, protein
folding typically occurs in the time scale of microseconds to few milliseconds (most
often aided by chaperones, heat shock proteins, and/or folding catalysts), which is indeed
a testimony to Nature’s ingenious solutions to complex problems.*” Although Anfinsen’s
hypothesis suggested that all of the information for transition of a random coil to the
native structure is stored in the protein sequence, it is still not yet clear exactly how the
sequence encodes such complex characteristics.*®* Solving this mystery demands novel
approaches or advanced experimental/computational methodologies or a combination
thereof.”® It is in this context that we believe that simple bio-mimicking molecular
systems like 1 could bring about novel perspectives to understand the complex protein
folding problem via their intricate molecular mechanistic details. In addition, such studies
could be instrumental in understanding the protein conformational diseases, namely,
Alzheimer’s, Parkinson’s, Huntington’s, cancer, cataracts, and cystic fibrosis among

others caused due to protein misfolding.**

3.1.1. Spontaneous helical assembly

The molecular self-assemblies of 1, 2, and 3 were studied in 2,2,2-trifluoroethanol (TFE),
dimethylsulfoxide (DMSO), as well as their aqueous solutions (Figure 1,2). Absorption
studies of 1 in TFE showed typical vibronically structured spectra with maxima at 460,

490, and 526 nm (Figure 1a). The incremental addition of water resulted in hypochromic

effect due to enhanced hydrophobic-force-induced aggregation of 1 (Figure 1la).

127 |



I Chapter 3: Molecular Biomimicry

1.24
(a) ¥ — % | - go0f (D) ¥ — 0%
1.0 Z’
(O]
Y o8 £ 6001
C
S 06 S
— 07 c E
5 5 400
3 04 2
< S 2004
0.2 >
LL
0'0- T T T 0- L) L) L
400 450 500 550 600 650 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
i —0% ¥ — 0%
1.0 (C) \ —10% ..? 8004 (d)
2]
T
[}
< 6004
(&S]
c £
2 3
1<) C 400
w 3
= 0
< o
S 2004
=)
LL
N r T T T O T T T
400 450 500 550 600 650 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
— 0% — 0%
101 (€) . | z ooy (B4 °
‘0
3
o £ 6004
g 3
o]
—_ c E
5 S 400
n (&S]
2 3
< S 200+
3
LL
04 r r T 0+ r . :
400 450 500 550 600 650 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 1. (a), (c) and (e) Absorption, (b), (d) and (f) fluorescence (excitation at 480 nm)
spectra of 200 uM solution of 1, 2 and 3 respectively at 298 K. The values represent the
percentages of water in aqueous solution of TFE.

Fluorescence studies showed 20 nm Stokes-shifted mirror image emission bands, while

the aggregation in the aqueous solutions resulted in quenching of fluorescence (Figure

1b). Similar spectral features were also observed for 2 and 3 in aqueous solutions of TFE
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Figure 2. (a), (c) and (e) Absorption, (b), (d) and (f) fluorescence (excitation at 480 nm)

spectra of 200 uM solution of 1, 2 and 3 respectively at 298 K. The values represent the

percentages of water in aqueous solution of DMSO.

(Figure 1c-f). On the contrary, 1, 2, and 3 in aqueous DMSO exhibited a hypochromic

effect for <30% v/v of water in DMSO (Figure 2). With further increase in water content,
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a bathochromic shift was observed, and ultimately a shift of 23, 14, and 18 nm (with

respect to Amax = 530 nm) was found for 1, 2, and 3 in 60% v/v of water in DMSO.

To gain further insights into the nature of intermolecular interactions, CD

spectroscopy studies were performed. CD spectra of 1 in TFE showed no characteristic
exciton coupled cotton effect, which could be ascribed for a molecularly dissolved state
(Figure 3a, black trace). However, in agueous TFE bisignated CD features were observed

and a negative sign of the first cotton effect was ascribed to M-type helicity. In contrast, 2

did not show any cotton effect both in TFE and in aqueous TFE (Figure 3c). On the other

hand, absorption and fluorescence studies had revealed that 2 was aggregated in aqueous
TFE. Thus, the absence of CD features for a chiral molecule like 2, even in the
aggregated state could be ascribed either due to probable CD silencing or to phenyl-
substituent induced hindrance for excitonic coupling.*? Further, 3 also did not show any
cotton effect in aqueous TFE, which is most likely due to CD silencing as the methyl
substituent would be sterically less bulky (Figure 3e). Molecular aggregation behavior of
1 (Figure 3b), 2 (Figure 3d), and 3 (Figure 3f) in aqueous DMSO was also along similar

lines to that in aqueous TFE.

3.1.2. Extremely slow dynamics of an abiotic helical assembly

Serendipitously, we found that the aged sample of 1 showed a bisignated cotton effect in

DMSO alone (Figure 4a), in contrast to the CD-inactive characteristics observed earlier

(Figure 3b, black trace). Further investigations to understand the origin of such molecular
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assembly behavior led us to some remarkable conclusions. Time-dependent CD studies of
1 in DMSO alone revealed the gradual transition from a molecularly dissolved state of an
as-prepared sample to a supramolecular chiral assembly over a day’s time (Figure 4a).
Typically, chiral molecules undergo helical assembly either in a specific solvent or in a
mixture of solvents almost instantaneously, which is in total contrast to the extremely
slow dynamics of 1 observed in DMSO.** A plot of CD intensity as a function of time
shows a sigmoidal-like correlation indicative of isodesmic growth (Figure 4b). Further,

concentration-dependent studies of 1 in DMSO were performed to find the critical
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Figure 4. (a) Time dependent CD spectra of 200 uM solutions of 1 in DMSO. (b) Time
dependent CD spectra of 200 uM solutions of 1 in DMSO monitored at 457 nm. (c)
Concentration dependent CD spectra of 1 in DMSO for aged (30 h) sample. (d) Concentration
dependent CD spectra of 200 uM solutions of 1 in DMSO monitored at 457 nm.
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concentration of the helical assembly (Figure 4c). However, a sigmoidal-like correlation
was not obvious for the plot of CD intensity as a function of the molar concentration of 1

in DMSO (Figure 4d).

Thus, variable temperature CD studies were carried out for accurate determination
of the supramolecular growth mechanism and to obtain the thermodynamic parameters.
For this experiment, the CD intensity at 500 nm was recorded at 0.1 K intervals with a
ramp rate of 1 K min™ during heating or cooling cycles between 298 and 363 K. Upon
heating, as expected, 1 in DMSO was found to undergo supramolecular depolymerization
from its aggregated state to its molecularly dissolved state (Figure 5a,b). However, upon
cooling under the same conditions, 1 was totally CD-inactive from 363 to 298 K (Figure

5b). This difference in the trajectories of heating and cooling cycles known as hysteresis,

[.** We have termed

indicates that the self-assembly is not under thermodynamic contro
this transition of 1 from the aggregated state to the molecularly dissolved state as chiral
denaturation. Moreover, it was interesting to note that the trajectory obtained during the
heating cycle for these kinetically controlled aggregates was also sigmoidal in nature.
These temperature-dependent CD data were normalized to obtain the degree of
aggregation o which was then fitted to the isodesmic model, as prevalent in the literature
(Figure 5¢).****® For a 200 pM concentration of 1, the melting temperature Ty (defined as
the temperature for which a = 0.5) was found to be 316.6 K. The calculated values of the
molar enthalpy (AH), the number-averaged degree of polymerization (DPy), and the
association constant (K) at 303 K were -195 kJ mol™?, 4.36, and 7.32 x 10* M*,

respectively, and evidently are not the true thermodynamic values because the molecular

system is not under thermodynamic equilibrium.
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Although CD was inactive for 1 during the cooling cycle, we were hoping that the
supramolecular helical assembly could be regained over a period of time due to its slow
dynamics. This chiral denatured sample when monitored at regular time intervals over a

day’s time revealed only a broad spectra stretching from 400 to 800 nm (Figure 5d),
which was totally different from the non-denatured (having bisignated CD as in Figure

4a) sample of 1. Similar broad non-bisignated CD features were found even after 5 day’s
time. This chiral denatured sample when subjected to linear dichroism (LD) studies
showed considerable enhancement in the absorption in comparison to the non-denatured
sample, suggesting a probable LD-induced artifact (Figure 5e,f). This suggests that 1
loses its specific supramolecular chiral handedness upon heating and ultimately ends up
with random aggregation. Such heat-induced irreversible denaturation behavior for a

simple and small supramolecular helical system like 1 was especially intriguing.

Having understood the thermally irreversible helical assembly behavior of 1, we
explored further to know if it can be made reversible. If this chiral denatured sample was
assumed to be a molecular entity having no bias for specific handedness (which is why it

leads to random aggregation), then a fresh non-denatured sample should be able to induce
specific handedness by means of the seeding effect. When a fixed concentration of non-
denatured sample (Figure 6a, navy blue trace) was mixed with the chiral denatured

sample, it indeed induced specific handedness to the denatured sample, as can be inferred

from the CD spectra (Figure 6a). Herein, the assignment of the chirality amplification
process to the seeding effect, instead of the sergeants-and-soldiers or majority rules type

is mainly due to their definitions as such.*® Although one can ascribe our system to a

sergeants-and-soldiers amplification pathway over the majority-rules type due to the
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observed chiral denaturation (CD silencing upon heating), it is the absence of strong

acidic/basic conditions and/or the heat-induced racemization pathway (to the best of our

knowledge) that prompted us to ascribe it to the seeding effect.

Interestingly, incremental addition of water to a day’s old sample of 1 in DMSO

was found to exhibit CD features (Figure 6b) similar to that of a kinetically controlled
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Figure 6. (a) CD spectra of fixed concentration (1 mole) of non-denatured aggregates of 1
(navy blue trace) added with chiral denatured sample (navy blue: 0, purple: 1 and pink: 2
mole respectively). (b) CD spectra of 200 uM solutions of 1 in aqueous DMSO. The values
represent the percentages of water in aqueous DMSO. (c) Temperature dependent CD spectra
of 1 in 20 % aqueous DMSO monitored at 505 nm. The inset is the enlarged spectra for the
region shown in dotted blue box. (d) CD spectra of 1 in 20 % aqueous DMSO recorded at
specific temperatures. For (b), (c) and (d) the samples were prepared by employing a day’s

old solution of 1 in DMSO.
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assembly as in Figure 4a, which is different from CD spectra recorded for an as-prepared
sample with incremental addition of water (Figure 3b). Further, in order to check the
effect of heat on the assembly of an aged sample of 1 in DMSO upon addition of water, a

variable-temperature-dependent study of 1 in 20% aqueous DMSO was performed. Here
as well, upon heating the supramolecular aggregates of 1 depolymerized to reach a
molecularly dissolved state (Figure 6¢). However, upon cooling, the CD signal started to
emerge below 312 K (Figure 6¢). The CD spectra acquired for 1 in 20% aqueous DMSO

at 298, 363, and back again at 298 K after supramolecular depolymerization showed

distinct cotton effects (Figure 6d).

Interestingly, the latter spectra obtained at 298 K after depolymerization had
similar spectral features to that obtained for an as-prepared sample of 1 in 20% aqueous
DMSO (compare with Figure 3b, pink trace). The probable reason for such aggregation

behavior could be that once the kinetically controlled aggregates are formed over a day’s
time, the hydrophobic forces (rendered by water) have minimal effect and thus, the CD
features prevail even in the presence of water. Only when these kinetically controlled

aggregates depolymerize at high temperature do the hydrophobic effect predominate and

thereby CD features as seen in Figure 3b are regained below 312 K. Moreover, the
occurrence of CD spectral features for 1 in a 20% aqueous DMSO upon a heating-cooling
cycle further reiterates that the compound is not a racemic mixture (equivalent to an
achiral entity in terms of CD inactivity) and hence cannot be ascribed to the sergeants-
and-soldiers amplification pathway. Further, it should be noted that 2 in DMSO as well as

1 in TFE were CD-inactive even after 2 months of sample preparation, while 3 in DMSO
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exhibited weak CD signals in about 2 month’s time (Figure 7). Therefore, the observed
slow dynamics of 1 in DMSO could be attributed to their reduced solubility as well as to
the solvatophobic-force-induced helical assembly rendered by a relatively bulkier side

chain of isoleucine.

| — 3 (DMSO0) 1.4 — As-prepared
4 (a) — 2 (DMSO) (b) — After 1 week
— 1(TFE) 121

1.0
0.8 4
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Figure 7. (a) CD spectra of 1, 2 and 3 recorded after 2 months of their sample preparation. (b)
Time dependent absorption spectra of as-prepared 200 uM solution of 1 in DMSO and after

one week.

3.1.3. NMR and DLS studies

In order to address the conformational changes occurring in 1, we first carried out
temperature-dependent *H NMR studies. The compound 1 was found to be thermally
stable at temperatures as high as 363 K, which is in agreement with the literature (Figure
8).” At this high temperature, very minute variations in the chemical shift values were

observed due to the deshielding effect, which retraces back upon cooling to room

temperature. This study only helped us to prove that 1 is thermally stable, while the
chemical shift values were minimal to account for conformational changes. The nature of

conformational changes remains to be addressed and may need high-level theoretical
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Figure 8. Temperature dependent *H NMR of 200 uM DMSO-ds solution of 1 showing the

enlarged portion corresponding to perylenediimide core and side chain of isoleucine.
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Figure 9. Dynamic light scattering (DLS) spectra of 200 uM DMSO solution of 1 (a) 30 h

aged and (b) after one week following a heating-cooling cycle (chiral denatured).

studies and computational simulations. Further, we performed dynamic light scattering

(DLS) studies, which show that there are no aggregates in the as-prepared 200 uM
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DMSO solution of 1 (data not shown). However, aging as well as following the heating
cooling cycle showed the presence of aggregates (Figure 9). This can thus believed to
rule out the transition from one aggregate to another and thereby supports our correlation

with the secondary structure of proteins via an extremely slow kinetic pathway.

3.1.4. Discussion and conclusions

A schematic representation depicting the unusual correlation between the abiotic helical
assembly/reassembly of 1 and the secondary structure of the protein is shown in Figure
10. The supramolecular helical assembly of 1 is on an average 10 orders of magnitude
slower than the protein’s microsecond kinetics. Such slow dynamics are advantageous

from an experimental perspective to probe the folding pathway but may not be for routine

Abiotic Helical Assembly and Reassembly %
20find
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Reversible Assembly
Protein Folding and Refolding
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Reversible Folding

Figure 10. A schematic representation to depict the relevance of the abiotic helical assembly

and reassembly of 1 with the (secondary structure) protein folding and refolding. Not to scale.
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computational simulations. Unlike proteins, the aggregation of 1 was mainly driven by
solvatophobic forces and stabilized by aromatic interactions of the perylenediimide core
without any contributions from hydrogen bonding. The heat-induced irreversible chiral
denaturation and the formation of random aggregates of 1 in DMSO are especially
intriguing, which can be attributed to conformational changes in the side chain of the
isoleucine methylester functionality. The unusual molecular assembly/reassembly
behavior of 1 could thus be visualized as an extremely simplified model representing the
complex protein folding problem, which has both merits and demerits of its own.
Moreover, it should be noted that molecular-level experimental understanding of protein
folding is not known except for the mutation-based studies in protein engineering. We
hope that this work will stimulate researchers to develop improved designer molecules
for obtaining clearer and finer details of protein folding as well as a means for de novo

functional peptides and proteins having hitherto unknown properties and functions.

3.1.5. Experimental section
3.1.5.1. Materials and methods

Perylene-3,4,9,10-tetracarboxylic dianhydride was obtained from Sigma-Aldrich. L-
isoleucine, L-phenylalanine, L-alanine, acetyl chloride, imidazole and triethylamine were
obtained from Spectrochem Pvt. Ltd. Mumbai (India). All other reagents and solvents
were of reagent grade and used without further purification. *H and *C NMR were
recorded on a Bruker AV-400 spectrometer with chemical shifts reported as ppm (in

CDCl; with tetramethylsilane as internal standard). Mass spectra were obtained from
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Shimadzu 2020 LC-MS. Elemental analysis was carried out on ThermoScientific FLASH

2000 Organic Element Analyzer.

Absorption spectroscopy: UV-vis spectra were recorded on a Perkin Elmer Model
Lambda 900 spectrophotometer. 200 uM of the sample prepared from 1 mM stock

solution was analyzed in quartz cuvette of 1 mm path length.

Fluorescence spectroscopy: Fluorescence spectra were recorded on a Perkin Elmer
Model LS 55 spectrophotometer. 200 uM of the sample prepared from 1 mM stock
solution was analyzed in quartz cuvette of 1 mm path length with an excitation at 480

nm.

Circular dichroism (CD) spectroscopy: CD measurements were carried out on a Jasco J-
815 spectrometer under nitrogen atmosphere. The sensitivity, time constant and scan rate
were chosen appropriately. Temperature dependent measurements were performed
employing Peltier-type temperature controller (CDF-4265/15) in the range of 298 K to
363 K with a ramp rate of 1 K min™. Required concentration of the sample was prepared
from 1 mM stock solution and analyzed in quartz cuvette of 1 mm path length. The time
dependent studies were performed with respect to the time of preparation of 1 mM stock

solution of 1.

Dynamic light scattering analysis: The self-assembled aggregate size measurements were
carried out using ZetaPALS, Zeta Potential Analyzer (Brookhaven Instruments

Corporation, USA) by employing 200 uM DMSO solution of 1.

Polarimeter: The specific optical rotation of chiral perylenediimides was obtained by

using Digital Polarimeter P-2000 (Jasco Corporation, Japan).
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3.1.5.2. Synthesis of L-isoleucine methylester appended perylenediimide (1)

Synthesis of L-isoleucine methylester hydrochloride: Anhydrous methanol (50 mL) was
taken in a 100 mL 2-necked round bottom flask fitted with a

HN reflux condenser and an additional dropping funnel and cooled to

o) OcHs ice temperature. Acetyl chloride (3 mL) was added drop-wise

through the dropping funnel. After 15 min, L-isoleucine (3 g) was added and the reaction
mixture was refluxed at 70 °C for overnight. The reaction mixture was vacuo dried to

obtain L-isoleucine methylester hydrochloride in quantitative yield and used for further

reaction without purification.

Perylene-3,4,9,10-tetracarboxylic dianhydride (500 mg, 1.28 mmol), L-isoleucine
methylester hydrochloride (463 mg 2.55 mmol) and imidazole (10 g) taken in a 100 mL
e o round bottom flask was heated at

ool 34 .
N . N 110 °C for 2 h. To the reaction

- groen

o o0 mixture ~ 200 mL ethanol and ~ 300
mL of 1 N HCI was added. The reaction contents were shaken vigorously and were
allowed to precipitate overnight. The precipitate was washed with distilled water till a
neutral pH was obtained for the aqueous filtrate. The product was further purified by
column chromatography (0.5 % methanol in chloroform). Yield 65%. ‘H NMR (400
MHz, CDCl5): & 8.71 (dd, 8H, J = 8Hz, 4Hz), 5.47 (d, 2H, J = 8Hz), 3.72 (s, 6H), 2.68
(m, 2H), 1.30 (m, 6H), 1.04 (m, 4H), 0.82 (m, 6H). *C NMR (100 MHz, CDCls): &
170.3, 163.4, 135.1, 132.2, 129.8, 126.7, 123.5, 123.1, 58.4, 52.4, 33.9, 33.8, 28.4, 25.4,

18.1, 15.1, 11.5, 11.2. MS (El): Found m/z = 646.31 [M]" for CssH3sN,Og (calcd.
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646.23). Elemental analysis: Found C, 70.55; H, 5.34; N, 4.36; calcd: C, 70.58; H, 5.30;

N, 4.33 for C38H34N,0s.

3.1.5.3. Synthesis of L-phenylalanine methylester appended perylenediimide (2)

Synthesis of L-phenylalanine methylester hydrochloride: Anhydrous methanol (50 mL)
was taken in a 100 mL 2-necked round bottom flask fitted with a reflux condenser and an

additional dropping funnel and cooled to ice temperature. Acetyl

cl HSJ chloride (3 mL) was added drop-wise through the dropping

OCH;
o funnel. After 15 min., L-phenylalanine (3 g) was added and the
reaction mixture was refluxed at 70 °C for overnight. The reaction mixture was vacuo

dried to obtain L-phenylalanine methylester hydrochloride in quantitative yield and used

for further reaction without purification.

Perylene-3,4,9,10-tetracarboxylic  dianhydride (200 mg, 0.51 mmol), L-
phenylalanine methylester hydrochloride (220 mg 1.02 mmol) and imidazole (5 g) taken
o0 o in a 100 mL round bottom flask
oo S

N . N was heated at 110 °C for 2 h. To

0 oo
o o0 the reaction mixture ~ 200 mL
ethanol and ~ 300 mL of 1 N HCI was added. The reaction contents were shaken
vigorously and allowed to precipitate overnight. The precipitate was washed with
distilled water till a neutral pH was obtained for the aqueous filtrate. The product was
further purified by column chromatography (0.5 % methanol in chloroform). Yield 69%.

'H NMR (400 MHz, CDCl5): 3 8.56 (d, 4H, J = 8Hz), 8.48 (d, 4H, J = 8Hz), 7.23 (d, 4H,
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J = 8Hz), 7.15 (t, 4H), 7.07 (t, 2H), 6.07 (t, 2H), 3.80 (s, 6H), 3.76 (dd, 2H, J = 8Hz,
4Hz), 3.55 (dd, 2H, J = 8Hz, 12Hz). *C NMR (100 MHz, CDCls): § 170.2, 162.9, 137.5,
134.7, 131.8, 129.4, 128.5, 126.8, 126.4, 123.2, 122.9, 54.6, 52.8, 35.1. MS (El): Found
m/z = 714.31 [M]" for C44H3oN,Os (calcd 714.20). Elemental analysis: Found C, 73.90;

H, 4.28; N, 3.88; Calcd: C, 73.94; H, 4.23; N, 3.92 for C44H30N20Os.

3.1.5.4. Synthesis of L-alanine methylester appended perylenediimide (3)

Synthesis of L-alanine methylester hydrochloride: Anhydrous methanol (50 mL) was
taken in a 100 mL 2-necked round bottom flask fitted with a reflux condenser and an

additional dropping funnel and cooled to ice temperature. Acetyl

Cl +
H3N‘$70CH chloride (3 mL) was added drop wise through the dropping funnel.
3

© After 15 min., L-alanine (3 g) was added and the reaction mixture
was refluxed at 70 °C for overnight. The reaction mixture was vacuo dried to obtain L-

alanine methylester hydrochloride in quantitative yield and used for further reaction

without purification.

Perylene-3,4,9,10-tetracarboxylic dianhydride (500 mg, 1.27 mmol), L-alanine
methylester hydrochloride (354 mg 2.55 mmol) and imidazole (10 g) taken in a 100 mL
00 o round bottom flask was heated at
oo I

N . N 110 °C for 2 h. To the reaction

O roen
o 00 mixture ~ 200 mL ethanol and ~ 300
mL of 1 N HCI was added. The reaction contents were shaken vigorously and allowed to

precipitate overnight. The precipitate was washed with distilled water till a neutral pH
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was obtained for the aqueous filtrate. The product was further purified by column
chromatography (0.5 % methanol in chloroform). Yield 52%. 'H NMR (400 MHz,
CDCl,): & 8.68 (dd, 8H, J = 4Hz, 8Hz), 5.79 (q, 2H), 3.77 (s, 6H), 1.75 (d, 6H, J = 8Hz).
3¢ NMR (100 MHz, CDCls): & 170.9, 162.9, 135.1, 132.0, 129.9, 126.8, 123.5, 123.4,
52.7, 49.5, 29.9. MS (El): Found m/z = 562.19 [M]" for CsH2,N,Og (calcd. 562.14).
Elemental analysis: Found C, 68.27; H, 3.99; N, 4.95; Calcd. C, 68.32; H, 3.94; N, 4.98

for C32H22N208.
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3.2. Emergence and Autoregulation in Dynamic Molecular Assemblies

Autoregulation is the process by which a system actuates and modulates its responses
automatically for an external stimulus.”®>* Such mechanisms are extremely critical for
the smooth functioning of almost all biochemical processes. On the other hand,
emergence is the process by which complex systems and patterns arise out of multitude
of relatively simple interactions.®>>®* These emergent behaviors/properties are often
unpredictable, unprecedented and represent the advanced stages of the system’s
evolution.>**® Even the origin and evolution of life from inanimate matter is a resultant of

emergence.*®>’

Besides, it’s literal meaning ‘to arise’, in general terms emergence is
defined as ‘the whole being greater than the sum of its parts’. Although, the unusual
characteristic features of superconductors, topological insulators etc., are all attributed to
emergence, they are no such reports in abiotic molecular assemblies, to the best of our
knowledge.*®® Intriguingly, given the context of evolution of life, it is imperative that
such systems are developed and/or studied both for our fundamental understanding and
de novo designs of synthetic biological systems. In this regard, we present the

experimental evidences of emergent and autoregulatory behavior in an abiotic molecular

assembly.

In order to realize an emergent behavior, firstly it is necessary to envision a
delicate interplay of multiple interactions. In general, as more and more complex sets of
interactions involve, the complexity of the system also increases.®>®® On the other hand,
it need not be true for a complex multitude of interactions to result in novel properties, as
the system could either implode or succumb due to relatively weaker effects in a complex

environment. Thus, finding an optimal balance of such interactions is one of the most
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daunting tasks to embark on. In our earlier work, we had proposed that bioinspired design
strategies could in principle be the best way to efficiently engineer the molecular
assemblies and could also provide better opportunities to understand our natural
world.3#25%%7 Our design strategy primarily involves amino acids due to their
extraordinary molecular recognition, stereoselectivity and sequence-specific self-
assembling properties. Moreover, the rigorous natural selection of several billion years
has effectively tailored the chemical functionalities of aminoacids, so as to inculcate
multiple interactions like hydrogen bonding, hydrophilic interactions, hydrophobic
interactions, and aromatic interactions amongst others. Most importantly, all the
functionalities are designed to interact rather synergistically by means of their compact
size and positions. Thus, we believe that by derivatizing amino acids with abiotic
functional molecules, a wide variety of functional systems are possible with unique

properties and applications.®

Herein we have thoughtfully employed NDI and pyrene as the functional
molecules due to their molecular structural symmetry (D,,) and complementary =-
character.®® NDI is n-acidic with an estimated quadrupole moment (Qzz) of +18.6 B
(Buckinghams) and pyrene is n-basic with a Qzz of -13.8 B.®® Interestingly, theoretical
calculations carried out in our earlier work, have showed that the interaction energies for
n-n stacking of NDI-NDI, pyrene-pyrene and NDI-pyrene are -27.17, -16.45 and -23.35
kcal mol™ respectively, and by appropriate molecular designs the self-sorting or
alternating stack could be realized.®® In a separate study, we have also shown that the
kinetically controlled self-assemblies could be achieved via designer molecules under

suitable conditions.* Inspired by these earlier successes, we have designed a much more
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complicated system of amino acid interlinked triads, comprising NDI and pyrene. The
designed molecular systems include six triads of pyrene-NDI-pyrene consisting of
alanine, phenylalanine and isoleucine as the interlinking amino acids, so as to modulate
their assemblies via different stereochemical information. LL, DD, LD and RAC are
alanine appended triads, whereas C1 and C2 are phenylalanine and isoleucine derivatives
respectively. LL, DD and LD represent the stereochemistry of the alanine linker, while
the RAC molecule was synthesized from a racemic mixture of alanine precursor. C1 and

C2 serve as controls for the study to emphasize the importance of the molecular design.
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3.2.1. Dynamic helical assembly

UV-vis absorption spectra of LL in N-methyl-2-pyrrolidone (NMP) exhibited absorption

bands in the region of 270-400 nm due to characteristic n-n* transitions of pyrene and
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Figure 11. (a) Absorption spectra of 200 uM solution of LL in (0 to 46%) aqueous NMP. (b)
Time-dependent CD spectra of 200 uM solution of LL in (0 to 46%) aqueous NMP
monitored at 350 nm. (c) and (d) The CD spectra of 200 uM solution of LL showing the
transitions from State | to State Il and from State Il to State 111 respectively. The values
represent the various percentages of water in aqueous NMP. For (), (¢) and (d) the spectrum
was recorded either on reaching saturation of CD amplitude or after 40 min.
NDI (Figure 11a). With successive increase of water content in the 200 uM NMP
solution of LL, a decrease in absorption intensity as well as broadening of the bands was
observed due to m-m stacking of LL under the enhanced hydrophobic forces of water.
Further CD studies rendered remarkable insights into the nature of their assembly. The
triad LL showed time-dependent dynamic self-assembly behavior in aqueous NMP, once

the onset of aggregation was induced by hydrophobic forces (Figure 11b). The CD

signals arising due to excitonic coupling of transition dipole moments of NDI and pyrene
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Figure 12. (a) Time-dependent CD spectra of 200 uM solution of DD in (0 to 46%) aqueous
NMP monitored at 360 nm. (b) and (c) The CD spectra of 200 uM solution of DD showing
the transitions from State | to State Il and from State Il to State Il respectively. The
spectrum was recorded either on reaching saturation of CD amplitude or after 40 min. (d)
Time-dependent CD spectra of 200 uM solution of DD showing the transitions to various

aggregation states. The values represent the various percentages of water in aqgueous NMP.

were found to have distinct spectral features as a function of solvent composition.

Notably, three main aggregation states could be described namely State I, State Il and

State 11 (Figure 11c,d). Up to 34% of aqueous content in NMP, LL retains State I. With

successive increase of water content transition of State | to State 11 (40% aqueous NMP)

and in turn to State 111 (46% aqueous NMP) was observed. On the other hand, DD

enantiomer exhibited similar characteristics as that of LL with some slight interesting

variations (Figure 12a). Herein, the transition from State I to State 11 occurs from 30%
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Figure 13. (a), (b), (c) and (d) The CD spectra of 200 uM solution of LL and DD in Sol30
(30% agueous NMP), Sol36 (36% aqueous NMP), Sol40 (40% aqueous NMP) and Sol46

(46% aqueous NMP) respectively.

aqueous content of NMP itself, instead of 34% as seen in case of LL (Figure 12b). The
transition from State | to State 11 completes in ~ 36% of aqueous NMP and above which
a transition occurs to State IlIl (Figure 12c). Intriguingly, we have observed an
unprecedented sequential transition involving all three distinct aggregation states of DD
in 36% aqueous NMP (Figure 12d). Such aggregation pathway complexities involving
transitions from State | to State 111 and in turn to State 11 occurring over several minutes

time scale is indeed one of the most striking aspects of this molecular system.
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Figure 14. (a), (b) and (c) The CD spectra of 200 uM solution of LL and DD exhibiting State
I, State Il and State 111 respectively. (d) The plot of onset of aggregation of LL and DD as a

function of solvent composition. T; is the time at which the aggregation initiates.

The above described molecular self-assembly behavior indicates four important
solvent compositions namely 30%, 36%, 40% and 46% of aqueous NMP (denoted as
Sol30, Sol36, Sol40 and Sol46 respectively), wherein which different combinations of
LL and DD aggregation states exist. In Sol30 (Figure 13a), both LL and DD exist in
State I, while in Sol36 (Figure 13b); LL retains State I, whereas DD attains State I1. In
Sol40 (Figure 13c), LL possesses State Il and DD reaches State 111. However in Sol46
(Figure 13d), both LL and DD show the existence of State Ill. In Figure 14a, 14b and

14c, we show the three different states of LL and DD namely State I, State Il and State
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I11 respectively. Further in Figure 14d, we have shown a plot of solvent composition
against the time at which aggregation initiates (represented as T;), to provide a better
perspective of the relative differences in the onset of aggregation of LL and DD. On the
other hand, as expected RAC, the triad synthesized from racemic triad did not show any
CD signals, suggesting the absence of any enantiomeric excess to induce biased helical
assembly (Figure 15a). In addition, LD also did not show any CD signals in NMP due to
opposing biasing effect of the L and D isomers (Figure 15b). However, under enhanced

hydrophobic forces even LD shows bisignated CD signals due to probable chiral

symmetry breaking.®®
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Figure 15. (a) and (b) The CD spectra of 200 uM solution of RAC and LD in agueous NMP
respectively. The values represent the various percentages of water in aqueous NMP.

3.2.2. Majority-rule experiment

We envisioned that it would be interesting to subject LL and DD enantiomers for a
majority-rule experiment, as they exist in similar as well as dissimilar aggregation states

in different solvent compositions. In a majority-rule experiment, when two enantiomers
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Figure 16. (a) and (c) The CD spectra of 200 uM solutions of LL and DD mixed under a
majority-rule experiment in Sol30 (30% aqueous NMP) and Sol36 (36% aqueous NMP),
respectively. The spectra were recorded after 40 min. The values represent the various
stoichiometric ratios of LL and DD. (b) and (d) Plot of CD amplitude monitored at specific

wavelengths for various enantiomeric excesses corresponding to (a) and (c), respectively.

of different stoichiometric ratios are mixed in a single column, infidelitic behavior could
be observed giving rise to CD signal amplification. In Sol30, both LL and DD are in
State I, and the majority-rule experiment did not show any appreciable CD signal
amplification (Figure 16a). The plot of CD intensity against the enantiomeric excess
shows a linear relation, which is an indication of fidelitic behavior of LL and DD (Figure

16b).*® Further similar CD characteristics were observed in Sol36 as well with minimal
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Figure 17. (a) Time-dependent CD spectra of 200 uM solutions of LL and DD mixed under a
majority-rule experiment in Sol40 (40% aqueous NMP). (b) The corresponding CD spectra of
(a) recorded either on saturation or after 40 min. The values represent the various
stoichiometric ratios of LL and DD. (c) and (d) Plot of CD amplitude monitored at specific

wavelengths for various enantiomeric excesses corresponding to (b). The black and purple

dashed lines represent the two extreme cases of typical non-fidelitic and fidelitic behavior

under majority-rule condition, respectively.

signal amplification (Figure 16c¢,d). However, in Sol40 an unprecedented dynamic
assembly behavior under the majority-rule condition was observed. Herein as well, the
mixture of LL and DD showed time-dependent dynamic assembly behavior (Figure 17a).
The CD studies revealed rather unusual spectral features for the mixture of LL and DD in
various stoichiometric ratios (Figure 17b). In order to get greater insights into the spectral

data, the intensity of CD signal at 277 nm was plotted against the enantiomeric excess
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and the data points were clearly non-linear (Figure 17c). Typically for a fidelitic
assembly behavior of enantiomers, a linear plot would result (as shown in Figure 16b),
and is represented with a black dashed line as a reference in Figure 17c. If there were to
be CD signal amplification due to majority-rule then, even the best possible data would
have data points along the purple dashed line shown in Figure 17¢.** Such non-linear plot
arises due to mixed stacking of minor and major enantiomers in a single column, giving
rise to strong and weak CD signals at low and high enantiomeric excess values,
respectively.  Besides experimental observation in molecular and macromolecular
systems, theoretical validation of such non-linearity has also been reported in the
literature.”® Surprisingly, our data points are way beyond the conventional non-linearity
and moreover, the nature of the resulting spectra is also quite distinct from others. We
have attributed this novel characteristic behavior observed in the dynamic molecular self-

assembly to emergence, for the reasons discussed vide infra.

It is important to note that the CD amplitude (A) depends upon several factors
namely square of extinction coefficient (¢) of chromophore, inverse square of inter-
chromophore distance (R) and the angle between the transition dipole moments of the
chromophores (maximum at ~70°).”* Ideally, for a given molecule under specific solvent
composition, A should be constant as &, R and the twist angles are essentially same.
Additionally, in case of molecules having non-identical chromophores, meaning two
different chromophores such as NDI and pyrene, there could be a possibility of hetero-
chromophore excitonic coupling due to their high € and close proximity in terms of
spatial positions as well as their absorption maxima.”* Even in the latter scenario, if such

hetero-chromophore coupling were to occur then, it should have been present for all the
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enantiomeric excesses employed in the majority-rule. Unexpectedly, anomalous spectral
features were obtained at several stoichiometric ratios and which is what is termed as
emergence. In order to account for this anomalous behavior, several speculations could
be made such as the dynamicity and/or the hetero-chromophore excitonic coupling and/or
the presence of two distinct aggregation states of LL (State Il) and DD (State I11).
Interestingly, a careful inspection revealed that the plot of CD intensity at 480 nm for
various enantiomeric excesses (Figure 17d) was found to be complementary to that at 277
nm (Figure 17c). This new band in the range of 400 - 600 nm could be attributed to the
well-known charge transfer complexation of NDI and pyrene and in turn was thought to
play the crucial role in our system for the resulting emergence. Similarly, various
stoichiometric ratios of LL and DD in Sol46 exhibit distinct CD signals (Figure 18a).
Here as well, the plot of CD intensity against the enantiomeric excesses showed the non-

linearity beyond the conventional type (Figure 18b). This suggests that different
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Figure 18. (a) The CD spectra of 200 puM solutions of LL and DD mixed under a majority-
rule experiment in Sol46 (46% aqueous NMP). The spectrum was recorded as soon as
prepared. The values represent the various stoichiometric ratios of LL and DD. (b) Plot of CD
amplitude monitored at specific wavelengths for various enantiomeric excesses corresponding

to (a).
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aggregation states of LL and DD are not necessary to achieve the non-linearity of non-

conventional type, as both LL and DD exist in State 111 for Sol46.

3.2.3. Seeding experiment

Next we subjected our triads for seeding experiment, wherein which seeds (biased helical
aggregates) of enantiomers like LL and DD were added with RAC and LD with an

anticipation of probable stereoselective amplification behavior. Firstly, for a fixed
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Figure 19. (a) and (c) Time-dependent CD spectra of 200 uM solutions of LL and DD upon
mixing with RAC under a seeding experiment in Sol40 (40% aqueous NMP). (b) and (d) The
corresponding CD spectra of (a) and (c) respectively recorded either on saturation or after 40

min. The values reoresent the various stoichiometric ratios of LL/DD and RAC.
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Figure 20. (a) and (c) Time-dependent CD spectra of 200 uM solutions of LL and DD upon
mixing with LD under a seeding experiment in Sol40 (40% aqueous NMP). (b) and (d) The
corresponding CD spectra of (a) and (c) respectively recorded either on saturation or after 40

min. The values represent the various stoichiometric ratios of LL/DD and LD.

amount of LL in Sol40, the addition of various stoichiometric ratios of RAC showed
dynamic helical assembly behavior (Figure 19a). The CD study showed the transition
from State | to State Il upon addition of RAC to LL (Figure 19b). Similar behavior was
observed for the seeding experiment done with DD and RAC in Sol40 (Figure 19c,d).
Interestingly, in the latter case a transition from State 111 to State 11 was observed upon
addition of RAC to DD. Further, we were curious to know the fate of the resulting
aggregates if a heterochiral LD could be employed instead of RAC, in the seeding

experiment. Evidently, here as well dynamic assembly behavior and the characteristic
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Figure 21. (a) and (c) Time-dependent CD spectra of 200 uM solutions of LL and DD upon
mixing with RAC under a seeding experiment in Sol46 (46% aqueous NMP). (b) and (d) The

corresponding CD spectra of (a) and (c) respectively recorded either on saturation or after 40

min. The values represent the various stoichiometric ratios of LL/DD and RAC.

transition from State | to State Il in case of LL, while a transition from State 111 to State

Il for DD was observed (Figure 20a-d). In order to probe the effect of solvent

composition if any on the transition of aggregation states in seeding experiment, we

performed additional studies in Sol46 as well. Intriguingly, successive addition of RAC

to LL or DD in Sol46, revealed the dynamic nature by facilitating the transition from

State 11l to State Il (Figure 21a-d). From the above experiments, it is evident that

irrespective of solvent compositions (Sol40/Sol46) and the stereochemistry (RAC/LD) of

the added moieties a transition from either State | or State 11 to State Il was obtained.
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This characteristic property of our molecular system to mitigate the formation of State 11

from various constraints is in line with the autoregulatory behavior.

3.2.4. Concentration and temperature-dependent CD studies

In order to explain these complicated behaviors of our molecules, few additional studies
were undertaken and some of the preliminary studies are provided here, while a detailed

account would be available in due course of time. Concentration dependent studies
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Figure 22. (a) and (c) Time-dependent CD spectra of LL and DD for various concentrations
in Sol40 (40% aqueous NMP). (b) and (d) The corresponding CD spectra of (a) and (c)
respectively recorded either on saturation or after 40 min. The values represent the various

concentrations of LL /DD.
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revealed that with increasing concentration of LL from 100 pM to 200 pM, transition
from State | to State 11 could be achieved in Sol40 (Figure 22a,b). The same could thus
be attributed for the transition of State | to State Il observed in case of LL during
seeding experiment with RAC/LD in Sol40 (Figure 19b,20b). On the other hand, DD
showed the existence of State 111 from 50 uM to 200 uM concentrations in Sol40 (Figure
22c,d). As a result of which, the transition from State 11l to State Il for the seeding
experiment of DD with RAC/LD in Sol40 could not be accounted (Figure 19d,20d). The
probable reasons for such behavior were made possible by temperature dependent CD
studies. The gist of the latter study is that all the three aggregation states of LL and DD
namely State I, State Il and State 111 are kinetically controlled aggregates. State I is a
kinetically trapped state, as the aggregates do not melt even at 90 °C, while State 11 and
State 111 exhibit chiral denaturation behavior similar to that observed in the previous sub-
chapter (Figure 5b).>**® As the transition occurs from State I11 to State 11 during seeding
experiments as well as in the time dependent aggregation of DD in Sol36, we have
termed State 111 and State 11 as kinetically controlled aggregate and pseudo-
thermodynamically controlled aggregate, respectively. In addition, C1 and C2 do not
show any anomalous behavior mainly due to their bulky side chains, which could

effectively hinder the interactions amongst NDI and pyrene functionalities.

3.2.5. Conclusions

In conclusion, a bioinspired design strategy was employed to develop abiotic functional

molecular systems with novel properties. With the aid of thoughtfully designed molecular
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triads, the most complicated molecular self-assembly was successfully illustrated. By
facilitating suitable conditions, dynamic molecular assemblies were developed and the
relative differences in the aggregation tendencies of two enantiomers were exploited to
obtain the unprecedented emergent behavior for the first time in molecular systems.
Further, an autoregulatory behavior leading to formation of a particular aggregate from
different aggregate states as well as precursors was observed. Such design approaches
and the resulting unusual properties could be instrumental in shedding interesting insights
in to the biochemical processes and its exploits thereafter for various technological

implications are envisioned.

3.2.6. Experimental section
3.2.6.1. Materials and methods

Materials: 1,4,5,8-Naphthalenetetracarboxylic acid dianhydride, 1-pyrenemethylamine
hydrochloride and N,N-diisopropylethylamine were obtained from Sigma-Aldrich, 1-
hydroxybenzotriazole, L-alanine, D-alanine, Rac-alanine, L-phenylalanine and L-
isoleucine from Spectrochem Pvt. Ltd. (Mumbai, India). All other reagents and solvents

were of reagent grade and used without further purification.

NMR Spectroscopy, Mass Spectrometry (MS), and Elemental Analysis: *H and *C NMR
spectra were recorded on a Bruker AV-400 spectrometer with chemical shifts reported as
ppm (in DMSO-ds with tetramethylsilane as internal standard). Mass spectra were
obtained from Shimadzu 2020 LC-MS. Elemental analysis was carried out on

ThermoScientific FLASH 2000 Organic Element Analyzer.
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Absorption Spectroscopy: UV-vis spectra were recorded on a Perkin Elmer Model
Lambda 900 spectrophotometer. 200 uM solutions of the samples were analyzed in

quartz cuvette of 1 mm path length.

Circular Dichroism (CD): CD measurements were carried out on a Jasco J-815
spectropolarimeter under nitrogen atmosphere. Solutions of the samples of appropriate
concentrations were analyzed in quartz cuvette of 1 mm path length. For time-dependent
studies, water was added to the solution of the compound in NMP (so as to obtain a
required concentration and solvent composition) and was mixed manually. The entire
process of addition of water, mixing and placing the cuvette in the sample holder of the
instrument typically lasts for about 60 sec. All the measurements were done at 25 °C

unless otherwise mentioned.

3.2.6.2. Synthesis of LL

Synthesis of L-alanine appended NDI (L-Ala-NDI-L-Ala): 1,4,5,8-
naphthalenetetracarboxylic acid dianhydride (100 mg, 0.37 mmol) and L-alanine (66.46

mg, 0.74 mmol) were taken in 20 mL of N,N-

00 (o]
o 30
ﬁ_N N dimethylformamide and the mixture was sonicated
D g
(o) 0 O

reflux for 13 h at 110 °C and then solvent was concentrated to 5 mL under reduced

for 5 min. The resulting suspension was heated to

pressure. The residue was purified by precipitation and washed in diethyl ether to afford

yellow solid in quantitative yield.
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Compound L-Ala-NDI-L-Ala (100 mg, 0.24 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (102.8 mg, 0.54 mmol), hydroxybenzotriazole (72.96

C mg, 0.54 mmol) were

dissolved in  N,N-

@ 2 dimethylformamide (10

H N N H o
O N mL) and stirred in ice

ACA LAY

Q bath for about 15 min
Q under inert atmosphere.
1-Pyrenemethylamine hydrochloride (131 mg, 0.5 mmol) and diisopropylethyl amine (0.3
mL) were added to the reaction mixture. The resulting solution was stirred at room
temperature for 24 h and the red colored precipitate was filtered and washed with excess
methanol to afford the red solid, LL in 63% yield. 'H NMR (400 MHz, DMSO-ds, J in
ppm): 8.63(m, 6H), 8.12(m, 18H), 5.59(q, 2H), 4.99(t, 4H), 1.63(d, 6H). **C NMR (100
MHz. DMSO-ds, ¢ in ppm): 168.9, 162.4, 132.6, 130.7, 130.2, 129.9, 127.9, 127.4, 127.3,
126.9, 126.6, 126.5, 126.2, 125.1, 125.1, 124.5, 123.8, 123.8, 123.1, 49.9, 41.0, 14.3. MS
(E): m/z = 836.31 [M]" for Cs4H3sN4Os (calc. 836.26). Elemental analysis: Found: C,

77.47; H, 4.40; N, 6.62; Calcd: C, 77.50; H, 4.34; N, 6.69 for Cs4H3sN40s.

3.2.6.3. Synthesis of DD

Synthesis  of  D-alanine  appended NDI  (D-Ala-NDI-D-Ala):  1,4,5,8-
naphthalenetetracarboxylic acid dianhydride (100 mg, 0.37 mmol) and D-alanine (66.46

mg, 0.74 mmol) were taken in 20 mL of N,N-dimethylformamide and the mixture was
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e o sonicated for 5 min. The resulting suspension was
ol -0
N N
O~ e
o 0 O

pressure. The residue was purified by precipitation and washed in diethyl ether to afford

f” ’;

heated to reflux for 13 h at 110 °C and then

solvent was concentrated to 5 mL under reduced

yellow solid in quantitative yield.

Compound D-Ala-NDI-D-Ala (100 mg, 0.24 mmol), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (102.8 mg, 0.54 mmol), hydroxybenzotriazole (72.96

C mg, 0.54 mmol) were

O dissolved in  N,N-
00 o]
@ N_((_ @ s dimethylformamide (10
H N \

N H
Q _>7—N mL) and stirred in ice
AT

Q bath for about 15 min
Q under inert atmosphere.

1-Pyrenemethylamine hydrochloride (131 mg, 0.5 mmol) and diisopropylethyl amine (0.3

/;,0

mL) were added to the reaction mixture. The resulting solution was stirred at room
temperature for 24 h and the red colored precipitate was filtered and washed with excess
methanol to afford the red solid, DD in 64% yield. *H NMR (400 MHz, DMSO-ds, § in
ppm): 8.62(m, 6H), 8.10(m, 18H), 5.60(q, 2H), 4.98(t, 4H), 1.64(d, 6H). *C NMR (100
MHz. DMSO-ds, ¢ in ppm): 168.9, 162.5, 132.6, 130.7, 130.2, 129.9, 128., 127.4, 127.3,
126.9, 126.6, 126.5, 126.2, 126.1, 125.1, 125.1, 124.5, 123.9, 123.8, 123.1, 49.9, 41.0,
14.4. MS (ED): m/z = 836.37 [M]" for Cs4H3sN4O¢ (calc. 836.26). Elemental analysis:

Found: C, 77.49; H, 4.39; N, 6.65; Calcd: C, 77.50; H, 4.34; N, 6.69 for Cs4H3N4Os.
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3.2.6.4. Synthesis of RAC

Synthesis of Rac-alanine appended NDI (Rac-Ala-NDI-Rac-Ala): 1,4,5,8-
naphthalenetetracarboxylic acid dianhydride (100 mg, 0.37 mmol) and Racemic mixture

of alanine (66.46 mg, 0.74 mmol) were taken in 20

00 o)
o 30
Q N*& mL of N,N-dimethylformamide and the mixture
OH
o) 0 O

was heated to reflux for 13 h at 110 °C and then solvent was concentrated to 5 mL under

was sonicated for 5 min. The resulting suspension

reduced pressure. The residue was purified by precipitation and washed in diethyl ether to

afford yellow solid in quantitative yield.

Compound Rac-Ala-NDI-Rac-Ala (100 mg, 0.24 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (102.8 mg, 0.54 mmol), hydroxybenzotriazole (72.96

C mg, 0.54 mmol) were

dissolved in  N,N-

@ 2 dimethylformamide (10

H N N H
Q N mL) and stirred in ice

INI I

Q bath for about 15 min
Q under inert atmosphere.
1-Pyrenemethylamine hydrochloride (131 mg, 0.5 mmol) and diisopropylethyl amine (0.3
mL) were added to the reaction mixture. The resulting solution was stirred at room
temperature for 24 h and the red colored precipitate was filtered and washed with excess

methanol to afford the red solid, RAC in 63% yield. '"H NMR (400 MHz, DMSO-dg, & in

ppm): 8.61(m, 6H), 8.08(m, 18H), 5.57(q, 2H), 4.96(t, 4H), 1.62(d, 6H). MS (El): m/z =

168 |



I Chapter 3: Molecular Biomimicry

836.35 [M]" for Cs4H3sN4Os (calc. 836.26). Elemental analysis: Found: C, 77.46; H,

4.37; N, 6.65; Calcd: C, 77.50; H, 4.34; N, 6.69 for Cs4H35N40s.

3.2.6.5. Synthesis of LD

Coupling of Boc-L-alanine with pyrenemethylamine (Py-L-Ala-Boc): To a 5 mL DMF
solution of Boc-protected L-alanine (353 mg, 1.86 mmol) HOBT (1-
O hydroxybenzotriazole; 277 mg, 2.05 mmol), HBTU

'@ (O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-
@ N 0 o}_QL hexafluoro phosphate; 778 mg, 2.05 mmol), and

H &N‘H DIPEA (N,N-diisopropylethylamine; 716 pl, 4.10

mmol) were added and maintained in an inert atmosphere. The reaction contents were
stirred for 30 min. To this 1-pyrenemethylamine hydrochloride (500 mg, 1.86 mmol) was
added and the contents were stirred for 48 h. The reaction mixture was concentrated
under vacuo. The crude product was purified by column chromatography. Yield 58 %. 'H
NMR (400 MHz, CDCls, ¢ in ppm): 8.12 (m, 9H), 6.53 (b, 1H), 5.16 (b, 2H), 4.94 (b,
1H), 4.18 (b, 1H), 1.40 (d, 3H), 1.30 (s, 9H). **C NMR (100 MHz. CDCls, ¢ in ppm):
172.2, 131.2, 130.9, 130.8, 129.0, 128.2, 127.5, 127.3, 126.9, 126.1, 125.4, 125.3, 125.0,

124.8, 124.7, 122.7, 41.9, 28.1.

Synthesis of Py-L-Ala-NDI-D-Ala: Firstly, to a solution of Py-L-Ala-Boc (400
mg) in dichloromethane maintained at 0 °C, TFA (trifluoroacetic acid; 3 ml) and TIPS
(triisopropylsilane; 50 ul) were added and the contents were stirred at room temperature

for 2 h. The solvent was removed under reduced pressure. The resulting solid (Boc-
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deprotected Py-L-Ala) was washed with toluene, chloroform and methanol and dried
under vacuo. After which, 1,4,5,8-naphthalenetetracarboxylic acid dianhydride (193 mg,
0.72 mmol), Boc-deprotected Py-L-

O@ Ala (300 mg, 0.72 mmol) and D-

00 (o] alanine (66.46 mg, 0.74 mmol) were
- S

H _3"“ N_“>/_ taken in 20 mL of N,N-

m o
o °o dimethylformamide and the mixture
was sonicated for 5 min. The resulting suspension was heated to reflux for 13 h at 110 °C
and then solvent was concentrated to 5 mL under reduced pressure. The residue was
precipitated, washed with diethyl ether and then purified by column chromatography to
obtain Py-L-Ala-NDI-D-Ala in quantitative yield. '"H NMR (400 MHz, DMSO-ds, § in

ppm): 8.66(m, 5H), 8.11(m, 9H), 5.62(q, 1H), 5.33(b, 1H), 5.00(b, 2H), 1.66(d, 3H),

1.57(d, 3H).

Compound Py-L-Ala-NDI-D-Ala (140 mg, 0.22 mmol), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (52 mg, 0.26 mmol), hydroxybenzotriazole (36 mg,

C 0.26 mmol)  were

dissolved in N,N-

4$7 dimethylformamide (10
mL) and stirred in ice

bath for about 15 min

Q under inert atmosphere.

1-Pyrenemethylamine hydrochloride (60 mg, 0.22 mmol) and diisopropylethyl amine (0.1

f,’ ’;

mL) were added to the reaction mixture. The resulting solution was stirred at room
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temperature for 24 h and the red colored precipitate was filtered and washed with excess
methanol to afford the red solid, LD in 63% yield. *H NMR (400 MHz, DMSO-ds, J in
ppm): 8.63(m, 6H), 8.11(m, 18H), 5.60(q, 2H), 5.00(t, 4H), 1.63(d, 6H). MS (El): m/z =
836.39 [M]" for Cs4H3sN4Os (calc. 836.26). Elemental analysis: Found: C, 77.46; H,

4.38; N, 6.63; Calcd: C, 77.50; H, 4.34; N, 6.69 for Cs4H35N40s.

3.2.6.6. Synthesis of C1

Synthesis of L-phenylalanine appended NDI (L-Phe-NDI-L-Phe): 1,4,5,8-
naphthalenetetracarboxylic acid dianhydride (100 mg, 0.37 mmol) and L-phenylalanine

00 o (124 mg, 0.74 mmol) were taken in 20 mL
Ho @ N of  N,N-dimethylformamide and the

S oo
o] o0

resulting suspension was heated to reflux for 16 h at 110 °C and then solvent was

mixture was sonicated for 5 min. The

concentrated to 5 mL under reduced pressure. The residue was purified by precipitation

and washed in diethyl ether to afford brown solid in quantitative yield.

Compound  L-Phe-NDI-L-Phe (70 mg, 0.12 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (52.52 mg, 0.27 mmol), hydroxybenzotriazole (37
mg, 0.27 mmol) were dissolved in N,N-dimethylformamide (10 mL) and stirred in ice
bath for about 15 min under inert atmosphere. 1-Pyrenemethylamine hydrochloride (67
mg, 0.24 mmol) and diisopropylethyl amine (0.5 mL) were added to the reaction mixture.
The resulting solution was stirred at room temperature for 24 h and the red colored

precipitate was filtered and washed with excess methanol to afford the red solid, C1 in
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52% yield. 'H NMR (400 MHz, DMSO-ds, & in ppm): 8.72(t, 2H), 8.53(s, 4H), 8.13(m,

O@ 18H), 6.96(m, 10H),

5.86(q, 2H), 5.02(m, 4H),

' @ 2 3.73(dd, 2H), 3.38(dd,
i : Q 4 4 2H). BC NMR (100
MHz. DMSO-dg, J in
Q ppm):  168.1, 162.4,
138.0, 132.5, 130.7, 130.4, 130.2, 130.0, 128.9, 128.0, 127.9, 127.4, 127.3, 126.9, 126.2,
125.8, 125.2, 125.1, 124.5, 123.9, 123.8, 123.1, 55.4, 40.9, 33.8. MS (El): m/z = 988.48
[M]* for CesHasN4Os (calc. 988.32). Elemental analysis: Found: C, 80.21; H, 4.54; N,

5.61; Calcd: C, 80.15; H, 4.48; N, 5.66 for CgsH44N4Oes.

3.2.6.7. Synthesis of C2

Synthesis ~ of  L-isoleucine  appended  NDI (L-lle-NDI-L-lle):  1,4,5,8-
naphthalenetetracarboxylic acid dianhydride (100 mg, 0.37 mmol) and L-isoleucine (98
oo o mg, 0.74 mmol) were taken in 20 mL of N,N-

o<l S
N N dimethyl formamide and the mixture was

O~ e
o] 0O0

heated to reflux for 24 h at 110 °C and then solvent was concentrated to 5 mL under

sonicated for 5 min. The resulting suspension was

reduced pressure. The residue was purified by precipitation and washed in diethyl ether to

afford brown solid in quantitative yield.
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Compound  L-lle-NDI-L-l1le (400 mg, 0.81 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (342 mg, 1.78 mmol), hydroxybenzotriazole (241

C mg, 1.781 mmol) were

dissolved in N,N-

@ 2 dimethylformamide (15

H N N H _ o
Q f mL) and stirred in ice

ATV
Q‘ bath for about 15 min.

Q under inert atmosphere.

1-Pyrenemethylamine hydrochloride (437 mg, 1.61 mmol) and diisopropylethyl amine
(0.5 mL) were added to the reaction mixture. The resulting solution was stirred at room
temperature for 24 h and the red colored precipitate was filtered and washed with excess
methanol to afford the red solid, C2 in 55% yield. *"H NMR(400 MHz, DMSO-ds, ¢ in
ppm): 8.62(m, 6H), 8.13(m, 18H), 5.18(d, 2H), 4.96(m, 4H), 2.60(m, 2H), 1.19(m, 8H),
0.85(m, 2H), 0.73(t, 6H). **C NMR(100 MHz. DMSO-dg, 6 in ppm): 168.0, 162.7, 132.6,
130.7, 130.7, 130.2, 129.9, 128.0, 127.3, 126.8, 126.6, 126.2, 126.1, 125.1, 125.0, 124.4,
123.8, 123.8, 123.1, 58.6, 40.9, 32.7, 24.5, 18.6, 11.1. MS (El): m/z = 920.45 [M]" for
CsoHasN4Og (calc. 920.35). Elemental analysis: Found: C, 78.31; H, 5.34; N, 6.11; Calcd:

C, 78.24; H, 5.25; N, 6.08 for CgoHagN4Os.
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3.2.7. Appendix

'H and *C NMR of 1

e 'Hand*C NMR of 2

e 'Hand®*C NMR of 3

e 'Hand ®C NMRof LL
e 'Hand **C NMR of DD
e 'Hand NMR of RAC

e 'Hand NMR of LD

e 'Hand *C NMRof C1

e Hand *C NMR of C2
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Programmed molecular assemblies with molecular-level precision have always intrigued
mankind in the quest to master the art of molecular engineering. The controlled self-
assembly of small molecules into well-defined, ordered nano- and microstructures is of
current interest for potential applications in photavoltaics, photonic crystals,? tissue
engineering,® single-cell analysis,* microreactors,® superhydrophobic coatings® and many
others. This bottom-up molecular assembly approach has been elegantly utilized by
nature to form a variety of functional materials.”® However, it is only now that chemists

Zin an

have begun to understand the underlying supramolecular design principles®™
ongoing effort to construct ordered two-dimensional (2D) or three-dimensional (3D)

patterns and arrays, which could ultimately lead to complex architectures and functions.

In this regard, we demonstrate examples based on bioinspired design strategies for
developing functional molecular materials. This chapter is categorized into three sub-
chapters pertaining to self-cleanability inspired by lotus leaf, extraordinary stiffness
inspired by spider silk and high charge transport achieved in the bulk state by our
bioinspired modular approach. In these sub-chapters, we provide detailed descriptions of
the working principles of the natural systems along with their potential applications and
the molecular design strategies employed by us to mimic them. Such efforts are believed
to empower our molecular engineering skills for not just developing the molecular
materials but also to infuse additional functionalities by a simple and efficient process of
self-assembly. We strongly believe that with increasing constraints on energy, health and
environment, the demand for efficient processes and materials would inevitably increase

in due course of time.
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4.1. Self-Cleaning Functional Molecular Materials

Self-cleaning is the remarkable property of a surface, by which it can clean itself without
any human intervention.** This unusual property draws its inspiration from the lotus
effect exhibited by lotus leaves.™ Although lotus plants grow in muddy ponds, its leaves
are always clean, which is due to a surface property known as superhydrophobicity.'® The
surface of lotus leaves comprises of micron sized bud-like structures known as papillae
followed by a coating of nanometer-sized wax crystalloids (Figure 1). This combination
of hierarchical surface roughness and low-surface energy coating results in

superhydrophobicity, often ascribed to a water contact angle greater than 150°.

Figure 1. (a) Photograph of a self-cleanable lotus leaf along with the water droplets. (b) SEM
image of the lotus leaf and the inset show papillae and wax crystalloids. Adapted with permission
of RSC from reference 17.

Contact angle is the angle between the tangent and the surface at the point of
contact of water droplet with the surface (Figure 2). For any non-superhydrophobic
surface, the water droplets just glide down the inclined surface under the influence of

gravity (Figure 2). During which the dust particles if any, would only be displaced along
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the path of water droplets but cannot be removed completely. On the other hand, for a
superhydrophobic surface the very high surface tension of water enforces it to attain
spherical shape and also the dust particles experience greater affinity for the water droplet
than to the surface (Figure 2). As a result of which, when the water droplet rolls down on
such an inclined surface, the dust gets removed completely and which is what is termed
as self-cleaning. For better performances as a self-cleaning surface, the contact angle
hysteresis (A0) and the slide/tilt angle (o) has to be as low as possible, typically less than
10° (Figure 2). o is the minimum angle to which the surface has to be inclined, so as to
facilitate the rolling of water droplets under the action of gravity. A0 is the difference

between the advancing and receding contact angles.

Wettability
0 < 90° 0 > 90° 0 >150°
Hydrophilic Hydrophobic Superhydrophobic

Working Principle of Self-Cleaning
& \ AG = eadv- 9
< ‘(\ < “Q

erec
‘(/g‘\ @ e::\dv /
-« { o]
(\D’ @ o : Slide Angle

Rough Surface Superhydrophobic AB : Contact Angle Hysteresis
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Figure 2. Schematic representation of contact angles for hydrophilic, hydrophobic and
superhydrophobic surfaces, and the working principle of self-cleaning. Adapted with permission

of RSC from reference 18 and Springer Science and Business Media from reference 19.
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In recent years, superhydrophobic surfaces in particular have come into focus,
partly by the motivation to mimic nature and owing to their promising applications.?>**
Over the years, a variety of chemical and physical methods for the fabrication of rough
surfaces with subsequent low-surface-energy coatings have been explored by
lithography,? sublimation,? plasma techniques,?’ self-assembled monolayers (SAM),?%%°
and electrochemical methods®®!. Furthermore, the so called breath-figure technique
(BFT)* has also been explored owing to its simple solution processability, robustness,
and the excellent tunability of size over three orders of magnitude (nm to mm). When a
solution is drop-cast on a surface under humid air, the evaporation of the volatile solvent
facilitates condensation of water droplets on the cold surface. This evaporative cooling
and subsequent solidification of the solute under favorable conditions produces highly
ordered arrays of well-defined cavities with diameters of 50 nm to 20 um, called breath-
figure arrays. However, the use of BFT has been limited to date to certain classes of
macromolecules, such as star polymers,® cross-linked star polymers,® hyper-branched
polymers,® conjugated polymers,® and dendronized polymers,®” with an exception of
only a few organogelators.*®*“° It has been argued that viscous polymer solutions with
additional polar functionalities are required in BFT to form a stable interface with the
water droplet. In contrast, small molecules either crystallize or unspecifically aggregate

and thus lack the ability to stabilize water rafts.***

We serendipitously discovered that a NDI-based molecule 1 that forms highly-
ordered self-assembled breath-figure arrays from dichloromethane solvent.** Depending
on the concentration of 1, the surface roughness of the self-assembled materials changes

and thus the surface wettability for water can be varied from a contact angle of 60° to
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135°. Furthermore, upon sputtering a thin layer of gold onto these microarrays, we could
ultimately successfully mimic the self-cleaning properties of the lotus leaf (contact angle
of 156° and tilt angle of 3°). Furthermore, fluorescent dyes, such as perylenediimide,
rhodamine B, and coumarines, can be incorporated within the self-assembled microarrays

of 1, giving rise to highly fluorescent hydrophobic materials.
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4.1.1. Effect of solvent

The presence of both polar and non-polar functional groups in 1 ensures solubility in

various organic solvents of different polarity index and should also allow for self-
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Figure 3. FESEM micrographs of 1 drop-casted from (a) 1 mM acetonitrile solution, (b) 1

mM tetrahydrofuran solution, (c) 1 mM dimethylsulfoxide solution, (d) 1 mM chloroform

solution, () 1 mM carbontetrachloride solution and (f) 1 mM dichloromethane solution.
assembly. Indeed, 1 formed self-assembled structures of different morphologies from
various organic solvents, as observed with field-emission scanning electron microscopy
(FESEM) after drop-casting solutions of 1 onto silicon (111) substrates; particulate as
well as film like morphologies are obtained from acetonitrile, random nanometer- and
micrometer-sized particulate-like aggregates from tetrahydrofuran and dimethylsulfoxide,
and discrete microwells from chloroform and carbon tetrachloride solutions (Figure 3a-
e). To our surprise, from another chlorinated solvent, dichloromethane, 1 self-assembled
into honeycomb-like microarrays (Figure 3f). Obviously, chlorinated solvents had a
peculiar impact on the formation of microwells or microarrays. Previously we had
encountered a similar situation wherein chlorinated co-solvents were found to be crucial

in the formation of attoliter containers of NDIs.* In this earlier work, we had shown with
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the help of single-crystal X-ray data that chlorinated solvents interact with the carbonyl
functionalities of NDI by means of halogen bonding interactions. Therefore, it is
reasonable to assume that similar halogen bonding interactions occur with 1, which might

explain why 1 forms microwells and microarrays exclusively from chlorinated solvents.

Figure 4. FESEM micrographs of 1 drop-casted from (a) 1 UM dichloromethane solution, (b)
10 uM dichloromethane solution and (c) 100 uM dichloromethane solution.

4.1.2. Effect of concentration

The exact morphology of the self-assembled structures depends on the concentration of 1
(Figure 4). A 1 pM dichloromethane solution of 1 resulted only in discrete faint
microwell-like features amongst groups of smaller microwells (Figure 4a). With a 10-fold
increase in concentration (10 uM), a microarray-like morphology formed from entangled
nanobelts was observed (Figure 4b). Increasing the concentration further to 100 uM led
to a microarray with an internal diameter of less than 5 um (Figure 4c). Thus, as the
concentration of 1 increases (see Figure 3f for 1 mM solution), the microarray structuring
also increases with a gradual enhancement in the topographical thickness. An optical
profiler was utilized to obtain a 3D image of the microarrays obtained from a 1 mM
solution (Figure 5). The section analysis revealed microarrays with an internal diameter

of 10-25 um with a topographical thickness of 10-15 pum.
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Figure 5. An optical profiler 3D image depicting the dimensions of honeycomb-like
microarrays obtained from 1 mM dichloromethane solution of 1.

4.1.3. Effect of substrate

To study the effect of the surface on morphogenesis, we also employed mica and glass as
other substrates. On mica, microarrays were formed as well with an internal diameter
ranging from 15 to 35 um (Figure 6a,b). Furthermore, within these large microwells,
smaller discrete microwells were observed that are most likely due to smaller breath
figures. On the contrary, a glass surface produced significantly smaller microwells of
only 1 to 6 um internal diameter, with the rest of the surface being covered with a

network of belt like aggregates (Figure 6c,d).

4.1.4. The mechanism

A literature survey suggested a probable role of BFT for the formation of such

honeycomb-like microarrays, even though breath-figure arrays to date were mainly
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Figure 6. FESEM micrographs of 1 mM dichloromethane solution of 1 drop-casted on (a)
and (b) freshly cleaved mica, (c) and (d) glass, as substrates.

observed for polymers but not small low-molecular-weight compounds such as 1.
Nevertheless, to test the hypothesis whether BFT might be important for structure
formation in our case, we studied the self-assembly of 1 in atmospheres with different
relative humidity (RH). When a 1 mM dichloromethane solution of 1 was drop-casted on
a silicon substrate in an inert atmosphere with about 0% RH, only random aggregates
without any indication for the formation of microarrays were observed (Figure 7a). This
strongly indicated the importance of humidity as required in BFT. To study the effect of
RH on microarray formation quantitatively, a set up was developed to maintain and
control the humidity during the self-assembly process. Dichloromethane solutions of 1
were drop-casted under five different RH values of 35%, 50%, 65%, 80%, and 95%. At

35% RH, the wells of the microarrays had dimensions in the range of 40 to 100 pm
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Figure 7. FESEM micrographs obtained from dichloromethane solution of 1 drop casted on
Si (111) surface at different relative humidity (RH). The inset in (a) to (f) corresponds to

respective relative humidity (in %).

(Figure 7b). However, the microwells were of uneven topographical thickness and most
often the wells were fused with their neighbors. With increasing RH, significantly better
structured microarrays were observed (Figure 7c-f). Moreover, the internal diameter of
the microwells decreased with increasing RH. To further elucidate the mechanism of
microarray formation, dynamic light-scattering (DLS) measurements were performed. In
a 1 mM dichloromethane solution of 1 self-assembled aggregates having a hydrodynamic
diameter of about 220 nm were observed (Figure 8a). Upon increasing the concentration
to 5 mM, even large aggregates of about 784 nm sizes among the smaller aggregates of
about 161 nm were observed (Figure 8b). Thus, 1 self-assembles into supramolecular
polymeric aggregates in dichloromethane, which is most likely due to the strong

hydrogen bonding of the N-tBoc(tert-butoxycarbonyl)-protected guanidinocarbonyl
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Figure 8. Dynamic light scattering (DLS) spectra of 1 obtained from (a) 1 mM and (b) 5 mM

dichloromethane solution respectively.
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Figure 9. The formation of honeycomb-like microarrays from self-assembled structures of 1

by means of breath-figure technique (BFT). Not to scale.

pyrrole (GCP) groups in this solvent. Furthermore, in more concentrated solutions the
size of the aggregates increases significantly, which is probably due to the weaker n-n

interactions of the NDI core. These findings now allow presenting a plausible mechanism
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Figure 10. (a) and (b) FESEM micrographs of gold coated surface (1 mM dichloromethane

solution of 1). The microarray side wall comprising a pile of nanobelts is shown in (b).
for structure formation (Figure 9). Thus, when a dichloromethane solution of 1 is drop-
cast on a substrate, the evaporative cooling owing to the evaporation of the volatile
solvent dichloromethane causes a decrease in the surface temperature, which induces
condensation of water vapors present in humid air. However, the condensed water
droplets on the surface are stabilized and protected from coalescing by interaction with
the self-assembled aggregates of 1 already present in solution (Figure 10). Upon further
evaporation of dichloromethane, the hexagonally packed array of water rafts then induces
the formation of self-assembled honeycomb-like microarrays of 1. As the microscopy
image of the walls of the microarrays shows, the original aggregates in solution most
likely consist of nanobelt-like structures. A representation of this breath-figure
mechanism is shown in Figure 9. The presence of the different polar and aromatic
functionalities in 1 is believed to synergistically stabilize both the self-assembled
structures of 1 and the water droplets at their interface. The rigidity of the nanobelt-like
aggregates of 1 then facilitates a hexagonal assembly around the water droplets, which is
then responsible for the formation of distorted hexagonal cavities in the BFT microarrays.

Furthermore, the breath-figure arrays produced from chlorinated solvents most likely
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involve halogen bonding. For such halogen bonding, carbonyl functionalities in 1 seem to
play a crucial role.*** Also the fact that dichloromethane is immiscible in water is

important for BFT.

4.1.5. Developing the self-cleanable molecular material

The enhanced surface roughness properties associated with nano- and microstructured
surfaces is utilized by nature to control water wettability in different systems, such as
lotus leaves, desert beetles, mosquito eyes, and water striders. As with increasing
concentration of 1, the topographical thickness and thus the surface roughness of the self-
assembled microarrays increases, the wettability of the surfaces should decrease,
accordingly turning the material into a hydrophobic coating. Indeed, the contact angle of
a 4 pL water droplet increases gradually from 60° for the surface obtained from a 1 pM
solution of 1 to 134° for a 1 mM solution (Figure 11). Thus, simply by varying the
concentration of 1, the surface wettability of the same material could be tuned from
hydrophilic to strongly hydrophobic owing to concentration-dependent changes in the

morphology and thus the roughness of the surface (Figure 4a-c and 3f). To increase the

(a) 60°|[ (b) 68l (c) 86° || (d) 1349

Figure 11. Optical images of the contact angle exhibited by a 4 uL water droplet on a
microarray surface of 1 produced from (a) 1 UM dichloromethane solution, (b) 10 uM
dichloromethane solution, (c) 100 uM dichloromethane solution and (d) 1 mM

dichloromethane solution
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Figure 12. (a) FESEM micrograph of gold coated surface obtained from 1 mM
dichloromethane solution of 1. (b) The energy dispersive X-ray analysis (EDAX) spectra

show the presence of gold.
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Figure 13. Gold sputtering and subsequent functionalization with self-assembled monolayer

of FSH on BFT microarray of 1.

hydrophobicity even further, a low-surface-energy coating of the microarray was
produced by sputtering gold onto the surface. The sputtered gold was about 100 nm thick
with circa 100 nm sized particulates (Figure 12). The nanostructured gold coating not
only serves as a stable inert coating on the self-assembled microarray surface but also
allows for further chemical modifications of the microarrays using self-assembled
monolayers of thiols (SAMSs; Figure 13).%° These can be simply obtained by immersing
the gold covered surface in 5 mM ethanol solution of different thiols for a duration of 24

h (Figure 14a,b).*"*
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Figure 14. FESEM micrographs of honeycomb-like microarrays produced at relative
humidity of (a) 65% and (b) 95%, which are then coated with gold by sputtering, followed by

a self-assembled monolayer of FSH.

We have used three different thiols in our experiments, namely 11-
mercaptoundecanoic acid (MSH), 1H, 1H, 2H, 2H-perfluorodecanethiol (FSH), and 1-
dodecanethiol (DSH) to provide SAMs with different chemical functionalities (MSH:
negatively charged, FSH: fluorinated, DSH: nonpolar), which affect the surface
wettability differently. The gold coating on the surface of the microarray obtained from a
1 mM dichloromethane solution of 1 exhibits a contact angle of 125° (Figure 15a), which
is similar to the non-covered surface (134°). The MSH coating gave a decreased contact
angle of 105° owing to the presence of the terminal polar COOH groups (Figure 15b). In
contrast, the nonpolar DSH coating resulted in a superhydrophobic surface with an
increased contact angle of 150° (Figure 15c). The fluorinated FSH coating pushed the
contact angle of the superhydrophobic surface even further to 156° (Figure 15d).
Artificial superhydrophobic surfaces are often not self-cleaning surfaces even though
they have a large contact angle, because they suffer from a high tilt angle and high
contact angle hysteresis. In contrast, the FSH coating on the microarray of 1 exhibit a tilt

angle of only 3° and a very low contact angle hysteresis of only 1° (Figure 15e).
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Accordingly, black carbon dust placed on the surface could be self-cleaned by water

without any trace of remaining carbon dust or water stains (Figure 15f-h).

(@) 125°|| b 1050"@) j 150°||(d) E 156°|
Yy - (9)  ( 4

€)

Figure 15. Optical images showing the contact angle exhibited by a 4 uL water droplet on a
microarray surface produced from: (a) 1 mM dichloromethane solution followed by gold
coating; (b) 1 mM dichloromethane solution followed by gold coating and a SAM of 11-
mercaptoundecanoic acid; (¢) 1 mM dichloromethane solution followed by gold coating and a
SAM of 1-dodecanethiol; (d) 1 mM dichloromethane solution followed by gold coating and a
SAM of 1H,1H,2H,2H-perfluorodecanethiol. The values in (a) to (d) are the corresponding
contact angles. (e) Optical image showing the rolling of a water droplet for a tilt angle of 3°.
(f), (9), and (h) Images of a gold sputtered honeycomb-like microarray surface coated with
1H,1H,2H,2H-perfluorodecanethiol showing self-cleanability.

Furthermore, to provide this material with additional interesting optical
properties, we incorporated fluorescent dyes into the hierarchical molecular self-
assemblies of 1 (Figure 16a,b). Such dyes should be soluble in dichloromethane so that
they can be mixed with 1 in specific proportions and still allow the formation of breath-
figure arrays. As the self-assembled structure of 1 is partly based on m-m interactions,
aromatic dyes seemed most attractive. As a first illustration, we thus incorporated
rhodamine B (rhoB; 100 uM) in a dichloromethane solution of 1 (1 mM), which on drop-
casting resulted again in a honeycomb-like microarray (Figure 16c). The presence of the

rhoB dye did not interfere with structure formation but made the microarrays highly
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Figure 16. (a) Absorption and (b) fluorescence spectra of dichloromethane solutions of 1,
rhodamine B incorporated 1 (1+rhoB) and isoleucinemethylester appended perylenediimide
incorporated 1 (1+PDI). Confocal micrographs obtained from a mixture containing 10:1 ratio
(1 mM: 100 pM) of (c) 1+rhoB and (e) 1+PDI in dichloromethane. (d) and (f) Fluorescent
confocal micrographs with a cross sectional analysis at different topographical heights of (c)
and (e) respectively. The insets in (c) and (e) are the corresponding contact angles for a 4 pL

water droplet.
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fluorescent. A cross-sectional analysis of the microarray at different topographical
heights using fluorescent confocal microscopy confirmed a homogeneous distribution of
the dye throughout the microarray (Figure 16d). Therefore, the dye is not only present on
the surface but an integral part of the self-assembled structure itself. The same finding
was obtained with an isoleucine methyl ester appended PDI dye. The yellowish orange
fluorescence of the PDI again appeared only along the walls of the microarray (Figure
16e,f). The contact angle for the microarrays with the incorporated rhoB and PDI were
130° (inset, Figure 16¢) and 128° (inset, Figure 16¢), respectively. These angles are more
or less the same as of the non-functionalized microarrays (134°; Figure 11d), confirming
again that the dyes did not alter the self-assembly of 1 significantly. Furthermore, a blue
fluorescent 7-amino-4-trifluoromethyl coumarin and a green fluorescent coumarin dye
could also be incorporated into the microarrays similar to rhoB and the PDI.
Unfortunately, fluorescent confocal micrographs for these coumarin dyes (absorption in
the UV region) were hampered by reflections caused by the silicon substrate preventing a

more detailed analysis of the distribution of the dyes within the microarrays.

4.1.6. Conclusions

In conclusion, the unexpected spontaneous hierarchical molecular assembly of a small
low-molecular-weight NDI derivative 1 into microarrays was achieved by a simple
solution-processing technique (breath-figure technique). These arrays could be employed
to fabricate self-cleaning surfaces with very low slide angle (3°) and contact angle

hysteresis (1°). This finding is rather surprising as it was commonly believed that BFT
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cannot be used effectively for small non-polymeric molecules. The molecular design
could influence the formation of honeycomb-like microarrays and thereby provide better
insights for future endeavors. However, it is known that in case of polymers, the internal
diameter of the microarray formed using BFT increases linearly with increasing RH.* In
contrast to these polymers, our results on 1 show that the microwell size actually
decreases with increasing RH. Nevertheless, our work demonstrates that advanced
functional molecular materials can be obtained, even from small molecules based on a
simple and easy-to-use solution process. Furthermore, the resulting microstructures are
very robust and can be easily functionalized by simply adding additional molecules into
the solution as demonstrated by the incorporation of different dyes into the arrays. Using
this approach and the three primary colors red, green, and blue, white-light-emitting as
well as other rainbow-colored hydrophobic decorative molecular materials, and in
addition potential applications in electronics and miniaturized biochemical assays are

envisioned.

4.1.7. Experimental section
4.1.7.1. Materials and methods

1,4,5,8-naphthalenetetracarboxylic dianhydride, 1H,1H,2H,2H-perfluorodecanethiol, 11-
mercaptoundecanoic acid, N,N-diisopropylethylamine and rhodamine B were obtained
Sigma-Aldrich, 1-dodecanethiol from Alfa-Aesar, O-benzotriazole-N,N,N’,N’-
tetramethyl-uronium-hexafluoro phosphate from Chem-Impex International (IL, USA),

1-hydroxybenzotriazole,  triisopropylsilane  and  di-tert-butyldicarbonate ~ from
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Spectrochem Pvt. Ltd. (Mumbai, India) and ethylenediamine from SD Fine-Chem
Limited (Mumbai, India). All other reagents and solvents were of reagent grade and used
without further purification.

NMR Spectroscopy, Mass Spectrometry (MS), and Elemental Analysis: *H and **C NMR
were recorded on a Bruker AV-400 spectrometer with chemical shifts reported as ppm (in
CDCl; with tetramethylsilane as internal standard). Mass spectra were obtained from
Shimadzu 2020 LC-MS. Elemental analysis was carried out on ThermoScientific FLASH
2000 Organic Element Analyzer.

Absorption Spectroscopy: UV-vis spectra were recorded on a Perkin Elmer Model
Lambda 900 spectrophotometer. Dichloromethane solutions of the samples were
analyzed in quartz cuvette of 1 mm path length.

Fluorescence Spectroscopy: Fluorescence spectra were recorded on a Perkin Elmer
Model LS 55 spectrophotometer. Dichloromethane solutions of the samples were
analyzed in a quartz cuvette of 1 mm path length with an excitation at 490 nm for
perylenediimide and 535 nm for rhodamine B.

Infrared (IR) Spectroscopy: IR spectra were recorded on a Bruker IFS 66/V spectrometer
on a sodium chloride crystal. The solution of 1 was drop-casted and was allowed to dry
naturally on the sodium chloride crystal.

Fluorescence Confocal Microscopy: Fluorescence confocal microscopy images were
obtained from LSM 510 META-Carl Zeiss. Excitation wavelengths of 543 nm and 490
nm were used to excite the rhodamine B and isoleucine methylester appended

perylenediimide respectively. A two-photon laser was employed to excite the blue
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fluorescent 7-amino,4-trifluoromethylcoumarin and green fluorescent coumarin dyes.

The LSM image examiner was utilized for processing the images.

Field Emission Scanning Electron Microscopy: FESEM images were acquired with a FEI
Nova nanoSEM-600 equipped with a field-emission gun operating at 15 kV. Energy
dispersive spectroscopy (EDS) analysis was performed with an EDAX genesis instrument
attached to the SEM column. The sample was prepared by drop-casting either onto a Si
(111) or freshly cleaved mica or glass substrate.

Optical Profiler: Height profiles of the microarrays were acquired with a Wyko NT9100
Optical Profiler (Veeco, USA) in Vertical Scanning Interferometry (VSI) mode.

Gold Sputtering: Gold was sputtered with a Polaron SC502 Sputter Coater (FISONS
Instruments) in argon atmosphere. Sputtering for 1 min could render a thickness of ~100
nm of gold.

Relative humidity: The weather at Bangalore, India could furnish a relative humidity from
30-75% for our experiments. Moreover, an artificial set up comprising a 12 m® closed
room furnished with cold or hot water sprinkler and an outlet door was utilized for
producing and maintaining the relative humidity in the range of 35-95%. A dedicated
humidity meter, testo 410-2 (Germany) with an accuracy of £2.5 % RH was employed in
our experiments.

Contact angle: Contact angles were measured mostly using an indigenous set up coupled
with a Logitech camera for capturing the images. Contact angles were also measured
using dedicated contact angle analyzer, OCA30 from Data Physics instrument (GmbH,
Germany). 4 uL of the sessile water droplets were employed for measuring the static

contact angles. A minimum of ten measurements were made for each surface.
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Preparation of microarrays: Drop casting a dichloromethane solution of 1 (e.g. 1 mM)
on a Si (111) substrate results in honeycomb-like microarrays within 5-10 min by breath
figure technique.

Preparation of SAM: The Si (111) substrate containing the gold sputtered microarray was
completely immersed in 5 mM ethanol solutions of 11-mercaptoundecanoic acid or 1H,
1H, 2H, 2H-perfluorodecanethiol or 1-dodecanethiol for duration of 24 h.

Dynamic Light Scattering (DLS): The hydrodynamic diameter measurements were
carried out using Zetasizer Nano ZS (Malvern Instruments) by employing 1/5 mM DCM

solutions of 1 at 20°C.

4.1.7.2. Synthesis of 2

Mono tBoc protection of ethylenediamine: To a solution of ethylenediamine (3.06 mL,

45.8 mmol) in chloroform (300 mL), di-tert-butyldicarbonate (1 g, 4.58 mmol) in

>L chloroform (250 mL) was added
o]

0_4(N Q @ 0 drop-wise using pressure equalizer

" ) O N_\_N'H under vigorous stirring at 0 °C. The
o

° o}—o)< reaction was monitored by using TLC
(thin layer chromatography). After completion of the reaction, the reaction mixture was
filtered and concentrated under vacuo. The compound was extracted to organic layer and
the unreacted ethylenediamine lies in water layer. Organic layer was dried over
anhydrous sodium sulfate and concentrated under vacuo. The obtained product was used

for further reaction without any additional purification.
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The above mono tBoc protected ethylenediamine (238.7 mg, 1.49 mmol) was
added to 1,4,5,8-naphthalenetetracarboxylicdianhydride (200 mg, 0.74 mmol) in 15 ml of
dry DMF (N,N-dimethylformamide). The contents were stirred for 15 h at 75 °C. The
crude product was extracted to organic (chloroform) layer and concentrated under vacuo.
The crude product was further purified by column chromatography (1 % methanol in
chloroform). Yield 80%. *H NMR (400 MHz, CDCls): & 8.76 (s, 4H), 4.85 (s, 2H), 4.38
(t, 2H), 3.56 (g, 2H), 1.22 (s, 18H); *C NMR (100 MHz, CDCls): & 163.2, 131.0, 126.7,

126.6, 79.3, 40.7, 39.2, 28.1; MS (EI): m/z = 552.22 [M]" for CosH3,N4Os (calc. 552.57).

4.1.7.3: Synthesis of 3 OH

Compound 3 was obtained following the

: 49 o]
previous report. O NH O N I ‘f

4.1.7.4. Synthesis of 1

tBoc deprotection of 2: To a solution of 2 (100 mg) in dichloromethane maintained at 0
°C, TFA (trifluoroacetic acid; 3 ml) and TIPS (triisopropylsilane; 50 pL) were added and
the contents were stirred at room temperature for 1 h. The solvent was removed under
reduced pressure. The resulting brownish yellow solid was washed with toluene,

chloroform and methanol and dried under vacuo.
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To a 5 ml DMF solution of 3 (80 mg, 0.18 mmol) HOBT (1-
hydroxybenzotriazole; 27.2 mg, 0.2 mmol), HBTU (O-benzotriazole-N,N,N’,N’-

tetramethyl-uronium-hexafluoro phosphate; 76.12 mg, 0.2 mmol), and DIPEA (N,N-

\L diisopropylethylam
o0-f ine; 80 pl, 0.45
N NH mmol) were added,

o o )f maintained in an
o) 0 .
HN 78 N_\_ @ Q inert atmosphere.
ey # 0
H N N H
o Q Ny \'""NH The reaction
o 0 (o]
/A o contents were
HN

NH stirred for 30 min.

)Qo To this tBoc
of

)v deprotected 2

(32.17 mg, 0.09 mmol) was added and the contents were stirred for 48 h. The reaction
mixture was concentrated under vacuo. The crude product (1) was purified by column
chromatography (1% methanol in chloroform). Yield 58 %. *H NMR (400 MHz, CDCl5):
§9.91 (b, 1H), 9.54 (b, 1H), 8.95 (b, 4H), 8.58 (s, 4H), 8.38 (b, 2H), 7.77 (b, 2H), 4.39 (t,
4H), 3.66 (g, 4H), 2.98 (t, 4H), 2.45 (t, 4H), 2.14 (s, 6H), 1.58 (s, 18H), 1.57 (s, 18H); *C
NMR (100 MHz, CDCl3): 6 174.1, 171.8, 163.4, 160.8, 158.6, 153.5, 130.9, 128.2, 128.1,
127.0, 126.4, 122.1, 83.6, 81.5, 40.3, 38.1, 37.0, 28.6, 28.2; MS (El): m/z = 1193.519
[M]* for CsgH72N12016 (calc. 1193.26); Elemental analysis: Calcd. for CsgH72N12016: C,

58.38; H, 6.08; N, 14.09. Found: C, 58.35; H, 6.12; N, 14.12.
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4.2. A Bioinspired Reductionistic Modular Approach for Stiffest

Organic Materials

The inspiration to this work is drawn from the strongest and stiffest known protein
material viz. spider silk (Figure 17a).>® An orb-weaving spider produces three main types
of silks namely the catching spiral, webframe and dragline silk (Figure 17b).>* Dragline
silk is the toughest material and it is five times stronger by weight than steel. Dragline
silk possesses a toughness of 160 MJ m™, stiffness of 10 GPa, strength of 1.1 GPa and a
hysteresis of 65%.>2 This unusual combination of toughness and strength of spider silk
has been one of the hallmarks of Nature’s superior engineering skills. They find
numerous applications as biological implants, sutures, drug-delivery systems, bullet-

proof vests and light weight automotives amongst others.>* In order to cater such
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Figure 17. (a) Plot of Young’s modulus vs. strength of various biological and non-biological
materials. (b) Schematic of the orb web of a spider and the ordering of silk proteins within the

fiber. (a) and (b) Reproduced with permission of NPG from references 50 and 51 respectively.
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commercial prospects, large scale production becomes inevitable. However, the
domesticated production of spider silk is difficult due to their cannibalic nature and also
for the more complex and smaller quantities of silk mixtures generated in orb webs. On
the other hand, production approaches by genetic engineering, abiotic synthesis as well as
from synthetic molecules are all marred with inferior mechanical properties, besides
issues relating to scalability and cost effectiveness.”®® Therefore, there is an inherent
need for alternative and novel approaches to develop new materials with spider silk-like

mechanical properties.

Typically spider silks are made up of proteins with >3000 amino acids
contributing to very high molecular weights of about 200-350 kDa.>* Spider silk proteins
consists of unique amino acid sequences, which are primarily rich in glycine and alanine
residues, giving rise to crystalline B-sheets in conjunction with less-ordered and
amorphous domains.> The crystalline and amorphous domains of silk impart rigidity and
extensibility, respectively. The extraordinary strength of spider silk is thus an outcome of
ingeniously engineered hydrogen bonding. Theoretical predictions also estimate the
Young’s modulus of about 10 GPa for hydrogen bonding, which are effectively achieved
in spider silks.>® Moreover, it has been proposed that additional non-covalent interactions
can further enhance the mechanical properties by synergic effect.*® Therefore, essentially
the research problem at hand boils down to engineering the hydrogen bonded molecular

assemblies to emulate the mechanical properties of silk.
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4.2.1. Design strategy

We envisioned that CDPs, which are the simplest forms of peptides could be
instrumental in extracting hydrogen bonding to obtain favorable mechanical properties.®*
% Depending on the nature of the side chains, the CDPs could in principle be tailored into
hydrogen bonded 1D molecular chains and 2D molecular layers (Figure 18). In an effort
to extract optimum hydrogen bonding interactions, CDPs of alanine (CDP-Ala) was
employed, whereas CDPs of phenylalanine (CDP-Phe) and that of an unnatural amino
acid phenylglycine (CDP-Phg) were thought to render additional aromatic interactions,

preferably by a synergic effect for better mechanical properties. Notably, our CDPs have

H- Bonded Molecular Layers

Figure 18. Schematic representation of ordering of cyclic dipeptides into hydrogen bonded

1D molecular chains and 2D molecular layers.
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H’N\E/go H'N\E/go H N~
CDP-Ala CDP-Phg CDP-Phe

nearly three orders of magnitude smaller molecular weights (0.15-0.3 kDa) compared to
that of spider silks. In addition, the following salient features are thought to provide

greater advantages;

v" Rigid structural motifs

v' Self-complementary motifs
v Biocompatibility

v' Solution processability

v’ Ease of synthesis

v’ Large scale production

4.2.2. Molecular self-assembly

CDP-Ala formed 2D sheets in a non-polar solvent like chloroform (Figure 19a). These
sheets possess widths of 1-3 um, lengths of 5-20 um and thickness of 100-500 nm.
Interestingly, even when the methyl groups of CDP-Ala are replaced with phenyl groups
(as in CDP-Phg) also facilitates the formation of 2D sheets of several microns (Figure

19b).%* On the other hand, CDP-Phe formed micron-sized rods with diameters of few
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Figure 19. FESEM micrograph of (a) CDP-Ala, (b) CDP-Phg and (¢c) CDP-Phe obtained
from chloroform solution. Optical micrographs of (d) CDP-Ala, (¢) CDP-Phg and (f) CDP-

Phe obtained from 50/50 (v/v) methanol/dichloromethane solution.

hundred nanometers (Figure 19¢).%® In order to have bigger self-assembled structures
beyond micrometer dimensions, all three CDPs viz. CDP-Ala, CDP-Phe and CDP-Phg
were subjected to assembly in 50/50 (v/v) dichloromethane/methanol solvent system.
Here as well, CDP-Ala formed sheets but were of macroscopic in nature (Figure 19d).
These transparent sheets were of 0.5 to 3 mm width and 0.1 to 1 cm length. CDP-Phg
formed glittering rhombohedral structures of few millimeter dimensions, while CDP-Phe

formed fibers of over 0.5 cm lengths (Figure 19¢,f).

4.2.3. X-ray diffraction studies

The rhombohedral self-assembled structure of CDP-Phg obtained from 50/50 (v/v)

methanol/dichloromethane was found to be single-crystalline in nature and hence was
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Figure 20. (a) Molecular model of CDP-Phg. Molecular interactions induced ordering of

CDP-Phg along the crystallographic (b) bc plane, (c) ab plane and (d) ac plane.

subjected to single-crystal X-ray diffraction studies to understand their molecular
interactions. CDP-Phg was found to crystallize in orthorhombic Pbca space group and
the phenyl rings are orthogonally placed on either sides of the diketopiperazine ring
(Figure 20a,b). As each CDP-Phg consists of two sets of N-H (donor) and C=0
(acceptor) functionalities, they facilitate self-complementary intermolecular hydrogen
bonding interactions. All in all, each CDP-Phg unit forms hydrogen bonding with four
different CDP-Phg neighbors, resulting in corrugated molecular layers spanning across
the crystallographic ab plane (Figure 20c). Notably, a bond distance of 2.093 A was
found for all these four hydrogen bonds indicating their strong interactions (dotted line;
Figure 20c). Further, these corrugated molecular layers stack on top of each other along

the crystallographic c direction to form the 3D rhombohedral single crystals (Figure 20d).
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Later, the self-assembled macroscopic structures of CDP-Ala and CDP-Phe were
subjected to PXRD studies. The macroscopic sheets of CDP-Ala exhibited highly
crystalline ordering with diffraction intensity counts of over 8*10° (Figure 21a). The
lower angle peak (26 = 11.52°) corresponding to a d-spacing of 7.67 A could be ascribed
to the intermolecular distances of CDP-Ala. Further the higher angle peaks with d-
spacing of 3.84 A, 2.56 A and 1.92 A indicate lamellar-type ordering of CDP-Ala motifs
in the macroscopic sheets. On the other hand, the CDP-Phe fibers were relatively less
crystalline and the d-spacing of 12.24 A could be attributed to the molecular length of
CDP-Phe (Figure 21b). The d-spacing values 2-3 A and ~4 A could be assigned to

probable hydrogen bonding and aromatic interactions respectively.
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Figure 21. X-ray diffraction profile of (a) CDP-Ala sheets and (b) CDP-Phe fibers obtained
from 50/50 (v/v) methanol/dichloromethane solution.

4.2.4. Nanoindentation studies

Nanoindentation is an effective technique employed to determine the mechanical
properties of a material.”>™ In a typical experiment, a hard tip of known mechanical

properties is pressed into the test sample. During the course of this indentation, a record
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of applied load, penetration depth, area of the indent and other parameters can be
determined to obtain a plot known as load-displacement curve. These curves can be
further utilized to extract various mechanical properties like Young’s modulus, hardness
and stiffness. Young’s modulus is a measure of the stiffness of the material and is defined
as the ratio of stress to strain for which Hooke’s law holds good. Hardness represents the
resistance of a material to various types of permanent shape variation, when subjected to
an external force. Stiffness is defined as the resistance exerted by a material to

deformation.

Nanoindentation studies performed on the macroscopic fibers of CDP-Phe
revealed that they have Young’s modulus, hardness and stiffness values of 0.32 GPa,
0.04 GPa and 375 Nm™, respectively (Table 1, Figure 22a). On the other hand, CDP-Ala
showed remarkable optimization in the mechanical properties by nearly an order of
magnitude (Figure 22b). A Young’s modulus of 7.12 GPa, hardness of 0.64 GPa and a
stiffness of 3216 Nm™ was obtained for CDP-Ala sheets. The rhombohedral crystals of
CDP-Phg showed further improvements as can be noted by their Young’s modulus of
10.86 GPa, hardness of 1.17 GPa and stiffness of 7989 Nm™ (Figure 22c). The Young’s
modulus of 0.32 GPa, 7.12 GPa and 10.86 GPa of our CDPs are comparable to that of
different varieties of spider silk (0.1-10 GPa). The extraordinary stiffness values of 3216
Nm™ and 7989 Nm™ of our CDP-Ala and CDP-Phg respectively makes them the stiffest
known organic materials. The immediate best stiffness value known to the best of our
knowledge is 885 Nm™.”2 Thus, by effectively exploiting hydrogen bonding interactions
alone Young’s modulus of 7.12 GPa and a stiffness of 3216 Nm™ was achieved by our

modular CDP-Ala motifs. The relatively low values obtained for CDP-Phe can be
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Figure 22. Load-displacement curves of (a) CDP-Phe fibers, (b) CDP-Ala sheets and (c)

CDP-Phg rhombohedral crystals obtained from 50/50 (v/v) methanol/dichloromethane

solution.
attributed to their reduced crystallinity (Figure 21b) and the nature of hydrogen bonding
interactions. As evident from the crystal structure, CDP-Phg forms hydrogen-bonded 2D
molecular layers whereas the CDP-Phe fibers are known to form 1D molecular chains
with a weaker van der Waals interactions between the adjacent chains.®>® The best
mechanical properties obtained for CDP-Phg can be attributed to the synergic
contributions of aromatic interactions alongside 2D hydrogen bonding interactions.
Additional efforts are under way in order to determine the effect of stereochemical

information of CDPs in modulating the non-covalent interactions.
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Table 1. Mechanical properties of cyclic dipeptides (CDPs).

Young’s Modulus, E | Hardness,H | Stiffness,S
[GPa] [GPa] [Nm1]
375

CDP-Phe 0.32 0.04
CDP-Ala 7.12 0.64 3216
CDP-Phg 10.86 1.17 7989

4.2.5. Conclusions

In conclusion, a bioinspired design strategy was undertaken to emulate the mechanical
properties of spider silk. By employing a simple rigid motif like CDP, we were successful
in achieving mechanical properties spanning nearly two orders of magnitude.
Specifically, Young’s modulus (10.86 GPa) of our CDP-Phg was as high as the best
values reported for dragline silk (10 GPa). As of now, with values of 3216 Nm™ and 7989
Nm™, CDP-Ala and CDP-Phg are the stiffest known organic materials. Although, our
designer CDPs were not intended to bestow toughness, we strongly believe that it can
also be achieved by appropriate modular strategies. Nevertheless, with the availability of
different macroscopic self-assembled structures as well as the mechanical properties, we
foresee a wide variety of potential applications in both biological and non-biological

systems.
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4.2.6. Experimental section
4.2.6.1. Materials and methods

All the solvents and reagents were obtained from Sigma-Aldrich and used as received
unless otherwise mentioned.

NMR Spectroscopy, Mass Spectrometry (MS), and Elemental Analysis: *H and **C NMR
were recorded on a Bruker AV-400 spectrometer with chemical shifts reported as ppm (in
CDCI; with tetramethylsilane as internal standard). Mass spectra were obtained from
Shimadzu 2020 LC-MS. Elemental analysis was carried out on ThermoScientific FLASH
2000 Organic Element Analyzer.

Field Emission Scanning Electron Microscopy: FESEM images were acquired with a FEI
Nova nanoSEM-600 equipped with a field-emission gun operating at 15 kV. The sample
was prepared by drop-casting onto a Si (111) substrate.

Nanoindentation: Nanoindentation studies were performed by utilizing a nanoindenter

(Triboindenter of Hysitron, Minneapolis, USA) with an in-situ imaging capability.

Powder X-ray diffraction (PXRD): PXRD patterns were recorded with a Rigaku-99
(Miniflex) diffractometer using Cu Ko radiation (A = 1.5406 A). The self-assembled

structures of CDPs were drop-casted on a glass slide.

4.2.6.2. Synthesis of CDP-Ala

9-Fluorenylmethoxycarbonyl protected L-alanine (Fmoc-Ala-OH) and L-alanine

methylester (H-Ala-OMe) were prepared by using standard protection protocols. Fmoc-

225 |



I Chapter 4: Molecular Materials

Ala-OH (2 g, 5.16 mmol) dissolved in dichloromethane was added with H-Ala-OMe
(1.23 g, 5.67 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
oﬁ/\N'H _

\/g (EDC.HCI, 1.19 g, 6.19 mmol) and 1-hydroxybenzotriazole (HOBt, 1.2
g, 6.19 mmol). The solution was maintained at ice cold temperature.
Diisopropylethylamine (DIPEA, 2.14 g, 16.51 mmol) was added and the reaction mixture
was stirred at ice temperature for 1 h and then at room temperature for 5 h. The reaction
progress was monitored by thin layer chromatography (TLC). Reaction mixture was
evaporated to dryness and extracted from dichloromethane, washed with water, dried
over anhydrous sodium sulfate. The solvent was evaporated to obtain Fmoc-Ala-Ala-
OMe in quantitative yield. The dipeptide Fmoc-Ala-Ala-OMe (1 g, 1.82 moles) when
subjected to Fmoc-deprotection in 15% piperidine/dichloromethane, the deprotected
dipeptide undergo cyclization to give CDP-Ala, which was filtered, washed with
dichloromethane, methanol and the white solid material was dried to obtain CDP-Ala. *H
NMR (CDCl3-CF;COOH, 400 MHz, &) 8.29 (s, 2H), 4.26 (q, 2H), 1.60 (d, 6H); **C
NMR (CDCl5-CF;sCOOH, 100 MHz, &) 171.6, 50.9, 19.7; MS (El): m/z = 142.15 [M]*
for CgH1oN20O, (calc. 142.15); Elemental analysis: Calcd. for CgHioN,O,: C, 50.69; H,

7.09; N, 19.71. Found: C, 50.65; H, 7.14; N, 19.69.

4.2.6.3. Synthesis of CDP-Phg

9-Fluorenylmethoxycarbonyl protected L-phenylglycine (Fmoc-Phg-OH) and D-
phenylglycine methylester (H-Phg-OMe) were prepared by using standard protection

protocols. Fmoc-Phg-OH (2 g, 5.16 mmol) dissolved in dichloromethane was added with
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H-Phg-OMe (1.23 g, 5.67 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC.HCI, 1.19 g, 6.19 mmol) and 1-hydroxybenzotriazole (HOBt, 1.2
g, 6.19 mmol). The solution was maintained at ice cold temperature.

Diisopropylethylamine (DIPEA, 2.14 g, 16.51 mmol) was added and the

:

H* o

@ reaction mixture was stirred at ice temperature for 1 h and then at room

temperature for 5 h. The reaction progress was monitored by thin layer
chromatography (TLC). Reaction mixture was evaporated to dryness and extracted from
dichloromethane, washed with water, dried over anhydrous sodium sulfate. The solvent
was evaporated to obtain Fmoc-Phg-Phg-OMe in quantitative yield. The dipeptide Fmoc-
Phg-Phg-OMe (1 g, 1.82 moles) when subjected to Fmoc-deprotection in 15%
piperidine/dichloromethane, the deprotected dipeptide undergo cyclization to give CDP-
Phg. The cyclic dipeptide spontaneously self-assembled to form 2D sheets, which was
filtered, washed with dichloromethane, methanol and the white solid material was dried
to obtain CDP-Phg. *H NMR (CDCl3-CF;COOH, 400 MHz, &) 8.31 (s, 2H), 7.39 (m,
10H), 5.40 (s, 2H); *C NMR (CDCl;-CF;COOH, 100 MHz, 8) 169.9, 134.1, 130.3,
129.8, 127.3, 59.4; MS (El): m/z = 266.31 [M]" for CisH14sN,O, (calc. 266.29);
Elemental analysis: Calcd. for C16H14N,0,: C, 72.16; H, 5.30; N, 10.52. Found: C, 72.11;

H, 5.34; N, 10.55.

4.2.6.5. Synthesis of CDP-Phe

9-Fluorenylmethoxycarbonyl protected L-phenylalanine (Fmoc-Phe-OH) and L-

phenylalanine methylester (H-Phe-OMe) were prepared by using standard protection
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protocols. Fmoc-Phe-OH (2.0 g, 5.16 mmol) dissolved in dichloromethane was added
with H-Phe-OMe (1.23 g, 5.67 mmol), 1-ethyl-3-(3-

/O dimethylaminopropyl)carbodiimide (EDC.HCI, 1.19 g, 6.19 mmol)
OY\:'L’H and 1-hydroxybenzotriazole (HOBt, 1.2 g, 6.19). The solution was
cooled to ice-cold temperature. Diisopropylethylamine (DIPEA,

©/ 2.14 g, 16.51mmol) was added and the reaction mixture was stirred
on ice for 1 h and then at room temperature for 5 h. The reaction progress was monitored
by thin layer chromatography. The reaction mixture was evaporated to dryness and
extracted from dichloromethane, washed with water and dried over anhydrous sodium
sulphate. The solvent was evaporated to obtain Fmoc-Phe-Phe-OMe in quantitative yield.
Further, Fmoc-Phe-Phe-OMe (1.0 g, 1.82mol) was subjected to Fmoc-deprotection in
10% piperidine/dichloromethane for 2 h. The reaction mixture was evaporated to dryness
and the residue was re-dissolved into dichloromethane. The CDP-Phe spontaneously
forms insoluble fibres. The suspension was filtered, washed with dichloromethane and
methanol, and dried to obtain CDP-Phe. *H NMR (CDCls-CF3COOH, 400 MHz, §) 7.83
(s, 2H), 7.30 (m, 6H), 7.04 (m, 4H), 4.29 (t, 2H), 2.97 (dd, 2H), 2.19 (dd, 2H); *C NMR
(CDCI3-CF3COOH, 100 MHz, 8) 170.2, 133.7, 130.0, 129.6, 128.6, 56.5, 39.9; MS (EI):
m/z = 294.42 [M]" for CigHigN,O, (calc. 294.34); Elemental analysis: Calcd. for

Ci1sH1sN20;: C, 73.45; H, 6.16; N, 9.52. Found: C, 73.49; H, 6.21; N, 9.55.
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4.3. Designer Auxiliaries to Engineer the Molecular Assembly and Bulk

Charge Transport of Naphthalenediimides

In this sub-chapter we have extended our bioinspired design strategy to tailor the
assembly of NDIs and in turn find structure-property correlations with their electronic
properties. As emphasized earlier in Section 1.9, NDIs are among the most promising
organic n-type semiconductors and the necessity to improve the performance of n-type
semiconductors analogous to p-type counterparts has been one of the driving forces for
active research in this field.”*’” With such an objective in mind, we had demonstrated in
Chapter 2 that the functionalization of amino acid derivatives with NDI is a versatile
strategy to engineer their assemblies.”® Specifically, we had shown that L-NDI self-
assembles into 2D sheets. In addition, these sheets were found to exhibit remarkable
conductivity of 1.6 Scm™, which is unusually high for a non doped semiconductor like
NDI.” This value obtained from C-AFM studies motivated us for its further exploration
towards charge transport properties. Besides L-NDI, four additional NDI derivatives
were employed in this study in an effort to correlate molecular structure, assembly and
charge transport properties. NDI-PhgOMe, NDI-TyrOMe, NDI-TrpOMe and NDI-

IleOMe are the additional NDI derivatives functionalized with phenylglycine, tyrosine,

00 o oo o 0 0 o
HzCO O H;CO @ H;CO Q CH
N N N N N
Q OCH; O OCH;  ho Q OCH;
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tryptophan and isoleucine methylesters respectively.

4.3.1. Photophysical studies

As the self-assembled sheets of L-NDI were obtained from acetonitrile-water solvent
system (Section 2.2.1.2), the other NDI derivatives were also subjected to photophysical
studies in the same solvent system in order to enforce identical solvophobic effect. A 100
MM solution of NDI-PhgOMe in acetonitrile showed the characteristic absorption spectra

in the range of 200 - 400 nm corresponding to the n-n* transitions of NDI and phenyl
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Figure 23. Absorption spectra of 100 uM solutions of (a) NDI-PhgOMe, (b) NDI-TyrOMe,
(c) NDI-TrpOMe and (d) NDI-1leOMe in agueous acetonitrile. The values represent the

various percentages of water in acetonitrile.
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Figure 24. Fluorescence spectra of 100 uM solutions of (a) NDI-PhgOMe, (b) NDI-
TyrOMe, (c) NDI-TrpOMe and (d) NDI-lleOMe in aqueous acetonitrile. The values

represent the various percentages of water in acetonitrile.

functionalities (Figure 23a). Further, a bathochromic shift of 7 nm for the 378 nm band

was observed in 90% aqueous acetonitrile. Similarly, bathochromic shifts of 6 nm, 5 nm

and 6 nm was obtained for NDI-TyrOMe, NDI-TrpOMe and NDI-1leOMe respectively

for 90% aqueous acetonitrile (Figure 23b-d). These absorption characteristics suggest J-

type stacking of NDI chromophores under enhanced hydrophobic forces. In addition, all

the four NDI derivatives viz. NDI-PhgOMe, NDI-TyrOMe, NDI-TrpOMe and NDI-

IleOMe did not show any fluorescence in acetonitrile, similar to that of L-NDI (Figure

24a-d). Moreover, only NDI-PhgOMe and NDI-1leOMe showed excimer-like emission

(Amax = 470 nm) in 90% aqueous acetonitile, whereas NDI-TyrOMe and NDI-TrpOMe
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were non-fluorescent. This suggests that the non-polar functionalities like phenyl groups
as in L-NDI and NDI-PhgOMe as well as the butyl groups of NDI-IleOMe favor
excimer-like emission. The presence of polar functionalities like hydroxyl of NDI-
TyrOMe and indole (N-containing heterocycle) of NDI-TrpOMe are believed to render
additional dipole-dipole interactions with solvent water molecules and thereby prohibits

excimer-like emission.

4.3.2. Morphological studies

As discussed in Section 2.2.1.2, L-NDI forms 2D sheets in 90% aqueous acetonitrile due
to hydrophobic force induced assembly (Figure 25a). Typically, these free-floating
aggregates are formed in an hour and would precipitate out within a day’s time, when the
solution is subjected for external constraints like manual mixing or sonication. In the
absence of these external constraints, the assembly occurs slowly with the process
extending to a week’s time. The latter gives rise to larger aggregates of L-NDI having
lateral dimensions of up to 200 um (Figure 25b). As the phenyl functionalities of NDI-
PhgOMe provide additional aromatic interactions orthogonally, they also facilitate 2D
organization (Figure 25c¢). However, these 2D sheets were of 1-5 um lateral dimensions
with the topographical thickness of 100-500 nm. NDI-TyrOMe also formed 2D micron-
sized flakes, which are further interconnected to form flower-like extended architectures
(Figure 25d). These extended organizations could be ascribed to hydroxyl group induced
additional dipole-dipole interactions. Although, these dipole-dipole interactions are

possible in case of NDI-TrpOMe, the relatively larger indole group is thought to favor
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Figure 25. FESEM micrograph of (a,b) L-NDI, (c) NDI-PhgOMe, (d) NDI-TyrOMe, (e)
NDI-TrpOMe and (f) NDI-1leOMe obtained from 90% aqueous acetonitrile. For (a) the
aggregates were formed at a faster rate, while slow for that of (b).

1D organization (Figure 25e). It has to be noted that NDI-Trp (which lacks the methyl
group) forms random particles and hence protection of carboxylic group with methyl
moiety is also essential for NDI-TrpOMe to form 1D fiber. The absence of any aromatic
functionalities and the presence of a relatively bulky butyl group in NDI-1leOMe could

be hypothesized to result in 0D spheres of 0.2 — 2 um diameter (Figure 25f).

4.3.3. X-ray diffraction studies

Later the NDI derivatives in their aggregated states were subjected to X-ray diffraction
studies to get greater insights about the nature of molecular assembly. The slow rate of

assembly of L-NDI engenders high crystalline ordering as can be inferred from their
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intense diffraction peaks (Figure 26a). Although, the faster assembly process of L-NDI
reduced the diffraction peak intensities, their organization is essentially into the same
tetragonal crystal system as obtained by indexing in DICVOL program (Figure 26Db).
Interestingly, the 2D sheets of NDI-PhgOMe show reasonable crystallinity, whereas the
2D flower-like architectures of NDI-TyrOMe exhibit poor crystallinity (Figure 26c,d).

On the other hand, 1D fibers of NDI-TrpOMe and 0D spheres of NDI-1leOMe reveal

appreciable crystalline ordering (Figure 26e,f).
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Figure 26. X-ray diffraction profiles of (a,b) L-NDI, (c) NDI-PhgOMe, (d) NDI-TyrOMe,
(e) NDI-TrpOMe and (f) NDI-1leOMe obtained from 90% aqueous acetonitrile. For (a) the

aggregates were formed at a slower rate, while fast for that of (b).

4.3.4. Cyclic voltammetry studies

Initial characterization to estimate the LUMO level of NDI was studied through cyclic
voltammetry (CV). NDI was reduced at 0.36 V vs. Ag/AgCl in acetonitrile (Figure 27a).

From this we estimated the LUMO level to be at -4.16 eV, which is consistent with the
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literature reports.®®! However, under the same conditions the reduction peak was shifted
to 0.25 V when the molecule was dissolved in DMF (Figure 27b). The probable reason
could be due to lowering of the LUMO level upon n-x stacking.?*®® This lowering of the
LUMO level reduces the metal-semiconductor barrier thus facilitating ease of injection of

charge carriers.
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Figure 27. Cyclic voltammograms of 0.1 mM L-NDI in (a) acetonitrile and (b) N,N-

dimethylformamide solution.

4.3.5. Bulk charge transport studies

Steady state space charge limited current (SCLC) measurements were employed to
measure the electron mobilities of the NDI derivatives. The advantage of this method
over conventional methods such as time of flight is that materials with low charge density
can be probed.®*® The device structure used in this technique is shown in Figure 28,
where the semiconductor is sandwiched between two injecting metal electrodes ITO and
Aluminium. The electrodes are selected in such a way so as to reduce the injection barrier
between the LUMO level of the semiconductor and the work function of the metal. The

results from SCLC measurements for all the five NDI derivatives are shown in Figure 29.
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2 3
1 1. Etched ITO coated glass
1 2. Semiconductor (5-10 micron)
1 <V> 3. Aluminum top electrode (100-200 nm)

Figure 28. Schematic representation of the device structure employed for SCLC

measurements

In all the cases, the I-V curves show a linear dependence of current with respect to
voltage (I a V) up to a certain voltage and a trap-free SCLC regime thereafter, which can
be fitted for | o V2. Mobility () in the trap free limit is calculated using the Mott- Gurney

relation

]_9 e V2

where ¢ is the relative permittivity of the semiconductor (taken to be 3 for organic
molecules) and ¢ is the permittivity of vacuum. d is the thickness of the semiconductor

film and J is the current density for an area A of the semiconductor.

L-NDI gives the highest mobility of 1 cm?V.s for a bulk sample of 2D sheets
formed by a slower assembly process (Figure 29a). On the other hand, the 2D sheets of
L-NDI formed under a faster rate renders mobilities of 9.1*10° cm?/V.s (Figure 29b).
Similarly, the bulk sample of NDI-TrpOMe fibers also exhibits mobilities of 3.2*107
cm?/V.s (Figure 29¢), whereas NDI-PhgOMe, NDI-IleOMe and NDI-TyrOMe showed
very low mobilities of 4.7*10° cm?/V.s (Figure 29d), 4.5*10° cm?/V.s (Figure 29¢) and

9*10°® cm?/V.s (Figure 29f), respectively. L-NDI also exhibits a pronounced temperature

236 |



I Chapter 4: Molecular Materials

20
(a) s 18 (b) ,
34 - /
..' 16 /
7 <14 a
2 o/ :5; '/
g2 - — 12 J
= J p=t /
E of 8 104 o
o o S 8 /'/.
- '. b L)
5 1 K O /./
O .." 61 o °
o
oo"'.. 44 o/./.’.
ooo"“ "
O.u-"“" 24
0 1 2 3 4 5 1 2 3 4 5 6 7 8 9 10
Voltage (V) Voltage (V)
0.15
0.061 (c) o
s~
0.054 .,."
) .'.'. )
<C 0.044 o <
é ,.w"'. 2
= 003 o =
o S
< 0.02- & 5
=) ° O
O ..-’
0.01 4 ...o
0,00-M
0 1 2 3 4 5
Voltage (V)
0.10
0.035 4
(e) P () e
0.081 J 4 0.030; o
J J
~ 1 — 0.0254 /
<L 006 5 { < Ve
= s £ 0.020- /.
+— o -
S 0.04 - & 0.015 Va
= : <
d 0.010 o—o o
©) 0.02 './' O ./././ .
L]
-~ 0.005 4 '/
()
0.00 4 nonooonoloooouu”l."'. . . —1 0.000 4 /
0 1 2 3 4 5 0 2 4 6 8
Voltage (V) Voltage (V)

Figure 29. 1-V plots of (a,b) L-NDI, (c) NDI-TrpOMe, (d) NDI-PhgOMe, () NDI-1leOMe
and (f) NDI-TyrOMe obtained from 90% aqueous acetonitrile. For (a) the aggregates were
formed at a slower rate, while fast for that of (b).

dependence which is typical to the class of disordered organic semiconductors.’®®#" |n
Figure 30 we show the temperature dependent I-V characteristics of L-NDI for the

temperature range of 120 K to 300 K. This reveals a hopping like behavior of charge
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Figure 30. (a) and (b) Plots of mobility of L-NDI as a function of temperature.

carriers in the high temperature regime, which can be explained by the activation model
by Arrhenius.®*® However it deviates from Arrhenius behavior below 220K. The

activation energy (E,) of hopping can be obtained from the equation

_Ea

u(T) = poexr

which gives a value of 50 meV. Such a small value of activation energy and deviation
from thermal activation behavior suggests that the transport becomes band-like at lower
temperatures.®> However, since trapping effects are not considered in this study, the

behavior of transport below 220 K cannot be predicted with certainty from our

experiments.

4.3.6. Discussion and conclusions

Although, better mobilities are expected for a 2D sheet-like semiconductor layer

sandwiched between two injecting electrodes, the obtained distinctly different mobilities
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of L-NDI, NDI-PhgOMe and NDI-TyrOMe could be ascribed to following reasons, 1)
the n-1t stacking of chromophores is not perpendicular with respect to the two electrodes,
i) the extent of crystalline ordering in a single self-assembled structure and iii) limited by
the orientations of these self-assembled structures (termed as orientational disorder) for
charge transport in a bulk sample. Although, we do not have precise evidences about the
direction of m-m stacking, it appears to us that the extremely low mobilities of NDI-
TyrOMe could be attributed to low-crystalline ordering (Figure 26d) and the orientation
disorder (Figure 25d), which in turn affects the net direction of n-n stacking. In case of L-
NDI, a difference of nearly two orders of magnitude can be directly correlated with the
crystalline ordering as seen in X-ray diffraction studies (Figure 26a,b) and the inter-sheet
limited charge transport changes arising due to their aggregates sizes (Figure 25a,b).
Similarly, the latter reasons as well as the orientational disorder may limit the mobilities

of NDI-PhgOMe to the order of 107.

Interestingly, in case of NDI-TrpOMe the n-x stacking is most likely to be along
the longer axis of the fibers and hence the mobilities of the order of 10 can be accounted
by orientational disorder (Figure 25¢) and crystallinity (Figure 26e). On the other hand,
the NDI-1leOMe motifs has to be oriented in all possible directions to form the spherical
structures, as a result orientational disorder lies within the single self-assembled structure
itself. In addition, the mobilities would be limited by the charge transport across the

spheres in a bulk sample.

Thus, with the aid of available results, we have shown that a small modification in
the structure of the molecule can bring about significant variations to their organization,

crystallinity and in turn to their electronic properties. As SCLC studies are a collective
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phenomenon arising from measurements done on the bulk of the material, a direct
correlation with their single self-assembled structure and/or molecular structure is not
appropriate. Therefore, additional experiments are underway for a much detailed account
of structural-property correlations. Such studies if successful could be beneficial in

designing high performance electronic devices.

4.3.7. Experimental section
4.3.7.1. Materials and methods

All the solvents and reagents were obtained from Sigma-Aldrich and used as received
unless otherwise mentioned.

NMR Spectroscopy, Mass Spectrometry (MS), and Elemental Analysis: *H and **C NMR
were recorded on a Bruker AV-400 spectrometer with chemical shifts reported as ppm (in
CDCI; with tetramethylsilane as internal standard). Mass spectra were obtained from
Shimadzu 2020 LC-MS. Elemental analysis was carried out on ThermoScientific FLASH
2000 Organic Element Analyzer.

Absorption Spectroscopy: UV-vis spectra were recorded on a Perkin Elmer Model
Lambda 900 spectrophotometer. A 100 uM solution of the sample was analyzed in quartz
cuvette of 1 mm path length.

Fluorescence Spectroscopy: Fluorescence spectra were recorded on a Perkin Elmer
Model LS 55 spectrophotometer. A 100 uM solution of the sample were analyzed in a

quartz cuvette of 1 mm path length with an excitation at 375 nm.
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Field Emission Scanning Electron Microscopy: FESEM images were acquired with a FEI
Nova nanoSEM-600 equipped with a field-emission gun operating at 15 kV. The sample
was prepared by drop-casting onto a Si (111) substrate.

Powder X-ray diffraction (PXRD): PXRD patterns were recorded with a Rigaku-99
(Miniflex) diffractometer using Cu Ka radiation (A = 1.5406 A). The free-floating self-
assembled structures of NDI derivatives were drop-casted on a glass slide. The

diffraction peaks were indexed with the DICVOL program.

Cyclic Voltammetry: Cyclic Voltammetry was performed using Metrohm’s Autolab
PGSTAT101 with Ag/AgCI reference electrode, Platinum wire as counter electrode and
Platinum disc as working electrode. 10 mL of 0.1 M solution of tetra-n-butylammonium
hexafluorophosphate(TBAPFg) was used as the electrolyte in anhydrous acetonitrile/N,N-
dimethylformamide(DMF) and 0.1 mM of L-NDI dissolved in acetonitrile/DMF was
added to the above prepared solution. Ultra pure nitrogen was used to purge the sealed
cell containing the solution and electrodes ten minutes before the experiment and a
blanket of nitrogen was maintained throughout the experiment. The I-V curve was

recorded at a scan rate of 0.5 V/s.

Device fabrication: ITO coated glass substrates were cleaned by ultra-sonication in soap
solution followed by sonication in acetone and isopropyl alcohol. This was followed by
standard RCA treatment; substrates in a mixture of ammonium hydroxide (NH,OH),
hydrogen peroxide (H,O;) and water (1:1:4 by volume) were heated at 80 °C for 15 min.
The semiconductor was drop-casted on the cleaned ITO coated glass from 90% aqueous
acetonitrile solution and left to dry overnight under ambient conditions. The resulting

film thickness ranges from 1-10 um. Aluminum top electrode which determines the
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device area was then evaporated by physical vapor deposition (10° mbar vacuum and
100 nm thick) to complete the sandwich structure. All measurements were carried out in
inert atmosphere using a standard Keithley 4200 semi-conductor parameter analyzer.
Temperature dependent measurements were done using a liquid helium based cryostat

from Cryogenic Technologies Ltd.

4.3.7.2. Synthesis of L-NDI

Refer section 2.2.4.2

4.3.7.3. Synthesis of NDI-TrpOMe

Refer section 2.1.8.3

4.3.7.4. Synthesis of NDI-PhgOMe

Synthesis of L-phenylglycine methylester hydrochloride: Anhydrous methanol (50 mL)

was placed into a 100 mL two-necked round-bottom flask, fitted

cl y l;l'- with a reflux condenser and an additional dropping funnel, and
3

4 OCHs  cooled to ice temperature (0 °C). Acetyl chloride (3 mL) was

added drop-wise through the dropping funnel. After 15 min, L-phenylglycine (3 g, 18.16

mmol) was added, and the reaction mixture was refluxed overnight at 70 °C. The reaction
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mixture was dried in vacuo to obtain L-phenylglycine methylester hydrochloride in

quantitative yield and used for further reaction without purification.

1,4,5,8-naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol) and L-
phenylglycine methylester hydrochloride (322 mg 1.49 mmol) were suspended in DMF
(20 mL) in a 100 mL round-bottom flask. To
00 o]
HsCO @ \ this suspension, triethylamine (0.6 mL) was
o8 yroch, . .

d 0 O added under inert atmosphere. The reaction
mixture was refluxed at 75 °C for 24 h. The solvent was evaporated in vacuo, and the
residue was purified by column chromatography (1% methanol in chloroform). Yield
70%. 'H NMR (400 MHz, CDCls, 8): 8.77 (s, 4H), 7.69 (m, 4H), 7.34 (m, 6H), 6.84 (s,
2H), 3.82 (s, 6H); *C NMR (100 MHz, CDCls, 8): 168.4, 162.2, 134.3, 131.5, 130.5,
128.7,128.4, 126.8, 126.6, 57.1, 52.9; MS (El): m/z =562.16 [M]" for C34H2sN,Og (calc.
562.14); Elemental analysis: Calcd. for C3,H2:N,Og: C, 68.32; H, 3.94; N, 4.98. Found:

C, 68.29; H, 3.98; N, 4.95.

4.3.7.5. Synthesis of NDI-TyrOMe

Synthesis of L-tyrosine methylester hydrochloride: Anhydrous methanol (50 mL) was

placed into a 100 mL two-necked round-bottom flask, fitted
OH

Cl 9y I:l- with a reflux condenser and an additional dropping funnel,
3
OCH;

d and cooled to ice temperature (0 °C). Acetyl chloride (3 mL)

was added drop-wise through the dropping funnel. After 15 min, L-tyrosine (3 g, 18.16

mmol) was added, and the reaction mixture was refluxed overnight at 70 °C. The reaction
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mixture was dried in vacuo to obtain L-tyrosine methyl ester hydrochloride in

quantitative yield and used for further reaction without purification.

1,4,5,8-naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol) and L-
tyrosine methyl ester hydrochloride (322 mg 1.49 mmol) were suspended in DMF (20

0 o 0 mL) in a 100 mL round-bottom
o d S0 . e
N N flask. To this suspension,

o O groon
0 00

added under inert atmosphere. The reaction mixture was refluxed at 75 °C for 24 h. The

triethylamine (0.6 mL) was

solvent was evaporated in vacuo, and the residue was purified by column
chromatography (1% methanol in chloroform). Yield 68%. ‘H NMR (400 MHz, CDCls,
8): 9.09 (s, 2H), 8.65 (s, 4H), 6.95 (d, 4H), 6.49 (d, 4H), 5.90 (g, 2H), 3.65 (s, 6H), 3.50
(dd, 2H, J = 8Hz, 4Hz), 3.22 (dd, 2H, J = 8 Hz, 4 Hz); **C NMR (100 MHz, CDCls, 5)
169.4, 161.9, 155.74, 131.4, 130.0, 127.2, 126.1, 125.6, 115.0, 54.6, 52.4, 33.2; MS (EI):
m/z = 622.27 [M]" for CasHxN,019 (calc. 622.16); Elemental analysis: Calcd. for

CasH26N2010: C, 65.59; H, 4.21; N, 4.50. Found: C, 65.57; H, 4.25; N, 4.53.

4.3.7.6. Synthesis of NDI-l1leOMe

Synthesis of L-isoleucine methyl ester hydrochloride: Anhydrous methanol (50 mL) was

placed into a 100 mL two-necked round-bottom flask, fitted with a

Cl + .- .
HyN reflux condenser and an additional dropping funnel, and cooled to
OCH;

o) ice temperature (0 °C). Acetyl chloride (3 mL) was added drop-

wise through the dropping funnel. After 15 min, L-isoleucine (3 g, 18.16 mmol) was
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added, and the reaction mixture was refluxed overnight at 70 °C. The reaction mixture
was dried in vacuo to obtain L-isoleucine methyl ester hydrochloride in quantitative yield

and used for further reaction without purification.

1,4,5,8-naphthalenetetracarboxylic dianhydride (200 mg, 0.74 mmol) and L-
isoleucine methyl ester hydrochloride (322 mg 1.49 mmol) were suspended in DMF (20
oo 0 mL) in a 100 mL round-bottom flask. To this

H;CO @ . : .
N suspension, triethylamine (0.6 mL) was added

N
O groen
O 00

was refluxed at 75 °C for 24 h. The solvent was evaporated in vacuo, and the residue was

under inert atmosphere. The reaction mixture

purified by column chromatography (1% methanol in chloroform). Yield 78%. 'H NMR
(400 MHz, CDCls, 5): 8.79 (s, 4H), 5.42 (d, 2H), 3.69 (s, 6H), 2.63 (m, 2H), 1.30 (m,
8H), 1.03 (m, 2H), 0.84 (m, 6H); *C NMR (100 MHz, CDCls, §) 169.9, 162.8, 131.7,
127.2, 126.6, 58.7, 52.5, 33.7, 25.4, 18.1, 11.1; MS (El): m/z = 522.16 [M]" for
CasH30N20g (calc. 522.20); Elemental analysis: Calcd. for C,gH3oN2Og: C, 64.36; H, 5.79;

N, 5.36. Found: C, 64.30; H, 5.84; N, 5.39.
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4.3.8. Appendix

'H and *C NMR of 1

'H and **C NMR of CDP-Ala

'H and **C NMR of CDP-Phg

'H and *C NMR of CDP-Phe

'H and **C NMR of NDI-PhgOMe
'H and *C NMR of NDI-TyrOMe

'H and *C NMR of NDI-1leOMe
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