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Abstract

The current thesis focuses on the assembly of small organic molecule to molecular moiré
superlattices with application potential as quantum molecular devices. The initial work in this
thesis focuses on the assembly of metal complexes to form 0-dimensional nanoparticles that
display size-dependent luminescent and magnetic properties. These nanoparticles can further be
assembled into 2D moiré superlattices. The chapters following this work discusses the self-
assembly of simple organic molecules into 2D crystalline nanosheets that further forms
multilayered moiré superlattices after twisted stacking. They display extraordinary tunable
physical and chemical properties depending on the molecular interaction at the twisted interface
compared to their 2D counterparts. Further the twist angles and moiré periodicities can be
controlled by addition of Zn?* ions to moiré superlattices. The Zn-complexed moiré superlattices
of tryptophan further acted as spin filters.

The current thesis is divided into six chapters. The works reported in these chapters are briefly

discussed below.

Chapter 1. The chapter includes a brief literature review on molecular organization to form
hierarchical structures of 0, 1 and 2D crystalline assemblies and their properties based on their
molecular interactions. It also includes a brief discussion of how molecules and their assemblies
were proposed to be used as molecular machines and eventually became favorites in molecular

electronics, spintronics and quantum molecular devices.

Chapter 2: The initial work for this dissertation focuses on the assembly of metal complexes to
form 0-dimensional nanoparticles that display size-dependent luminescent and magnetic
properties. These types of nanoparticles can also be further assembled into 2D moiré
superlattices. This work inspired us to synthesize moiré superlattices that is assembled from

simple organic molecules.

Chapter 3: The chapter introduces the concept of moiré superlattice formation from small
organic molecules. In this chapter, the chemical synthesis of moire superlattices of L or D
tryptophan (trp) molecules are described that were formed by the twisted stacking of the self-
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assembled crystalline 2D nanosheets in an aqueous medium that showcased new physical and

chemical properties through interactions at the crystal interfaces.

Chapter 4: This chapter proposes the potential use of molecular moiré superlattices for building
complex circuits, information storage, or sensing based on the principles of quantum mechanics
at the molecular length scales. Further electrical properties of multilayered moiré superlattices of
p-phenylenediamine were studied where it was dependent on the twist angle between two

consecutive layers and pH of the medium.

Chapter 5: This chapter explores the concept of spin-polarized conductance through Zn-
complexed moiré superlattices of D/L-trp and thus acted as spin filters. The twist angles and

moiré periodicities were controlled by addition of Zn?* ions to moiré superlattices of D/L-trp.

Chapter 6: This chapter includes the summarization and the future prospects for the work
presented in this thesis.

Xi
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Chapter 1

Chapter 1: Introduction
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Chapter 1

Introduction

Molecular assembly through supramolecular or covalent interactions into crystalline 0, 1, 2-
dimensional superstructures are able to perform many well-orchestrated functions that can be
tuned by their size, shape and chemical bonding within the assembly. Many naturally occurring
molecular assemblies perform various designated functions, including cell division, energy
production, and muscle locomotion, all of which are vital for the sustenance of life.}® Taking
inspiration from these processes, many artificial molecular machines* were designed that carried
out specific functions.®® For example, different molecular® and supramolecular’ assemblies were
explored for their usage as molecular wires or device components for fabrication of various
device prototypes such as rectifiers®, resistive switches® and transistors'®!, They are extensively
studied in detail to explore their applications in molecule-based electronics®'?,
pharmaceuticals'®**#, photonics®®, and optoelectronics®®. Therefore, it is desirable to engineer and
design a suitable molecular assembly that can be manipulated based on their chemical bonding or
constituent units to have specific functions and properties. Again, the assembled nanosized 0, 1,
or 2-dimensional structures formed from covalent or/and non-covalent interactions between
molecules has greatly impacted the field of materials chemistry and nanoscience.l” They are
widely used in many areas such as catalysis, as molecular wires, for sensing, and in
optoelectronics, among other applications.'®?! With the dawn of quantum computation era, an
alternative to the demand for miniaturization of circuits has increased significantly while the size
reduction of silicon-based semiconductors has almost reached its limit. Due to this demand, the
focus has now shifted towards molecule-based assemblies where they are slowly becoming
favorites as quantum molecular devices??2* though their integration into devices remains one of
the major challenges faced due to their small size. Thus, different forms of assemblies are being
explored that can be used for molecular electronics where they can be effectively incorporated in
classical electronic circuits to reduce their physical dimension. As we move towards the future of
artificial intelligence and quantum computing, there is an increasing exploration of bottom-up
approaches for developing molecule-based electronics®. Having advantages such as suitable size
for quantum mechanical effects, cheaper fabrication and better performance based on their
tunable chemical properties, they are more suitable for quantum molecular?® and molecular

memory and processing devices?.
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1.1 Synthesis of nanostructures based on principles of chemistry

Most of the work in the field of nanoscience was done using the top-down approach where the
fabrication largely depended on the different lithography and etching methods. However, over
the decades, significant advancements took place for the synthesis of nano-dimensional materials
based on bottom up approaches. This section gives an overview for the various chemical
methods used for the synthesis of different dimensioned nanostructures and their properties
before we introduce and discuss the concept of molecular moiré superlattices and their potential
use in molecular quantum devices??. The synthesis procedures largely relied on the principles of
chemistry and biology and later developed into the field of molecular nanotechnology. Thus,
following the visionary idea of molecular nanotechnology many bottom-up synthetic approaches
were developed for the synthesis of zero-dimesional (0D), one-dimensional (1D) and two-

dimensional (2D) materials.
1.1.1 Zero-dimensional nanostructures

The 0D structures® like metallic nanoparticles?’?® or nanoclusters?”?°, quantum dots® or carbon
dots® have their sizes constrained to nanometer scale in all the 3 dimensions and display size-
dependent properties. Examples include surface plasmon resonance®? in gold (Au) and silver
(Ag) nanoparticles, excitonic emission in quantum dots®*, photoluminescence® (PL) in Au and
Cu clusters, size-dependent PL with high quantum yield in carbon dots®* and superparamagnetic
iron oxide nanoparticles®®. The bottom up synthesis methods of these OD particles allowed a
homogenous, well ordered product synthesis having less defects. Most of the synthesis processes
involve colloidal synthesis®’, hydrothermal or solvothermal method, wet-chemical®® approach
and metal reduction processes*’. Examples include reduction of metallic salts in presence of
stabilizers to form metal nanoparticles or nanoclusters,*® colloidal synthesis involving injection
of metal salts and stabilizers or organometallic compounds at high temperature for the synthesis
of quantum dots* and carbonization of organic molecules using hydrothermal, microwave-
assisted and template methods for the synthesis of carbon dots®!. Synthesis of these 0D particles
through chemical methods results in precise control over their size and composition where their

further growth or aggregation is prevented by the surface-attached stabilizing ligands.
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Figure 1. Illustration depicting dlfferent types of (A) OD organic and inorganic nanoparticles
(Image source: Pharmaceutics 2021, 13, 1829), (B) 1D nanomaterials (Image reprinted with
permission from reference 45) and (C) 2D nanomaterials (Image reprinted with permission from
reference 81). (D) and (E) Illlustrations showing the various applications of these nanomaterials
in various fields (Image in Figure 1D is reprinted from 14, Image source: Materials 2022, 15,
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3251. Image in Figure 1E is reprinted from reference 21, Image source: Nanomaterials 2021, 11,
3324.).

Synthesis through chemical reactions has also enabled the development of nanoparticles based
on polymers, organic molecules, metal complexes, metal-organic frameworks (MOFs), and
covalent organic frameworks (COFs).*** The organic nanoparticles* rely on molecular self-
organization through supramolecular and covalent interactions whereas COF and MOF based
nanoparticles are formed based on principles of reticular chemistry**. Their size, shape and also
the composition and functionality can be tuned to atomic precision for desired applications such

as drug loading and delivery, sensing, catalysis and other biomedical uses.
1.1.2 One-dimensional nanostructures

1D nanostructures are characterized by having two of their dimensions restricted to nanoscale
range and examples include nanowires, nanoribbons, nanoneedles, nanorods, nanotubes and
nanofibers.***” Their synthesis procedures may involve the growth of molecules or nanoparticles
into 1D structures via self-assembly and folding of flexible 2D nanofilms into 1D
nanostructures.*®4® Due to their unique electrical, optical and thermal properties they have gained
significant recognition in the field of nanoelectronics**°°, devices*, solar cells®! and biomedical
applications®®. The self-assembly of inorganic nanoparticles into 1D nanostructures involves
further interaction with other nanoparticles or different moieties through surface stabilizing
ligands. The forces for their interaction may be van der Waals (vdW), electrostatic and magnetic
interactions depending on the type of nanoparticle.>**> Assembly into 1D nanostructures can be
categorized into seed mediated growth where the nanoparticle itself serves as the seed from
which the nanostructure grows. Another process uses template mediated synthesis processes
where the precursor metal ions attach to the hard or soft template that direct its growth into 1D
nanostructure.** Molecule based 1D nanostructures include conducting polymers where
molecules are covalently bonded into a pi-conjugated long polymeric chain for example
polyaniline (PANI) and polyacetylene (PA).*® Another example includes self-assembly of
peptides through non-covalent and covalent bonds to form nanofibers and nanoribbons that are
used for drug delivery or bioimaging.®*® The spontaneous folding of 2D nanofilms can also
lead to the formation of 1D nanostructure where new properties may arise along with the

retention of 2D film’s properties.*®
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1.1.3 Two-dimensional nanostructures

Similar to 1D nanostructures, many nanoparticles or nanocrystals can be assembled into a
crystalline higher dimension nanostructure that can lead to enhancement of the existing
properties of the 0D particles or demonstrate new properties after assembly.>* Most of the
approaches for the 2D assembly of nanoparticles are template based>*®° but considerable studies
have also been performed for their assembly through metal ion mediated complexation reactions.
For example, zinc mediated complexation of Cu and Au clusters resulted in 2D crystalline
nanosheets. The resulted assemblies had enhanced PL properties and were able to sense and store
Hz, O, and CO2,%% enantiomerically separate amino acids®® and delayed fluorescence
properties®:®2, For molecule-based 2D nanosheets, their synthesis involves self-assembly of the
molecules through supramolecular interactions.>*>° Their assembly can lead to formation of 2D
crystalline functional materials with customized properties. Molecular 2D materials involves
nanofilms based on organic molecules, COFs and MOFs having applications in catalysis,
optoelectronics and sensing.®”-"® Again, many nanocrystals were assembled into hierarchical
structures using metal chalcogenide complex ligands where strong coupling was achieved using
these inorganic based surface ligands.”* Also, many assemblies of nanocrystals were formed
where they were organized into closed packed solids, ternary nanocrystal superlattices and
quasicrystalline structures.’>’® Another hierarchical arrangement of these nanoparticles or
nanoclusters includes the formation of 2D moiré or quasiperiodic superlattices.’”*™ Here
nanoclusters or complex based nanoparticles can result in the formation of moiré superlattices

through their chemical bonding with metal ions or small molecules.

1.1.4 Involvement of supramolecular interactions for higher dimensional nanostructure

assembly

The interactions that are involved for the hierarchical assembly of molecules, complexes or
nanoparticles into 1D or 2D nanostructures are based on covalent and supramolecular
interactions. Though covalent bonds were important for the formation of the higher dimensional
structure, supramolecular interactions resulted in enhancing the properties, functionality and
structural rigidity of the system. For example, in MOFs and COFs, where the functionality is
enhanced by taking advantage of non-covalent host guest interactions’, hydrophobic and

hydrogen bonding (H-bonding) take part in the assembly of nanoparticles/peptides/organic

5
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Figure 2. Different types of supramolecular interactions that are involved in nanoparticle and
molecular assembly into higher dimensional structures (Image in Figure 2A is reprinted from
reference 55, Image source: iScience 2023, 26 (3), 106279. Image in Figure 2B is reprinted with

permission from references 79).

Supramolecular interactions involve non-covalent bonds such as hydrogen bond (H-bond), n-r or
anion/cation- & interaction, dipole-dipole or ion-dipole interaction, hydrophobic and electrostatic
interactions.®® As mentioned earlier, supramolecular chemistry can be exploited to design 1D, 2D
and 3D crystals with the desired building block. These interactions enable the nanostructures to
interact with molecules or ions that result in various applications, such as sensing, drug delivery,
and surface functionalization. These non-covalent bonds facilitate self-interaction through
stacking, pi-pi and hydrogen bonding, leading to formation of functional materials having novel

properties.
1.2 2-D nanomaterials and their stacking

2D nanomaterials are more favorable over OD and 1D materials due to their large surface area,
flexibility, high mechanical strength and are easy to handle.?! They are easier to assemble from
molecules and nanoparticles as compared to 1D materials and the large surface area provides a
greater number of active sites for sensing, catalysis and drug loading. Additionally, it was

observed that stacking 2D materials with same or different nanosheet to form homo or hetero bi-
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or multi-layers can result in new materials having additional properties.8%® Examples include
multilayered materials involved for displaying giant magnetoresistance phenomenon,
multilayered graphene or h-BN, metallic films or multilayered black phosphorus for the
fabrication of robust, functional electronic devices.®*' Another method of stacking is through
lattice misalignment where translational or rotational stacking of one layer with respect another
takes place.8292-% Both of these types of stacking may give rise lattice mismatch and thus
produce moiré patterns through interference. As the current thesis work focuses on the chemical
synthesis of moiré superlattices through twisted stacking of the 2D nanolattices of small organic
molecules, a brief introduction on the 2D materials and their stacking is presented in the

following section.
1.2.1 2D nanosheets based on molecular and vdW materials

2D nanomaterials based on organic compounds would include organic frameworks, polymers
based 2D materials and 2D crystals where the constituent unit is the molecule.®®"® The
interaction involved in their assembly are covalent and non-covalent bonds (such as H-bonding,
hydrophobic and electrostatic interactions). 2D vdW materials consists of atomically thin 2D
films, which have covalently bonded network of atoms throughout the XY plane whereas vdW
interactions hold the layers together along the perpendicular direction. Examples include
graphene, hexagonal boron nitride (h-BN) and transition metal dichalcogenides (TMDs).%%

They have various potential applications in catalysis, electronics and sensing.
1.2.2 Twisted stacking of 2D nanosheets and their properties

Twisted layering of 2D materials has introduced twistronics as an important category in the field
of quantum electronics.®”% Since then many unconventional properties®®-1% arising due to
twisted stacking of these 2D systems were studied. Some of the examples include vdW materials
such as twisted bilayer'® and multilayered graphene'®, h-BN% TMDs!", and perovskite oxide
membranes'®. The weak vdW forces hold the layers together and when twisted at an angle
results in moiré patterns having higher periodicity. Conventionally, moiré superlattices of these
vdW materials are fabricated through physical methods with careful stacking of a mechanically

exfoliated monolayer over another at a desired angle.2%
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Twisted layering of a graphene monolayer sheet upon another at an angle of 1.1° results in strong
interlayer coupling and correlation between the electrons. This leads to its transition from correlated
insulator to superconductor having Tc (transition temperature) = 1.7 K upon doping with electrostatic
charges.’® Again, moiré excitons having much higher lifetime than excitons in monolayer was observed
in MoSe,-WSe, layered heterostructure.l%! Other examples include Mott-like insulator states due to
localized electrons in the moiré superlattice’®® and ferromagnetism!® resulting from anomalous Hall
effect in tBLG.

A"
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Figure 3. Illustrations depicting the properties and fabrication methods of moiré superlattices
formed after translational and rotational stacking of 2D materials (Images in Figure 3A and 3B

are reprinted with permission from references 82 and 93 respectively).
1.2.3 Chemical approach to moiré synthesis

As mentioned in the previous section, conventional synthesis procedures of moiré superlattices
require extra care and time for twisted stacking after exfoliation. This restricts large-scale
production of 2D moiré superlattices. Again, the synthesis for molecule-based moiré
superlattices could be difficult using these physical approaches. Therefore, new methods are
required for their synthesis. One possibility would be to rely on the bottom-up synthesis
approaches where using the principles of chemistry one could synthesize the desired moiré
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superlattices. There are a few examples where twisted stacking of 2D materials were achieved by
chemical methods or in liquid medium, which are mentioned in the following sentences. Copper
nanoclusters were at first organized into 2D nanosheets through complexation with Zn?* ion that
were further stacked at 30° by controlling the Zn?* ion concentration to produce quasiperiodic 2D
materials in the liquid medium.” Again, it was possible to organize these 2D nanosheets into
multilayered moiré superlattices through chemical reaction with triphenyl phosphine.'® Another
example includes the chemical synthesis of spiral moiré nanosheets of bismuth oxychloride
having superior photocatalytic activity.!'! Mn?*-cysteine complex nanoparticles were assembled

into 2D multilayered moiré superlattices through reaction of Zn?* ions in liquid medium.”

Organization through chemical methods may result in tunable properties that would depend on
the constituent particles and their chemical interactions. Chemical interactions within the moiré
superlattice may provide extra stability and additional properties as observed for moiré
superlattices of Zn complexed Cu nanoclusters, Mn?*-cysteine complex nanoparticles and spiral

moiré nanosheets of bismuth oxychloride.

1.3 Bridging the gap between molecular electronics and 2D material-based electronics

All the examples mentioned in the previous section include formation of moiré superlattices of
vdW materials, nanocluster, nanoparticles and inorganic materials but there have rarely been any
studies for the synthesis of 2D organic molecular crystals through chemical methods. The work
reported in this thesis has tried to fill this void by chemically synthesizing and exploring the
properties of molecular moiré superlattices. The crystalline molecular 2D nanosheets contains
the molecule as the repetitive unit where it self assembles in an ordered manner through non-
covalent such as hydrophobic, H-bonding and ionic interactions to form crystalline 2D
nanosheet. Further twisted stacking of these 2D nanolattices in the liquid medium result in the
formation of moiré superlattices where the surface interaction of the nanosheets at the interface
determines its properties and twist angle.

2D materials are utilized for device fabrication due to their better electrical conductivity,
mechanical strength and high surface area.®2 On the other hand, molecular assemblies are
favored for fabrication of quantum molecular devices due to their smaller dimensions and
tunable properties.®’ But their integration into circuits leading to fabrication of a working device
is difficult. Thus, a new approach is required for their integration into devices. One possible way

TH-3761_196122043
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could be the twisted layering of a 2D nanosheets of self-assembled molecules leading to the
formation of moiré superlattices. The interfacial interactions would be different from the
interactions within the lattice that could lead to extraordinary electrical and magnetic properties
forming the basis of a functional device. Multilayered molecular moiré superlattices can provide
tunable customized properties based on molecular interactions, large area for molecule-electrode
contact and information processing based on the interfacial interactions.

1.4 From molecular machines to supramolecular devices

Soon after the proposal of atomic and molecular manipulation using molecular
nanotechnology!!? to create nano-dimensional devices, miniaturization of machinery was
achieved through the development of molecular machines®®. The synthesis of the interlocked
catenanes'® and rotaxanes!'* paved the way for the development of probable molecular switches
and devices.

1.4.1 The path towards world’s smallest molecular machines

The first interlocked transition metal catenanes ([2] catenane) where two molecular rings were
interlocked using a transition metal template showed the path for molecule manipulation.!*® The
rings were free to move as they were interlocked by a mechanical bond. Later on [2] rotaxane
was synthesized, which was formed by entangling a molecular ring to a molecular axle.!* The
rotaxane was termed as a ‘molecular shuttle’ in which a ‘tetracationic’ bead was able to move
along a polyether axle from one hydroquinol ring to another and the movement at the end of the
axle was terminated by bulky silyl group where the back and forth movement of the cationic
bead was reported to be around 2000 times per second.!’® The synthesis procedure for the
interlocked catenane and rotaxane, based on chemical bonding and ionic interactions, provided a
clear template for the development of future molecular machines and eased the way for the
production of probable molecular switches and devices.!'® This development opened up an
entirely new realm for employing a bottom-up approach in the formation of nanoparticles,

enabling the application of this concept for molecular-scale information.
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Figure 4. lllustration showing the motion in rotaxane and catenane. Images are reprinted with

permission from references 116 and 121.

1.4.2 Molecular manipulations for the synthesis of molecular switches, motor and

machines

For both catenane and rotaxane, chemical interaction between the constituents (interlocked rings
by metal template in catenane and a ring and an axle in rotaxane) allowed free movement within
the system. Further progress in the field of molecular machines was observed when the
interactions were manipulated using external stimuli. For example, a molecular motor was
designed using the molecule (3R,3'R)-(P,P)-trans-1,1',2,2",3,3",4,4'-octahydro-3,3'-dimethyl-4,4'-
biphenanthrylidene where the stereochemistry of the molecule plays an important role in its
movement.1t” A 360° rotation was observed in one direction when subjected to alternative UV
light irradiation and temperature change, thus acting as a molecular motor. Furthermore, a

nanocar*'® was designed using molecules where molecular motors played the role of wheels.

Another example includes the swinging catenanes!'® where the motion of the interlocked rings
was controlled electrochemically. Two rings — one containing two bidentate center and another
containing a bidentate and a tridentate center- were interlocked using Cu ion. A reversible
swinging movement was observed between the rings as electrochemical oxidation and reduction
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of the Cu center occurred depending on the ion’s coordination sphere. Next a molecular switc

h120

was implemented consisting of a donor—acceptor [2] rotaxane, where the movement of the ring

along the axle was induced by protonation of the benzidine recognition unit located on the axle.

The switching can be reversed with addition of base.
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from reference 116). (C) Light driven unidirectional rotational motion in molecule-based motor

(Image reprinted with permission from reference 117). (D) lllustrations, STM image and

TH-3761_196122043

12



Chapter 1

structure depicting a molecular car constructed using rotary molecular motors (Image reprinted

with permission from reference 118).
1.4.3 Single molecular electronics to supramolecular electronics

With the advancement in technology, significant increase in demand has occurred for
miniaturization of electronics and thus a rise in the studies for molecular electronics was noticed.
The study of the charge transport at molecular junctions using break junction method, where the
molecule is anchored between a metallic electrode (drain) and conductive atomic force
microscopy (c-AFM) or scanning tunneling microscopy (STM) probe (source), is termed as
molecular electronics or more specifically single molecular electronics.®"12122 Although many
molecular devices such as molecular rectifiers®, single molecule transistors'®!!, and single-
molecule switches® have been devised, the focus is now shifting towards assembly of molecules
or supramolecular electronic'? devices for fabrication of practical electronic devices. Molecules
or ensemble of molecules are studied for their development as electronics as they not only can
lead to miniaturization of electronics but may also be developed into customized functional
devices by exploiting the chemical properties and interactions at the molecular level. Though due
to its low dimension and synthesis procedures, molecule-based electronics may provide low-cost
and efficient solution to development of electronics having faster performance, but its fabrication
into practical electronic devices is still being conceptualized due to difficulty in incorporation of
the molecules between electrodes. To move towards integrating practical electronic circuits,
molecular ensemble like self-assembled monolayer'?®> (SAM) may prove advantageous over
single molecule due to large area electrode contact. Again, the manipulation of the non-covalent
bonds at supramolecular level could provide an opportunity for its fabrication as practical
electronic devices, for example conductivity can be tuned according to polarity or interactions

within the assembly.
1.5 From supramolecular electronics to quantum molecular devices

As previously discussed, due to their high scalability and ease of assembly into controlled arrays,
many molecules®*2 and supramolecular’1?2124 assemblies have been employed and evaluated for
applications in molecule-based electronics. Here, the charge transport occurs at a molecule level

through a single molecule or assembly of molecule following the concepts of quantum tunneling.
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These molecule-based devices have the potential to be used as quantum bits (or qubits) and
quantum gates as manufacturers look for alternatives of silicon-based semiconductors.??-°
Molecule-based devices may have the potential to revolutionize quantum information
processing. But their fabrication into functional device still remains a challenge. Thus, there is a
need for finding the best bottom-up synthesis procedure that can be useful for fabricating
guantum molecular devices. Thus, the present work in this thesis tries to address this issue by
introducing molecular moiré superlattices and proposing its use in fabrication of quantum
molecular devices.
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Figure 6. Illlustration depicting the use of single molecules and supramolecular assemblies for
electronics, spintronics and molecular memory and processing devices. Images in Figure 4A, 4B,

4C and 4D are reprinted with permission from references 122, 124, 23 and 25 respectively.
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1.6 Objectives and Hypothesis

In today’s rapidly evolving technological world, molecule-based electronics have attracted
considerable scientific interest, particularly when quantum materials have become essential for
the advancements in quantum information, artificial intelligence, and quantum phenomena.
Single molecules, supramolecular and higher-dimensional molecular assemblies present
promising avenues for significant advancements in spintronics, quantum sensing, and molecular
switches. Integrating molecules into electronic circuits for functional molecular devices has been
a longstanding goal. This holds importance as it might be able to address the rising demand for
miniaturization electronic circuits as traditional semiconductor technology approaches its
physical limitations. However, the challenge of positioning a single molecule between
electrodes—and subsequently scaling this approach to millions of molecules for integrated
circuit construction—remains a difficult task. Consequently, novel multifunctional molecular
materials based on principles of chemistry and molecular engineering are needed to be designed
which can replicate the functions of traditional transistors, diodes, and logic gates, thereby
demonstrating potential applications in optoelectronics, quantum information, and advanced
electronics. Further, the cooperativity arising from interactions within assemblies e.g., hydrogen
bonds, enhances charge transport efficiency where the interactions and properties of these
assemblies can be harnessed and manipulated at molecular level to convert the chemical

information to electrical signals.

On the other hand, 2D moiré superlattices, which are formed by the lattice mismatch (either
rotational or translational) of the layered crystalline 2D nanosheets, have shown unconventional
properties that are not observed in their 2D counterparts. The twisted stacking of 2D materials
such as of graphene, h-BN, metal dichalcogenides and vdW 2D materials have generated
properties such as superconductivity, moiré excitons, Mott insulators. These materials have
found applications in the field of electronics, quantum technologies, optoelectronics, sensing and
hydrogen production. However molecular moiré superlattices have not yet been chemically
synthesized or studied for applications in electronics, quantum information processing, sensing,
or energy conversion. Molecular interactions such as non-covalent interactions can be utilized
for their chemical synthesis in the liquid medium and can have application potential in the
above-mentioned fields, especially considering that both 2D moiré superlattices and molecular
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assemblies have already demonstrated great promise in these areas. The 2D nanocrystals can be
generated in the liquid medium through supramolecular interactions and altering the
environmental factors may lead to the twisted stacking of these 2D nanocrystals where the new
interaction at twisted interface could lead to novel properties. Additionally, these properties

could be manipulated using external stimuli by taking advantage of the molecular interactions.

Thus, this thesis aims to develop chemical synthesis methods for molecular moiré superlattices
and utilize chemical reactions to control the twist angles and height of the multilayered moiré
superlattices. It also seeks to understand the mechanism behind the formation of the moiré
superlattices and study the novel properties that arises due to the twisted interfacial interactions
using the necessary characterization techniques. Finally, we intend to explore their application

potential as quantum materials in the field of molecular electronics, spintronics and sensing.
1.7 Overview of the thesis

The current thesis focuses on the synthesis of molecular moiré superlattices from a simple
molecule having application potential as quantum molecular devices. The moiré superlattices are
formed from twisted stacking of 2D nanolattices of self-assembled molecules. The interfacial
chemical interactions resulted in properties not observed in the 2D nanosheet or in the single
molecule. The thesis has also tried to address the issue of synthesis of precisely controlled twist
angle in molecular moiré superlattices, which is difficult to achieve in liquid media through

chemical reactions. The thesis consists 6 chapters:

Chapter 1: As discussed above, this chapter includes a brief literature review on molecular
organization to form hierarchical structures of 0, 1 and 2D crystalline assemblies and their
properties based on their molecular interactions. It also includes a brief discussion of how
molecules and their assemblies were proposed to be used as molecular machines and eventually

became favorites in molecular electronics, spintronics and quantum molecular devices.

Chapter 2: The initial work for this dissertation focuses on the assembly of metal complexes to
form 0-dimensional nanoparticles that display size-dependent luminescent and magnetic
properties. These types of nanoparticles can also be further assembled into 2D moiré
superlattices. This work inspired us to synthesize moiré superlattices that is assembled from

simple organic molecules.
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Chapter 3: The chapter introduces the concept of moiré superlattice formation from small
organic molecules. In this chapter, the chemical synthesis of moire superlattices of L or D
tryptophan (trp) molecules are described that were formed by the twisted stacking of the self-
assembled crystalline 2D nanosheets in an aqueous medium that showcased new physical and

chemical properties through interactions at the crystal interfaces.

Chapter 4: This chapter proposes the potential use of molecular moiré superlattices for building
complex circuits, information storage, or sensing based on the principles of quantum mechanics
at the molecular length scales. Further electrical properties of multilayered moiré superlattices of
p-phenylenediamine were studied where it was dependent on the twist angle between two
consecutive layers and pH of the medium.

Chapter 5: This chapter explores the concept of spin-polarized conductance through Zn-
complexed moiré superlattices of D/L-trp and thus acted as spin filters. The twist angles and
moiré periodicities were controlled by addition of Zn?* ions to moiré superlattices of D/L-trp.

Chapter 6: This chapter includes the summarization and the future prospects for the work

presented in this thesis.

Molecule Self-assembly
of molecules
NH, into crystalline
2D nanosheets
NH,
p-Phenylenediamine

Twisted \h\cking&

N
e N

duet xS
c:\:asu\"‘“e“

Moir¢ superlattices Adv Quantum Technol. 2025, 2400569.

Figure 7. lllustration showing the formation of molecular moiré superlattices after twisted

stacking of the 2D crystalline nanosheets and its possible applications.
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The Potential of Gadolinium Ascorbate Nanoparticles as Safer

Contrast Agent

Abstract: There has been health concerned raised against the use of Gadolinium (Gd)-based
magnetic resonance imaging contrast agents. The primary observation is that Gd-ions are prone
to leaking into the blood stream causing nephrogenic systemic fibrosis as one of the side effects.
In addition, such leakage of the ions inhibits easy clearance from the body. Herein we propose
that Gd-ascorbate nanoparticles could be one of the safer choices as they are rather stable in
aqueous dispersion and they do not get affected by Zn or Fe ions in the medium. The magnetic
properties of the ions are preserved in the nanoparticles and particles when sufficiently small
may be amenable to renal clearance from the human body. Thus, when an aqueous solution of
Gd-acetate and ascorbic acid were left to evolve with time, Gd-ascorbate complex was formed
that led to the formation of nanoparticles with time. The sizes of the nanoparticles increased with
time and when the particles were sufficiently large they precipitated out of the medium. In
addition, smaller nanoparticles were consistently present at all times of observations. UV-vis,
photoluminescence and FTIR spectroscopy, mass spectrometry and transmission electron
microscopy analyses confirmed the formation of nanoparticles of Gd-ascorbate complex. In
addition, magnetic measurements confirmed high relaxivity of the nanoparticles as compared to
the parent salt, indicating the effectiveness of the nanoparticles as contrast agents. Density
functional theory-based calculations of the molecular complex-based nanoparticles accounted for

the experimental observations.
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Introduction

Contrast agents play a vital role in improving the quality of MRI images thus helping the
radiologists in the diagnosis of the diseased as well as healthy tissues. The significant
developments that have arisen in this regard consist of molecular materials such as inorganic
complexes, nanoscale magnetic particles and typically, manganese or gadolinium (Gd) ion -
loaded nanoparticles. However, the key issues such as toxicity, lack of clearance from the body
due to their chemical reactivity and size still limit their usage. Thus, the field is still open to new

and significant discoveries.

A popular choice in this regard is based on Gd chelates.'> However, there are several
shortcomings that still need to be addressed for betterment of the application potential. For
example, clinically administered gadolinium dodecane tetraacetic acid (Gd-DOTA) or
gadolinium-diethylenetriamine-pentaacetic acid (Gd-DTPA) has moderate relaxivity at high
magnetic field. Thus, a high amount of the contrast agent is required to be administered to the
patient for better quality imaging of the cells, which in turn raises the chance of Gd accumulation
in the body. Hence, a contrast agent that offers high relaxivity at relatively small doses and gets
cleared from the body more easily would be preferred. In the last few decades, contrast agents
based on dendrimers,®® gadofullerenes®? and nanoparticles loaded®*?° with Gd chelates or
complexes have been reported. Further, Gd oxide nanoparticles encapsulated in polymer?:-? or
multinuclear Gd clusters®*?> have shown better prospects as contrast agents. Metal organic
frameworks (MOFs) based on Gd and other metals such as manganese are also known to have
high relaxivity and thus have significant potential as MRI constrast agents.?® It has also been
shown that by controlling the size of the MOF nanoparticle, the relaxivity could be further

tuned.?’

Recent developments in high nuclearity lanthanide clusters such as polyoxometalates and metal
chalcogenides or oxoclusters of transition or lanthanide metals with their remarkable
structures,?®2° bonding and physical properties - may bring new avenues in MRI imaging.?4%5
These clusters, in which the metals are connected through metallic bonding or bridging ligands,
can behave as single molecule exhibiting optical 32" magnetic®:33383° and catalytic properties.*®-
41 Among different lanthanides, Gd-based clusters are promising as single molecular magnets,°

MRI contrast agents®*2° or as industrial coolants with high magnetocaloric effect,30:3141-43
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Synthesis of multi-nuclear Gd clusters requires skilful selection and manipulation of,
coordinating ligands, bridging ligands and the solvent. Although the synthesis poses a challenge,
however, the very nature of the complexity provides great opportunities for the investigation of
structure-function relationship especially magnetism and its potential applications. The clusters
largely consist of organic ligand-stabilized Gd ions connected by bridging groups. Due to the
presence of closely connected Gd ions that form the cluster, it has the potential to offer many
applications in magnetism. This would be based on magnetic coupling involving interatomic
interactions.**#’ Considering the stability under physiological conditions, toxicity, clearance
from the body and coercivity and magnetization, it may be pertinent to use nanoscale assemblies
of Gd-based inorganic complex. This may prove to be useful if the ligand used is biofriendly and
the complex easily forms assembly in the aqueous medium. Such an approach may lead to
tuneability of magnetic property and can bring out other physical or chemical properties useful
for theranostics. For example, suppose a molecular complex is allowed to aggregate in a
dispersion medium. Thus, depending on the average dimensions of the aggregates, the magnetic
property and stability of the aggregates in the medium may evolve. That may provide one with
an option to choose the best nanoscale particles for practical applications such as in MRI

imaging.

It is important to emphasize here that health concerns have been raised recently regarding the
usage of Gd-based contrast agents (GBCAS). In this regard, the retention of Gd in the body and
the consequent risk of the patients developing nephrogenic systemic fibrosis*®-#° has led to the
development of contrast agents based on different paramagnetic metal ions such as manganese®®-
L3 (Mn) or iron®*>® (Fe). However, the paramagnetic transition metals are prone to getting
oxidized following administration and thus, leading to loss of their paramagnetism. Further,
although Mn is an essential trace element for normal cellular functioning, high quantity of it is
also considered neurotoxic.>>® A large amount of free Mn ion exposure may lead to
neurological disorder called ‘manganism’,>’ having symptoms similar to parkinson’s disease.
Thus, the paramagnetic based contrast agents are administered as metal chelates to avoid

potential risk of release of free metal ions in vivo.

The better-quality image contrast and the crucial information that could be obtained using
GBCA:s are yet to be offered by other contrast agents. As the debate for the risk to benefit ratio
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for using GBCAs continues, search for alternatives as safer agents also continues. A practical
option in the regard could be based on GBCAs that would be stable under physiological
conditions and the agent should come out of the body in its intact form without affecting the
internal biological processes. One way out could be to use Gd-based nanoparticles - instead of
complexes — with ease of clearance from the body. They could be formed based on aggregation
of the complexes that are likely to be thermodynamically and kinetically stable under
physiological conditions. We propose that with suitable choice of ligand, the metal complex
itself can assemble into nanoparticles in water such that the relaxivity and the stability increase
with their formation. The ligand ought to be biofriendly and the nanoparticles need to support

facile renal clearance.

Herein we report that nanoscale particles of Gd-ascorbate - resulting from aggregation of the
parent complex in water - with substantive magnetic properties, may serve as a viable contrast
agent for MRI. Thus, an aqueous mixture of Gd acetate and ascorbic acid - when left to have
evolved with time under ambient conditions- led to the formation of nanoscale particles
consisting of Gd-ascorbate complex. The dimensions of the particles evolved with time; small
spherical particles of diameter on the order of 2-4 nm were formed initially. Formation of a
mixture of small and large particles were observed in the intermediate times. At longer times,
even larger particles were observed to have precipitated out and small particles again populated
the dispersion medium. Electrospray ionization mass spectrometry (ESI-MS) revealed the
formation of tetra-nuclear Gd-ascorbate cluster as the basic unit of the nanoscale particles.
Computational analyses supported the formation of the unit consisting of four Gd-ascorbate
moieties. A peak around 373 nm was obtained when the UV-vis spectrum of the basic unit was
simulated using Gaussian 16 and was close to the experimental peak at 380 nm. The luminescent
dispersion emitted in the range 450-470 nm with a maximum quantum yield of ~2 % at 48 h
when the population was dominated by the larger particles. The magnetisation of Gd-ascorbate
nanoparticles, following separation through centrifugation, was found to be around 1 emu/g at
room temperature. As mentioned before, the magnetisation value didn’t vary significantly with
average particle size. The longitudinal and transverse relaxation times of the dispersion was
found to change with time owing to the changes in the average dimensions of the nanoparticles

present in the medium. At later stages of the reaction, the relaxation times decreased as reaction
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progressed, thus resulting in higher relaxivity as the concentration of the Gd remained same
throughout the reaction. This was probably due to the formation of smaller nanoparticles in the

medium (in addition to the larger particles that precipitated out of the medium).
Result and Discussion

Solid ascorbic acid (24 mM) was added sequentially to an aqueous solution of gadolinium (Gd)
acetate hydrate (9 mM) under ambient conditions. The mixture was then stirred for 60 h (or
longer) that resulted in the formation of a colloidal dispersion. UV-Vis absorption spectrum of
the mixture was recorded at different time intervals (Figure 1A). A peak centered at 380 nm
gradually developed after a few hours (typically 24 h) of the reaction. The absorbance increased
as the reaction progressed, indicating the possible formation and growth of a new species in the
reaction medium. However, at 60 h or so, precipitates started to appear from the reaction medium

and the absorbance did not increase significantly after that time.

Transmission electron microscopic (TEM) images were recorded for samples collected at
different time intervals (Figure 1) as the reaction advanced. The images obtained for the sample
at 30 min contained amorphous particulates having no distinct features (Figure 1B, Figure S1).
At 10 h, nanoparticles having size in the range 2-10 nm were present and particles in the range of
2-4 nm populated the dispersion. The average size of the nanoparticles at this time was 3.99 +
1.35 nm. (Figure 1C, Figure S2). At 24 h, the particle size increased and was found to be in the
range of 10 nm to 60 nm (Figure 1D, Figure S3). Upon focusing on the larger particles, it was
revealed that smaller particles having size in the range 1-3 nm were present in aggregated form,

which formed the larger particle (Figure S3D, Figure S3E). Thus, the system at this time was
polydisperse and the average size was calculated to be 30.17 £ 16.46 nm. Again at 48 h, larger
nanoparticles with size in the range 20-50 nm were also present (Figure 1E) having average size
of 17.47 + 6.09 nm (Figure S4). At 58 h (Figure 1F), TEM images contained discrete smaller
sized particles along with larger particles of size 20 nm and having maximum population in the
range 1-5 nm and the average particle size was of 9.96 + 6.91 nm (Figure S5). The TEM image
containing particles at 58 h and in the range of 1-5 nm is presented in Figure S5B. As is clear
from the image, the particles were present in an assembled form. Again at 72 h, the larger
particles started to precipitate out and the majority of the nanoparticles were in the range of 4-10

nm (Figure 1G, Figure S6) and particles with size up to 18 nm were also present in the reaction
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mixture. At 72 h, the system consisted of a large number of smaller sized particles with an
average particle size of 4.81 + 2.81 nm. The selected area electron diffraction (SAED) of the
crystalline nanoparticle were acquired at different time. The lattice parameters obtained from the
SAED pattern are represented in Table S1. The high resolution TEM (HRTEM) images (Figure

1H) were taken at 10 h and the analysis of the images resulted in the lattice spacing value equal

to 0.35 nm.
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Figure 1. (A) UV-Vis absorbance spectrum of Gd acetate and of the reaction mixture containing

Gd acetate and ascorbic acid at different time. (B)-(G). TEM images of the reaction mixture at
30 min, 10 h, 25 h, 48 h, 58 h and 72 h, respectively. (H) HRTEM image of the reaction mixture
taken at 10 h.

Electron-spray ionization mass-spectrometry (ESI-MS) analysis of the dispersion provided the
chemical structure of the unit of the nanoparticle as well as of its fragments. The full ESI-MS
spectrum is presented in Figure S7. The m/z value with highest intensity peak corresponds to
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684.0083 having metal complex formula as [Gd(CsH706)(CsHsOs)(CsHsOs)] (Figure S9D). The
next intense m/z peak corresponding to 860.0367 is assigned to the Gd ascorbate complex having
molecular formula [Gd(CeH70s)(CsHsOs)(CeHsgOs)2] (Figure 2A) where four ascorbic acid (AA)
ligands are coordinated to the metal centre (Figure 2D). Gd complexes where only AA or where
both acetate and AA were coordinated to the central metal ion were present in the dispersion as

evaluated from the spectrum (Figure S8- Figure S13). These might have been formed during the

initial stages of complexation. Complexes with two, three and four Gd ions connected by ligand
ascorbic acid with molecular formula [Gd2(CeHeOs)(CsH7O6)a(CeHsOs)2] (Figure S10D),
[Gd3(CsHs0s)3(CsH706)3(CsHsO6)] (Figure S11D), [Gds(CsHsOs)3(CsH706)3(CsHsOs)2] (Figure
512D), [Gda(CsHsO6)s(CsH706)2(CsHsOs)2] (Figure S13D), [Gda(CsHsOs)s(CsH706)2(CsHsOs)3]
(Figure 2H) respectively, were also assigned to be present in the samples for which mass spectra

were recorded. The structural optimization and time-dependent density functional theory (TD-
DFT) calculations using Gaussian 16 were performed for [Gd(CsH706)(CsHsOs)(CsHsOs)2],
[Gd2(CeHsOg)(CsH706)4(CeHgOg)2], [Gd3(CeHsO06)3(CeH706)3(CsHgOs)2] and
[Gds(CeHsOe)s5(CeH706)2(CeHsOs)3] and are presented in the computation section.
[Gd4(CeHsOe6)s5(CeH706)2(CsHsOs)3] is considered to be the constituent unit of the nanoparticle
(Figure 2H). This was further supported by the simulated UV-Vis spectrum of the unit, which

matched well with the experimental observations (Figure 3).

The synthesis was also pursued in ambient conditions with 5.7 mM of ascorbic acid while the
concentration (9 mM) of Gd acetate hydrate had been kept the same. The molar ratio was 5.7:9
for ascorbic acid and Gd acetate, respectively and the PL quantum yield of the resultant mixture
was low. Moreover, the ESI-MS spectra didn’t provide us with molecular mass of the
nanoparticles formed. At the 24:9 ratio of ascorbic acid to Gd acetate, the molecular structure
and formula of the nanoparticles were obtained. Further experiments were pursued using this

concentration of ascorbic acid.
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Figure 2. (A) Experimental mass spectrum representing [Gd(CsH706)(CsHsOs)(CsHsOs)2] with
mass 860.0427, (B) simulated mass spectrum of [Gd(CsH7O6)(CsHsOs)(CsHsOs)2] and (C) plot
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representing overlaid experimental and simulated data. (D) Proposed structure of
[Gd(CeH706)(CeHeO06)(CeHsOs)2]. (E) Experimental mass spectrum of
[Gda(CsH6O6)5(CeH706)2(CsHsOg)3] with mass 1189.9954, (F) simulated mass spectrum of
[Gda(CsHsO06)s(CeH706)2(CsHsOg)3] and (G) plot representing overlaid experimental and
simulated data. (H) Proposed structure of [Gd(CsHeOg)s(CsH706)2(CsHsOs)3].

The FTIR spectral data (Figure S14) further supported the complex formation and coordination
via the oxygen atoms of the ascorbic acid. The discrete OH stretching frequencies (3523 cm™ and
3311 cm for the ring O-H groups and 3406 cm™ and 3209 cm! for the side chain O-H groups)
of the ascorbic acid were replaced by a very strong and broad O-H stretching frequency at 3203
cm? of the Gd ascorbate. The broad peak can be attributed to the complex formation via
coordination with OH group of the ascorbic acid. The C-H stretching frequency peak was present
in the complex at 2659 cm™. The —C=0 stretching frequency was absent in the spectrum, which
may be due to its plausible participation in complex formation. A strong peak positioned at 1583
cm™ is assigned to the —-C=C- bond stretching and was shifted by 71 cm™ when compared with
that of pure L-ascrobic acid (1654 cm™). The C-O-C and O-C stretching frequencies were also
shifted and were present in the range 1000 cm™ to 1200 cm™. The C-H bending of the Gd
ascorbate originated at 1421 cm™ while for ascorbic acid it was at 1449 cm™. The shift in these
stretching and bending frequencies implied the effective participation of the O-H groups for
coordination with the Gd ion. The asymmetric (1534 cm™) and symmetric (1449 cm™) stretching
frequency peaks due to the carboxylate group (-COOQO) of acetate were not present in the
complex, indicating the absence of acetate coordination with Gd and absence of acetate in the

centrifuged product.
Computational studies

The ground state structure of Gd ascorbate complex and that of its clusters having molecular
formulas, [Gd(CsH706)(CeHsO6)(CsHsOs)2], [Gd2(CeHeOs)(CsH706)4(CsHsOs)-],
[Gd3(CsHs06)3(CsH706)3(CeHgOs)2] and [Gda(CsHeOs)s(CeH706)2(CsHsOs)3] respectively, were
optimized in the vapor phase, based on density functional theory (DFT) calculations with MO06-
2X% functional using GAUSSIAN 16 software package.”® The calculations were performed
under gen basis set by utilizing the concept of split basis set for H,C,0 (6-31G(d)) and Gd
(mwhb53).
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The optimization required large-core relativistic effective core potential mwb53 for modelling of
Gd using corresponding basis set. Time-dependent DFT (TD-DFT) calculations were pursued in
both gas and solvent phases to obtain the UV-Vis spectra (Figure 3) of the optimized structures
[Gd(CsH706)(CeHe0s)(CeHsOg)2] (Figure 3A(i)), [Gd2(CeHeOs)(CeH706)a(CeHsOs)2] (Figure
3B(i)), [Gd3(CeHs06)3(CsH706)3(CsHsOs)2] 3C(i))
[Gda(CsHsOs)s(CsH706)2(CsHsOs)3] (Figure 3D(i)). Water was considered as the solvent as it

was the reaction medium and the calculations were performed using polarizable continuum

(Figure and

model (PCM).

Optimised structure Vapour phase Water solvent
A) Ail) Aiii)
UV-VIS Spectrum UV-VIS Spectrum
" | AN A AL 25000 / 030 o
‘ } 2500 | L0050 & 000 / 025 8
A v ) 2000 Looso & 5 (R 020
0007 0 0 g \ g F /1 e S
000 | g \ EECTA I R N
) “ LW 1000 l 00205 5000 - J \ S
} I ¢ \ -0 o
® ‘ ‘ 500 £ -00103 0 Z i b S 5
\ .J ’ 0 — ] : A:O'ms T 7 PR P B T
[ > e e , B0 200 250 300 350
50 200 250 300 350 400 Excitation Energy (nm)
Excilalion Energy (nm)
B(i) B(ii) B(iii)
UV-VIS Spectrum UV-VIS Spectrum
40000 — 035 1600
35000 — - 030 © 1400 =5
30000 — /\\ gg;é’ =1200 If 4\'\
< 25000 / \ KA R A RA
2 20000 / B 7 o i B
4 15000 o - P e A1
' SN e B
gl il \ 053 0 ||
.,‘ o’ 0 f——— Ml e Lo T N I e B
‘ ' 150 200 250 300 350 400
= @ g RN R A ST Excitation Energy (nm)
° Excitation Energy (nm)

TH-3761_196122043

39




Chapter 2

C(ii) C(iii)
UV-VIS Spectrum
0000 et - UV-VIS Spectrum -
35000 030 © ‘ [
| # £t e 400 " oo g
30000 | | = 1200 | B | =
| 025 = - fI II-0.008 &
€ 25000 2 3 1000 [y e
2 o000 Fa20-0 Z 800 AR I 0006 >
& | Lo1s @ S 00 I A
W 15000 | = e s / i \ | 0-00‘1§
10000 - \ S 20 / Hi X powg
e \ 005 'S od S W N T FoF
| . S
galli i o TRl L 0oo 100 150 200 250 300 350 400 450 500
R e R EE e
100 150 200 250 300 350 400 BRIy o)
Excitation Energy (nm)
D(ii) D(iii)
UV-VIS Spectrum UVAVIS &
= pedlum
o ;
M 250 |-0.0040
i I \ 00020 ‘ \ [Lo0ss ©
2 205 [-o.0030 &
\ 00015 5 - - 53
| e | g \ peee
2 | \ o0 @ i o
& ; \ om0 2 21004 \ \ |-ooots &
| ) 3 = >
A I} ¥ Looms 5 = / N It E‘Dog;gé
| \ o J N £ -
| / ‘ e | -
/ of——k - {t-0.0000
0 i - I _‘ i -‘_A i ] 00000 | IR ) L BT\ 58 L O B Il
T e s DTS e D 200 400 600 800 1000
Excitation Energy (nm) Excilation Energy (nm)

Figure 3. (A(i)-D(i)) Computationally optimized structures of the Gd ascorbate complexes
[Gd(CsH706)(CsHeOs)(CsHsOs)2], [Gd2(CeHs06)(CsH706)4(CeHgOs)2],
[Gd3(CeHsO6)3(CsH706)3(CsHsOs)2] and [Gda(CsHsOs)s5(CsH706)2(CsHgOs)3]
(A(i1)-D(i1)) Corresponding UV-vis spectra of the structures in vapor phase and (A(iii)-D(iii)) of
those in the aqueous medium, as obtained from TD-DFT calculations. The cyan colored atom

respectively.

represents the Gd ion whereas red and grey colored atoms represents oxygen and carbon

respectively. The hydrogen atoms are represented in white.

The Gd and O bond distance obtained from the optimized structure was in the range of 2.2 -2.4
A in all of the optimized structures. The smallest Gd — Gd distance obtained from the optimized
structure of [Gda(CsHsO6)s(CoH706)2(CsHsOs)3] was 3.58 A, which was close to the distance
obtained from HRTEM - that is 3.5 A (Figure 1H). The UV — Vis spectrum was simulated for
[Gd(CeH706)(CsHsO6)(CeHsOs)2], [Gd2(CsHsO6)(CeH706)4(CeHgOs)2],
[Gd3(CsHeO06)3(CeH706)3(CsHgOs)2] and [Gda(CsHsOs)s(CsH706)2(CsHgOg)3] following TD-DFT
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calculation using Gaussian 16.  The calculated UV-Vis spectrum for Gd complex
[Gd(CeH706)(CsHsO6)(CeHgOs)2] wWas at 250 nm in vapor phase as well as solvent phase. For the
di-nuclear complex [Gd2(CsHsOs)(CsH706)4(CsHgOs)-], the calculated UV-Vis spectrum had a
peak positioned at 250 nm in vapor phase and 280 nm in solvent phase. The tri-nuclear complex
[Gd3(CesHsO6)3(CsH706)3(CsHsOs)2] had a peak at 250 nm in vapor as well as and solvent phase
in the simulated UV-Vis spectrum. These results were similar to the experimental UV-Vis
spectrum obtained at early hours (before 24 h) of the reaction, which appeared within 280 nm
and where the peaks were possibly due to complexes and the precursors and no distinguishable
peak was present at 380 nm. For [Gda(CsHsOs)s(CsH7O6)2(CsHgOs)3] the simulated UV-vis
spectra consisted of a major peak at 400 nm in vapor phase and 373 nm in solvent (water) phase
close to the value of 380 nm for the experimental UV-Vis spectrum obtained for the dispersion.
This further supported the formation of nanoparticle or molecular clusters from the complexes of
Gd and ascorbic acid. The complexes initially formed possibly with the structures presented
above further reacted with precursors or other complexes and grew to form the nanocrystals that
showed unique properties at the nanoscale level. With further growth, even larger particles were
formed that precipitated out of the medium. However, both experimental evidences and

computational studies suggested that the basic unit of the nanoparticle were as described above.
PHOTOLUMINESCENCE PROPERTIES

The photoluminescence (PL) properties of the dispersion were measured by acquiring the PL
emission (Figure 4A), excitation (Figure 4B) and time resolved PL (Figure 4D) data at different
intervals of time. The dispersion was excited at 1ex=362 nm, which resulted in PL emission in the
range of 445 — 470 nm at different times similar to the observed PL spectrum for zinc ascorbate
acetate nanoparticles.®® As time advanced, there was a hypsochromic shift of about 20 nm
(Figure 4C) with simultaneous intensity enhancement. Parallel measurement of the excitation
spectrum (Figure 4B) of the reaction mixture with progression of time resulted in the observation
of a bathochromic shift of around 12 nm as the peak shifted from 362 nm and developed into an
intense peak at 375 nm at later stages. Initially the vague PL observed might have been emerging
from the smaller nanoparticles present in the dispersion. With time, the population of the
nanoparticles increased along with their size with the emission peak appearing at 467 nm by 24
h. As reaction progressed, the larger particles precipitated out but smaller nanoparticles
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populated the dispersion again, with the emission peak appearing at 450 nm by 60 h. The blue
shift of about 20 nm at 60 h as compared to that at 24 h was retained in the supernatant when the
larger particles were removed by centrifugation. No further change in the peak position was
observed for samples of period of standing beyond 60 h. The dispersion at 60 h was centrifuged
at 26000 rpm for 10 min and PL properties along with UV-Vis spectrum of the redispersed pellet
and that of the supernatant were recorded (Figure S15). The emission maximum for the
supernatant was found to be at 452 nm and the redispersed pellet showed emission maximum at
450 nm. It could be possible that only smaller particles coming out of the precipitate were

present in the redispersion and thus the PL spectrum was nearly the same as that of the

supernatant.
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Figure 4. (A) Luminescence emission spectrum (lex = 362 nm) of (a) Gd acetate and of reaction

mixture at (b)) O h, (¢) 0.5h, (d) 1 h, (e) 1.5h, (f) 2 h, (g) 6 h, (h)9h, (i) 24 h, (j) 26 h, (k) 34 h,
(1) 48 h, (m) 57.5 h, (n) 72 h and (o) 82 h. (B) Corresponding excitation spectrum of (a) Gd
acetate and of reaction mixture at (b) 0 h, (c) 0.5 h, (d) 1 h, () 1.5 h, (f) 2 h, (g) 6 h, (h) 9 h, (i)
24 h, (J) 26 h, (k) 34 h, (I) 48 h, (m) 57.5, h (n) 72 h and (0) 82 h. (C) Normalized emission

spectra of the reaction mixture at different time when excited at 362 nm showing 20 nm blue
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shift. (D) Time-resolved photoluminescence spectra of the reaction mixture (a) 7 h, (b) 9 h, (c)
25 h, (d) 33 h, (e) 48 h, (f) 57 h, (g) 72 h and (h) 82 h. (E) Normalized emission spectra of the
reaction mixture at 57 h with varying excitation wavelengths. (F) Quantum yield of the
dispersion at different intervals of time.

Further, the PL lifetime (Figure 4D) was measured for samples at different time by exciting the
dispersion using a 375 nm laser source. The lifetime values at different time of the reaction are
tabulated in Table S2. The average lifetime at 9 h was 4.4 + 0.1 ns, which decreased to 2.7 £ 1.0
ns at 48 h. At 57 h, when smaller sized particles populated the medium, the average lifetime
further decreased to 1.9 £ 0.1 ns, which eventually increased to 2.6 = 0.9 ns at 72 h. The
lifetimes of supernatant and that of the redispersed pellet centrifuged at 72 h were 2.7 = 1.1 ns
and 2.8 + 1.1 ns, respectively. The lifetimes of the redispersed pellet and supernatant were close
to the average lifetimes observed at 57 h, which again confirms the presence of smaller sized
particles in the supernatant and redispersed pellet obtained after centrifugation at 60 h (as

mentioned before).

Further, it was observed that the dispersion exhibited excitation wavelength dependent emission.
A maximum bathochromic shift of 35 nm was observed when the dispersion was excited from
345 nm to 400 nm with 5 nm increment of excitation wavelength (Figure 4E). Calculation of
quantum yield (done using equation S1 in Sl) for the dispersion at different time (Table S3) and
its plot against time (Figure 4F) clearly showed the variation with time, which can be attributed
to the variable sizes of nanoparticles. Importantly, there was a monotonic increase in quantum
yield with time having maximum yield at 48 h with a value of 2.4 £ 0.2 %. This was consistent
in the increase in the average particle size in the medium till that time. After that, there was a
monotonic decrease in the quantum yield with time (Figure 4F.). The sharp decrease in its value
at 58 h indicated the presence of a large number of smaller sized distinct nanoparticles, which
again decreased the quantum yield. The average particle size continued to grow with time till 48
h, thus, increasing the PL quantum yield monotonically. Further, following precipitation out of
the medium of the larger particles after 48 h, the smaller particles populated the same and thus

the PL quantum vyield decreased gradually with time.

Two control experiments were performed to understand the origin of optical properties. Aqueous

solutions of ascorbic acid and Gd acetate (at the same concentrations used in the mixture) were
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stirred in two separate vials for a few days. Time-dependent PL and UV-Vis spectra were
recorded for both of the dispersions (Figure S16). With time, no discernible emission peak
appeared for the Gd acetate solution (Figure S16D), however after a few days (3 days) of stirring
a low intensity broad emission peak was observed for ascorbic acid unlike the intense peak
observed for nanoparticles (Figure S16B). The peak maximum was at 450 nm and is probably
due to the agglomeration of the ascorbic acid molecules. Further, the time-dependent UV-Vis
spectrum of ascorbic acid did not give rise to (Figure S16A) any distinguishable peak in the
range 250 — 450, indicating the absence of significant population of nanoparticles in the
dispersion as similar to those formed in the mixture. These luminescent nanoparticles, having a
maximum PL quantum yield of 2.4 £ 0.2%, in addition of their use as a MRI contrast agent could

be of vital use as a fluorescent imaging probes.
MAGNETIC PROPERTIES

The samples from the reaction mixture collected at different times were centrifuged at 26000
rpm and the electron paramagnetic resonance (EPR) spectra of the solids collected were recorded
(Figure 5A). The typical spectrum observed was broad with g value being around 2.1 as expected
for cluster of Gd ions present together in solid form (Figure 5A).>26! The EPR spectra (Figure
5A) recorded for the dispersion at different times in the liquid phase gave sharp peak with g =
2.1 for the hydrated Gd ions.®~%? In addition to the EPR measurements, MH curves of the
centrifuged nanoparticles were acquired (Figure 5B). There was slight change in the
magnetisation value but that remained nearly the same with time (Table S4). The magnetisation
values of the centrifuged product were recorded at 61 h, 66 h, 72 h and 100 h. The values at 61 h
and 66 h were 0.9 emu/g and 0.8 emu/g respectively and for 72 h and 100 h were 0.9 emu/g and
0.8 emu/q, respectively. Thus, the values did not change much with time or more precisely with

particle size and remained close to ~1 emu/g.

Time-dependent measurements of longitudinal (T1) and transverse (T2) relaxation times were

pursued at 1.41 T and 37 °C and are tabulated in Table S5 and Table S6. Two separate solutions

— one containing the reaction mixture of Gd acetate and ascorbic acid (Figure 5C) and another
containing only Gd acetate (Figure S17) were stirred continuously and relaxation times at
different times were measured. Initially, the reaction mixture containing Gd acetate and ascorbic

acid showed an enhancement in both T1 and T2 relaxation times as mentioned in the subsequent
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section but after 48 h (when the dispersion became colloidal) both T1 and T2 gradually

decreased. The solution containing only Gd acetate did not show any change in its relaxation

times with respect to reaction time and T1 and T2 values remained near 14.5 ms and 12.7 ms
respectively till 114 h. Similarly, T1/T2 ratio (Figure 5D) showed a consistent change with time.
The ratio was around 1.15 + 0.01 at 30 min of reaction that remained at 1.15 £ 0.01 till 58 h and

as the time progressed further, there was an increase in its value with 1.21 £ 0.01 at 72 h and

1.29 +0.01 at 105 h.
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Figure 5. (A) EPR spectra of the dispersion at (a) 5 min, (b) 14 h, (c) 24 h, (d) 48 hand (e) 72 h
and that of the centrifuged product at (f) 62 h, (g) 71 h and (h) 95 h. (B) MH curves of the
product obtained after centrifugation at (a) 61 h, (b) 66 h, (c) 72 h and (d) 100 h. (C) T1 and T2

relaxation time at different time interval. (D) Ratio of T1 and T2 at different time of the reaction

progression.
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At 30 min, relaxation times measured at 37 °C for the reaction mixture were lower than the
values obtained for only Gd acetate. At this time, Gd ions interacted with ascorbic acid to have
possibly formed multi-nuclear complexes of Gd ascorbate along with small nanoparticles Thus,
at 30 min of standing, the mixture resulted in T1 = 13.1 + 0.2 ms and T2 = 11.4 £ 0.1 ms. The
values were slightly less when compared with T1 = 14.5 ms and T2 = 12.7 ms for only Gd
acetate solution at 30 min of standing. At 10 h, the nanoparticles of sizes 2-4 nm populated the
dispersion (Figure S2F). At this time, T1 and T2 values were 13.0 + 0.1 ms and 11.4 £ 0.1 ms
respectively. These 2-4 nm particles were assembled at 24 h to form the larger particles having
size in the range 20 — 60 nm size that resulted in solvent exclusion. The relaxation times at this
time were TL =13.4+£0.2msand T2 = 11.8 £ 0.1 ms and were again less but close to the T1 and
T2 values of Gd acetate. Again at 48 h, the values for the dispersion were T1 = 14.2 + 0.2 ms and
T2 =12.3 £ 0.1 ms and they were similar to the relaxation time values obtained for Gd acetate
(T1 =142 ms and T2 = 12.4 ms). In other words, larger nanoscale particles would have the
properties of metal ions in the nanoparticles with ascorbate as the neighboring ions. The
maximum values of relaxation times were found to be at 48 h after which both the relaxation
times slowly decreased. The trend was similar to that of quantum yield as depicted in Figure 4F.
Both relaxation time and quantum yield versus time plots suggested that agglomeration leading
to larger nanoparticles peaked at 48 h. This was also evident from TEM images recorded for the
samples at different times (Figure 1). The larger particles started precipitating out of the medium
typically at 60 h and the medium was again populated with smaller nanoparticles that continued
to grow with time (Figure 1F). At 58 h, the measured T1 and T2 values were 14.0 £ 0.1 ms and
12.2 + 0.2 ms, respectively. Those continued to decrease to values of 11.1 + 0.4 ms and 8.6 + 0.4
ms, respectively, at 105 h. The concentration of Gd ions in the medium till the dispersion did not
start precipitating out was constant. Thus, the change in relaxation time suggested that the
effective concentration of the solvated Gd ions decreased continuously with the formation of the
nanoparticles in the dispersion medium. The observation of significant relaxation times at 105 h,
notwithstanding the precipitation of significant amount of Gd ions through the formation of
complex nanoparticles, indicated the importance of nanoscale particles of the salt — as opposed to
the solvated ions — in providing option of superior contrast agent for MRI. The relaxivity values
(rl and r2) were calculated using equation S2 in Sl and the calculated values are given in Table
S5 and Table S6. The reported relaxivity value (rl) of clinically approved Gd DOTA and Gd

46
TH-3761_196122043



Chapter 2

DTPA and most of the other Gd complex based contrast agents are in the range 2.8 — 4.9 mM s
(Table S7).%® The calculated r1 value for the dispersion at 10 h was 8.5 + 0.1 mMs* which
decreased to 7.8 + 0.1 mM™s™ at 48 h and then started to increase after 48 h and was maximum
at 105 h (9.95 = 0.3 mMs™). Although the change in relaxation time was +2 ms, they were

indications of small change in the properties with the particle sizes.

We further pursued the effects of Fe and Zn ions on the stability of the nanoparticles in the
dispersion medium. The amount of free Zn (typically 70-150 pg/dL)%>®" and Fe (typically 60 to
150 pg/dL)%®®" in human serum can interfere with the stability of the Gd ascorbate nanoparticles
and transmetallation may occur.®* In order to test the stability of the dispersions in the presence
of the above mentioned ions, Fe(Ill) (0.5 mM and 24.4 uM) and Zn(Il) (2.1 mM) salts were
added separately to the dispersion at 48 h and the stability of the same was checked. There was
no immediate precipitation of the nanoparticles out of the medium following the addition of the
salts. However, addition of 0.5 mM Fe salt seemed to have hastened the precipitation and Zn did
not seem to have affected the rate of precipitation. For example, after addition of Zn(ll) salt, the
medium became colloidal at 60 h (that is 12 h after addition), which was the same as that without
adding the salt. But the precipitation started to occur in 5 h following addition of 0.5 mM Fe(lll)
salt. Further, the photoluminescence of the medium did not change immediately after addition of
the salts. However, the photoluminescence started to decrease at 24 h following the addition of
0.5 mM Fe(lll) salt (Figure S18A), thus, supporting the loss of the nanoparticles through
precipitation out of the medium. The intensity of emission of the dispersion was not affected
when Zn was added to the medium (Figure S18B). The experiment was repeated with 24.4 uM
FeCl36H20. At 48 h, Fe(lll) salt (40 pL of 9.25 mM FeCl3 6H20 solution) was added to the
dispersion and the PL spectrum was recorded with time to check the stability of the
nanoparticles. The observed PL spectrum (Figure S18C) was similar to the PL spectrum of the
dispersion in absence of iron (Figure 4A). High concentration of iron (0.5 mM) might have
affected the PL spectrum (Figure S18A) of the nanoparticles after 24 h of addition of Fe ions due
to high ionic strength, which could have also hastened the precipitation process. As human serum
typically contains 60 to 150 pg/dL of free iron, it is less likely to interfere with the nanoparticles.
It was further investigated through X-ray photoelectron (XPS) spectroscopy study whether Fe
ions had indeed interacted with the nanoparticles (Figure S18). Thus, the dispersion was
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centrifuged following addition of iron salt (0.5 mM) and XPS analysis of the precipitate was
pursued. The atomic percentages of Gd (Figure S18G) and Fe (Figure S18H) were 4.16% and
1.39% respectively, and those of C (Figure S18E) and O (Figure S18F) were 46.87% and
47.58%, respectively (Table S8). This was compared with the percentage of Gd in the
nanoparticle unit of formula Gd(CeHeOs)s5(CeH706)2(CeHsOs)3, Which was calculated to be
3.22% (while not taking the H-atoms into consideration; by taking H-atoms of the ascorbic acid
into consideration - the percentage was calculate to be 2.08 %). The C and O atomic percentages
were calculated to be 48.38 % and 48.38 % when H atoms were not considered. The presence of
Gd ions in the precipitated dispersion discounted the transmetallation; however, Fe might have

been bonded to the free surface OH groups of the ascorbates present in the nanoparticles.

The effect of buffer on the relaxivity of the reaction mixture was observed. To check the stability
of nanoparticles at pH = 7.4, 1mL of reaction mixture at 48 h was added to 3 mL of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer solution (pH =7.4) resulting in
Gd concentration of 2.25 mM. The relaxation times of the resulting dispersion was checked. The
relaxation times obtained at 37°C at 1.41T were T1 = 80.0 £ 0.8 ms and T2 = 58.2 + 2.2 ms.
These results were compared with same amount of reaction mixture diluted with an equal
amount of deionized water in place of buffer solution (1 mL of reaction mixture added to 3 mL
of deionized water) resulting in Gd concentration of 2.25 mM. The relaxation times obtained
were T1=60.5+ 1.1 msand T2 =52.9 £ 0.8 ms. The T1 and T2 values were higher as in case of
buffer due to interaction of surface Gd of the nanoparticles with the ions present in the buffer and
thus resulting in decrease of relaxivity (Table S9). Also, the unreacted Gd ions present in the
reaction mixture precipitates out after being added to HEPES buffer solution and in turn affects
the relaxivity of the reaction mixture. Thus, a moderate change in relaxation times of the reaction
mixture in buffer solution was observed when compared to the reaction mixture in water

considering the effect on surface Gd ions and unreacted Gd ions in the reaction mixture.

It may be mentioned here that the dispersion could be centrifuged at 72 h at low speed (14000
rpom) to separate out the larger particles, keeping the smaller nanoparticles in the medium.
Following centrifugation, the TEM images of the supernatant were acquired and the smaller
nanoparticles having typical sizes in the range 1-3 nm were present in the aggregated structure
forming a branched network of particles (Figure S19). It has been reported that nanoscale
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particles of diameters less than 10 nm undergo facile renal clearance.®®%® The smaller
nanoparticles still provided significant relaxivity as was observed at 105 h. The
photoluminescent dispersion of Gd ascorbate nanoparticles with sizes less than 10 nm may
provide a superior option as MRI contrast agent.

Conclusion

To summarize, we have shown that an aqueous mixture of Gd-acetate and ascorbic acid — under
ambient conditions - led to the formation of nanocrystals of Gd ascorbate complex, the sizes of
which evolved with time. The nanocrystals showed unique luminescent and magnetic properties
at different time, owing to the different size of the particles that populated the medium. The
presence of different sized particles in the medium was confirmed by TEM images and the
chemical nature of nanoparticle was evaluated through ESI-MS. The dispersion was luminescent,
emitting in the blue region and the magnetization of the material after centrifugation was found
to be ~1emu/g. The value did not change significantly with the sizes of the particles present in
the medium. The quantum yield vs time plot and the relaxation times (T1 and T2) vs reaction
time showed a similar trend where both increased with time at first and then decreased
continuously after 48 h. This change was explained by the formation of different sized particles
in the dispersion at different times. The dispersion after 48 h showed better relaxation as the
larger particles precipitated out and a greater number of smaller sized particles in the range 2-10
nm were formed in the medium. The results reported herein suggest that the idea of synthesis of
nanoscale Gd-ascorbate particles and their potential use as a safer MRI contrast agent could
potentially be tested for practical use.

Experimental Section:

Materials: Gadolinium acetate hydrate (Sigma Aldrich), ascorbic acid (Sigma Aldrich), HEPES
solution (Sigma Aldrich) and acetonitrile (HPLC grade) were used as procured without any
further purification. Milli-Q grade water (resistivity 18.2 MQ cm-1 at 25°C) was used for all

experiments.
Instruments:

Fluorescence emission and excitation spectra of all samples were acquired using HORIBA

Fluoromax 4 spectrophotometer. UV-Vis spectra were recorded using Agilent Cary Series UV-
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vis spectrophotometer. Fluorescence lifetime was measured using a time-correlated single-
photon counting (TCSPC) set up from Horiba instruments that uses a 375 nm laser diode.
Transmission electron microscopy (TEM) images and high resolution TEM (HRTEM) images
were acquired using JEOL-JEM 2100 transmission electron microscope. Electrospray ionization
(ESI) mass spectrometric analyses were performed using Agilent Accurate Mass (Q-TOF 6520)
spectrometer in ESI positive mode. Fourier transform infrared spectroscopy (FTIR) analyses
were performed using the Perkin Elmer (Spectrum Two) FTIR spectrometer in ATR mode
(Perkin Elmer UATR spectrum Two). Vibrating sample magnetometer (VSM) analysis were
carried out to record the MH curve using with Lakeshore Vibrating sample magnetometer
(Model:7410 series). A PHI 5000 Versa Probe Il, FEI Inc. instrument was used for X-ray
photoelectron spectroscopy (XPS) analyses. X-band EPR measurement was performed using a
JEOL (Model: JES-FA200) spectrometer. The longitudinal relaxation (T1) and transverse (T2)
times at 1.41 T were measured using BRUKER minispec mgq60 NMR Analyzer.

Synthesis of Gd ascorbate nanoparticles:

Gadolinium acetate hydrate (50.0 mg) was dissolved in 15.0 mL of Milli-Q water in a clean vial.
To the above-mentioned solution, 63 mg of ascorbic acid was added and the resultant mixture

was stirred at room temperature (~25 °C) for up to 60 h.
Photoluminescence and UV-vis absorbance study:

3.0 mL of aliquot of the resultant dispersion containing mixture of gadolinium acetate hydrate
and ascorbic acid was taken in a quartz fluorescence cuvette. The photoluminescence and UV-vis

absorption spectra were acquired at different interval of time.
TEM sample preparation:

40.0 L of the dispersion containing the mixture of gadolinium acetate hydrate and ascorbic acid
was diluted with 1 mL Milli-Q water. 7.0 pL of the resultant dispersion was drop-cast on carbon

coated copper TEM grid and was allowed to dry overnight.

Purification of the luminescent product of reaction between ascorbic acid and gadolinium

acetate hydrate:
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The luminescent dispersion of the product of reaction between ascorbic acid and gadolinium
acetate hydrate was centrifuged at 26000 rpm at 10 °C for 12 min. The so-obtained pellet was

redispersed in water and was used for further experiments.
Measurement of T1 and T2 relaxation time:

220 pL of the aliquot was taken from the reaction mixture and was used for recording the

relaxation times.
EPR and VSM sample preparation:

The product obtained after centrifugation was dried and was then wrapped in teflon tape for the
VVSM analysis. The EPR spectrum of the reaction mixture was recorded by taking small amount

of aliquot in capillary tube using a syringe.
Sample preparation for ESI- Mass spectrometric analysis:

600 pL aliquot was taken from the reaction mixture and was dissolved in acetonitrile-water

(60:40 V/V) mixture and mass spectra of the samples were acquired in ESI positive mode.
Simulation of mass spectra:

Mass spectra simulation was pursued using mMass software.

Computational studies:

All the optimization of the structures and time-dependent density functional theory (TD-DFT)
calculations were done using GAUSSIAN 16 software package.’® Optimization was carried out
using density functional theory (DFT) calculations in M06-2X>° functional in Gen basis set. Gd
was modelled using mwb53 pseudopotential with corresponding basis set and 6-31G(d) basis set
was used for all other atoms. TD-DFT calculations were performed in both vapor and solvent

phases.
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Figure S1. (A-C) TEM images of the dispersion containing a mixture of gadolinium acetate and
ascorbic acid at 0.5 h. (p.34)
e

(F)
100 Mean= 3.99, SD=1.35

80

no. of particles

4 6 8
size (nm)

Figure S2. (A-E) TEM images of the dispersion containing a mixture of gadolinium acetate and
ascorbic acid at 10 h. (F) Size distribution of nanoparticles calculated from several TEM images
with a total of 100 particles with average particle size 3.99 + 1.35 nm. (p.34, p.46)
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Figure S3. (A-E) TEM images of the dispersion containing a mixture of gadolinium acetate and

ascorbic acid at 24 h. (F) Size distribution of nanoparticles calculated from several TEM images

with a total of 300 particles with average particle size 30.17 + 16.46 nm. (p.34)

Mean= 30.17, SD=16.46
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Figure S4. (A-B) TEM images of the dispersion containing a mixture of gadolinium acetate and
ascorbic acid at 48 h. (C) Size distribution of nanoparticles calculated from several TEM images

with a total of 100 particles with average particle size 17.47 £ 6.09 nm. (p.34)
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Figure S5. (A-E) TEM images of the dispersion containing a mixture of gadolinium acetate and
ascorbic acid at 58 h. (F) Size distribution of nanoparticles calculated from several TEM images

with a total of 300 particles with average particle size 9.96 + 6.91 nm. (p.34)
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Figure S6. (A-E) TEM images of the dispersion containing a mixture of gadolinium acetate and
ascorbic acid at 72 h. (F) Size distribution of nanoparticles calculated from several TEM images

with 300 particles with average particle size 4.81 + 2.50 nm. (p.34)
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Table S1. Crystal parameters obtained after analyzing the SAED pattern of nanoparticles at

different intervals of time. (p.34)

Time at | TEM image of the sample | SAED pattern obtained for | d-spacing (nm) from
which SAED | for which the SAED pattern | gadolinium ascorbate | centre (000)

pattern  was | was obtained nanoparticle

acquired

0.5h 1% ring = 0.2562
2" ring = 0.1947

3" ring = 0.1121

10 h 1% ring = 0.3039
2" ring = 0.2273

3" ring = 0.1456

24 h

1% ring point
0.3210

2" ring point
0.1962

3" ring = 0.1140
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32h

1%t ring point
0.4583

2" ring point
0.2946

3 ring point
0.1656

48 h

1%t ring = 0.2767
2" ring = 01832

3" ring = 0.1085

72 h

1% ring = 0.2962
2" ring =0.2631
3"ring = 0.1727

4" ring = 0.1109
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Figure S7. Electrospray ionization mass spectrum of dispersion at time 48 h. (p.35)
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Figure S8. (A) Experimental mass spectrum representing [Gd(CsHsOs)C2H302] with mass

391.9707, (B) simulated mass spectrum of [Gd(CsHeOs)C2H302], (C) plot representing overlaid
experimental and simulated data. (D) Proposed structure of [Gd(CsHsOs)C2H302]. (p.36)
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Figure S9. (A) Experimental mass spectrum representing [Gd(CsH70s)(CsHsOs)(CsHsOs)] with
mass 684.0175, (B) simulated mass spectrum of [Gd(CsH70s)(CsHsO6)(CsHsOs)] and (C) plot

representing overlaid experimental and simulated data. (D) Proposed structure of

[Gd(CsH706)(CsHeOs)(CeHgOs)]. (p.36)
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Figure S10. (A) Experimental mass spectrum of [Gd2(CsHsOs)(CsH706)4(CsHsOs)2] with mass
772.0327, (B) simulated mass spectrum of [Gd2(CsHeOs)(CsH7O6)4(CsHgOs)2]and (C) plot
representing overlaid experimental and simulated data. (D) Proposed structure of
[Gd2(CeHsOg)(CsH706)4(CeHgOg)2]. (p.36)
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Figure S11. (A) Experimental mass spectrum of [Gdz(CsHeOs)3(CsH706)3(CsHsOs)] With mass
848.9785, (B) simulated mass spectrum of [Gd3(CsHesOs)3(CsH706)3(CeHsOs)] and (C) plot

representing overlaid experimental and simulated data. (D) Proposed structure of

[Gd3(CeHeOg)3(CeH706)3(CsHgOs)]. (p.36)
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Figure S12. (A) Experimental mass spectrum of [Gds(CsHsOs)3(CsH7O6)3(CsHsOs)2] with mass
936.9944, (B) simulated mass spectrum of [Gd3(CsHeOs)3(CesH706)3(CeHgOs)2] and (C) plot
representing overlaid experimental and simulated data. (D) Proposed structure of
[Gd3(CeHsO6)3(CsH706)3(CsHg0s)2]. (0.36)
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Figure S13. (A) Experimental mass spectrum of [Gda(CsHeOs)s(CsH706)2(CsHgOs)2] With mass
1101.9774, (B) simulated mass spectrum of [Gda(CsHeOs)s(CsH706)2(CeHgOs)2]and (C) plot

representing overlaid experimental and simulated data. (D) Proposed structure of

[Gd4(CsHeO6)s(CeH706)2(CsHgOg)2]. (.36)
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Figure S14. FTIR spectra of (A) gadolinium ascorbate nanoparticle as obtained after
centrifugation of the dispersion at 60 h, (B) ascorbic acid and (C) gadolinium acetate hydrate.

(p.38)
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Figure S15. (A) Absorption spectra of (a) the redispersion of the pellet obtained after the
centrifugation of the dispersion at 72 h and (b) of the supernatant. (B) PL emission (lex = 362
nm) of (a) redispersed pellet and (b) supernatant. (C) corresponding excitation spectrum of (a)
redispersed pellet and (b) supernatant. (D) fluorescence lifetime of (a) redispersed pellet and (b)
supernatant. Here supernatant refers to the remaining dispersion obtained after centrifugation of

the dispersion at 72 h. (p.42)
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Figure S16. (A) UV-Vis absorbance spectra of dispersion containing only gadolinium acetate
@O0h,(b)2h,(c) 9h,(d) 24 h, (e) 34 h, (f) 48 h, (g) 58 h, (h) 72 h, (i) 81 h and (j) 106 h. (B)
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Photoluminescence emission spectra dispersion containing only ascorbic acid (lex = 362 nm) at
(@ 2 h, (b) 15.5h, (c) 22.5 h, (d) 26 h, (e) 40 h, (f) 50 h,
corresponding excitation spectra at (a) 64 h and (b) 97 h. (D) Photo Luminescence emission
spectra (dex = 362 nm) of Gadolinium acetate at (a) 1 h, (b) 21.5h, (c) 25 h, (d) 38.5 h, (e) 49 h,

() 63 h and (g) 96 h. (p.44)

Table S2. Average Photoluminescence lifetime of the reaction mixture containing gadolinium

acetate and ascorbic acid at different interval of time. (p.43)

(g) 64 h and (h) 97 h and (C)

TH-3761_196122043

average lifetime (tav (nS)) values with
corresponding y? value of experiment | average lifetime (tav (NS))
reaction time (h) number with standard error bar
1 2 3
4.4 4.5 4.4
9 =100 | 2=1.00 | »*=1.00 44+£0.1
4.0 2.0 2.1
25 =101 | 2=1.01 | 4=1.00 27+1.0
4.1 3.9 4.0
33 =100 | =101 | ,=1.00 40+£0.1
4.1 1.9 2.0
48 =101 | 4=101 | ,4=1.01 27+1.0
2.1 1.8 2.0
57 =100 | =102 | =101 1.9+0.1
4.0 2.0 1.9
72 =100 | =100 | F=1.01 26+0.9
4.0 1.8 1.9
82 h =100 | *=1.00 | *=1.00 26+1.0
74
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Quantum Yield Measurement

Photoluminescence quantum yield of the reaction mixture at different interval of time was
measured with respect to quinine sulfate dissolved in 0.1 mM H2SO4 with reported quantum
yield (QY) of 54.6 % using the following equation-

-

ds = Pr xI_Bxhxn_% ................... Equation S1
IR A, g

Here, ®r = quantum yield of the reference; ®s = quantum yield of the sample; Is = area under
the emission spectrum of the sample; Ir = area under the emission spectrum of reference; Ar =
absorbance of reference; As = absorbance of the sample; ns = refractive index of the sample
solution; nr = refractive index of reference and refractive index of water = 1.33. The absorbance
of the reference and reaction mixture were kept below 0.2 at the excitation wavelength of 375

nm.

Table S3. Quantum yield of the reaction mixture at different interval of time. (p.43)

Time (h) 9h 24 h 29 h 33h 48 h 53 h 57 h 72 h
Quantum

yield (%) 0.6 1.0 1.7 1.8 24 1.7 1.9 1.4
+Error(%) 0.1 0.2 0.6 0.6 0.2 0.2 0.4 0.4

Table S4. The magnetisation value of the nanoparticle centrifuged at different time of reaction

and obtained after MH curve analysis. (p.44)

Time (h) Magnetisation (emu/g)
61 0.9
66 0.8
72 0.9
100 0.8
75
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Calculation of relaxivity

The relaxivity values can be calculated using the equation

1 1
(ﬁ_ Tia )
[Gd]
where T is the longitudinal relaxation time and Tiq is the intrinsic diamagnetic solvent relaxation

equation S2
relaxivity =

time (T = 2986 ms for water). [Gd] is the concentration of gadolinium present in the medium,
which was taken as 9 mM.

Table S5. Longitudinal relaxation time (T1) and relaxivity (rl) of the reaction mixture at
different interval of time. (p.44, p.46)

average T1 (ms) with standard
Reaction | T1 values for the experiment number and (resulting rl error bar (and average rl value
time (h) | values calculated from equation S2) with error bar in mMs?)
1 2 3
13.1ms (r1= 12.9ms (8.6 13.3ms (8.3
0.5 8.4mM s mM1s?) mM-1s™) 13.1+£0.2(84+0.1)
12.9 ms (8.6 129 ms (8.6 | 13.2 ms (8.5 mM"
2 mM1s?) mM-Zs™) s ) 13.0+£0.1(8.5+0.1)
13.0 ms (8.5 13.0 ms (8.5 13.2ms (8.4
6 mM1s?) mM-1s?) mM-1s?) 13.0+£0.1(8.5+£0.1)
12.9 ms (8.6 129ms (8.6 | 13.1 ms (8.4 mM~
10 mM1s?) mMZs?) st 13.0£0.1(85+0.1)
13.2 ms (8.4 13.4 ms (8.3 13.6 ms (8.1
235 mM-s™) mMs™) mM-1s™) 13.4+0.2(8.2+£0.1)
13.4 ms (8.3 13.6 ms (8.1 13.6 ms (8.1
30 mM-s™) mM-s?) mM-1s?) 135+0.1(8.2+0.1)
13.7ms (8.1 13.9ms (7.9 14.1ms (7.8
34 mM-1s™) mM-s™) mM-1s?) 13.9+0.2(7.91£0.1)
14.0ms (7.9 14.2 ms (7.8 14.4 ms (7.7
48 mM-1s™) mM-s™) mM-1s?) 142+02(7.8+£0.1)
14.2 ms (7.8 14.0ms (7.9 14.3 ms (7.7
54 mM-1s™) mM-s™) mM-1s?) 142+0.1(7.8+£0.0)
14.0ms (7.9 13.8 ms (8.0 142 ms (7.8
58 mM-1s?) mM-s™) mM-1s?) 140+0.1(7.9+£0.1)

TH-3761_196122043
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12.5ms (8.8 12.9 ms (8.6 13.2ms (8.4

72 mM-1s?) mM-1s?) mM-1s?) 12.9+0.3(8.6 £0.2)
12.1 ms (9.1 12.5 ms (8.8 12.8 ms (8.6

78 mM-1s?) mM-1s?) mM-1s?) 125+0.3(8.8+0.2)
11.9ms (9.3 12.2ms (9.1 12.5ms (8.8

82.5 mM-1s?) mM-1s?) mM-1s?) 12.2+0.3(9.1£0.2)
11.0 ms (10.1 11.5ms (9.9 11.8 ms (9.5

96 mM-1s?) mM-1s?) mM-1s?) 11.4 +£0.3(9.7 £ 0.3)
10.7 ms (10.3 11.1ms (9.9 11.6 ms (9.5

105 mM-1s?) mM-1s?) mM-1s?) 11.1 £ 0.4(9.95 + 0.3)

Table S6. Transverse relaxation time (T2) and relaxivity (r2) of the reaction mixture at different

interval of time ((p.44, p.46)

TH-37

average T2 (ms) with
T2 (ms) values for the experiment number (resulting r2 standard error bar(and
Reaction | values calculated from equation S2) average rl value with
time (h) error bar in mM?s™)
1 2 3
11.3ms (9.8 mM- | 11.4 ms (9.7 mM~ | 11.5ms (9.6 mM"
0.5 s s s 11.4+£0.1(9.7+£0.1)
11.3ms (9.8 mM" | 11.3ms (9.8 mM" | 11.5ms (9.6 mM"
2 ) s s 11.4+£0.1(9.7£0.1)
11.3ms (9.8 mM- | 11.4ms (9.7 mM | 11.5ms (9.6 mM"
6 o) s s 114+0.1(9.7£0.1)
11.3ms (9.8 mM™ | 11.4ms (9.7 mM" | 11.6 ms (9.5 mM"
10 s1) s s 114+0.1(9.4+£0.1)
116 ms (95 mM- | 11.8ms (94 mM- | 11.9 ms (9.3 mM"
235 ) s s 11.8+0.1(9.4£0.1)
11.8ms (9.4 mM" | 120ms (9.2 mM™ | 12.1ms (9.1 mM"
30 s1) s s 12.0+£0.1(9.2+£0.1)
119ms (9.3 mM™ | 122ms (9.1 mM- | 12.3ms (9.0 mM"
34 s1) st s 122+0.2(9.1+£0.1)
122ms (9.1 mM™ | 123 ms (9.0 mM™ | 12.5ms (8.8 mM"
48 s1) s s 12.3+£0.1(8.9+£0.1)
122ms (9.1 mM- | 122ms (9.1 mM- | 124 ms (8.9 mM"
54 s1) s s 12.3+£0.1(9.0£0.1)
124ms (8.9 mM™ | 120ms (9.2 mM™ | 12.2ms (9.1 mM"
58 s1) s s 122+0.2(9.1+£0.1)
10.4 ms (10.6 10.5 ms (10.5 10.9 ms (10.2
72 mM-1s?) mM-s™) mM-s™) 10.6 £0.2 (10.4£0.2)
9.7ms (11.4 mM- 10.2 ms (10.8 10.4 ms (10.6
78 IsT) mM-1s) mM-1s?) 10.1+£0.3(10.9+0.3)
9.4 ms (11.8 mM- | 9.8 ms (11.3 mM- 10.1 ms (10.9
82.5 st s mM-s™) 9.8+0.3(11.3£0.3)
85ms (13.0 mM- | 9.0ms (12.3 mM" | 9.4 ms (11.8 mM"
96 sT) s s 9.0+04(12.4+05)
8.2ms (13.5 mM- | 8.6 ms (12.9 mI\/Y‘7 9.0 ms (12.3 mM"
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Table S7. Relaxivity values of different Gd based MRI contrast agents at 37°C in water* at 1.5 T

magnetic field and of the current dispersion containing Gd acetate and ascorbic acid at 105 h.

(p.47)
Different Gd based MRI rl (mMis?) r2 (mMist)
contrast agents
MAGNEVIST 3.3 (3.1-35) 39 (2.8-5.0)
GADOVIST 3.3 (3.1-35) 39 (3.1-4.7)
PROHANCE 29 (2.7-3.1) 32 (25-3.9)
MULTIHANCE 4.0 (3.8-4.2) 4.3 (3.8-4.8)
DOTAREM 29 (2.7-3.1) 32 (25-3.9)
OMNISCAN 33 (3.1-35) 36 (3.0-4.2)
OPTIMARK 3.8 (3.6-4.0) 42 (3.5-4.9)
PRIMOVIST 47 (45-4.9) 51 (4.5-5.7)
Reaction mixture containing 9.95+0.3 129+05
Gd acetate and ascorbic acid at
105 h
B
LN P ... . 1.32-
135
(3 e o ou o 1.26-
:12.0- g
= = 1.20-
< 105
|
F 1.144-—-/ e
9.0+
0 20 40 60 80 100 120 0 0 60 90 120
time (h)

Time (h)
Figure S17. (A) T1 and T2 relaxation times of dispersion containing gadolinium acetate hydrate
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recorded at different time intervals. (B) Ratio of T1 and T2 of the dispersion containing

gadolinium acetate hydrate recorded at different time interval. ((p.44)

(A) (B) ()
- ~ £}
Nt )
5 £ £
= B B
E T
= = 2
450 500 550 600 450 500 550 600 450 500 550 600 650
(D) Wavelength (nm) (E) Wavelength (nm) (F) Wavelength (nm)
O 1s Cis O1s
—_ - ——284.76 eV —531.67
= = 2862 eV 5 5323
S = ¢ ——2874¢eV 2
g g1 e g
= g § . =
3 = | =
= = =
0 200 400 600 800 1000 1200 285 290 295 300 S5 530 535 540 545
( G) Binding Energy (eV) (H) Binding energy (eV) Binding Energy (eV)
Gd 4d Fe 2p
—— 14317 eV 709.9 eV
148.17 eV — 713.25 eV
716.3 eV
726.3 eV

Intensity (a.u.)
f .
Intensity (a.u.)
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Binding Energy (eV)

Binding Energy (eV)

Figure S18. (A) Photo Luminescence emission spectra (lex = 375 nm) of (a) Gd ascorbate
reaction mixture at 48 h and of reaction mixture after addition of Fe(lll) (0.5 mM) at (b) 0 min
(¢)1h,(d)4h, (e) 8hand (f) 24 h. (B) Photo Luminescence emission spectra (Aex = 375 nm) of
(a) Gd ascorbate reaction mixture at 48 h, and of reaction mixture after addition of Zn(ll) salt (2
mM) at (b) 0 min, (c) 1 h, (d) 4 h, (e) 8 h, (f) 24 h and (g) 29 h. (C) Photo Luminescence
emission spectra (lex = 375 nm) of (a) Gd ascorbate reaction mixture at 48 h and of reaction
mixture after addition of Fe(lll) (24.4 uM) at (b) O min (c) 2 h, (d) 8 h, (¢) 24 h and (f) 48 h. (D)
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X-ray photoelectron (XPS) survey spectrum for the centrifuged product of the reaction mixture

(containing Gd acetate and ascorbic acid) at 24 h after addition of Fe(lll). (E) Deconvulated xps
peaks for Cys obtained at 284.76, 286.2 and 287.4 eV for C-C, C-O and O-C=0 binding energies
respectively. (F) Deconvulated xps peaks for Ois obtained at 531.67 eV and 532.8 eV for C-C

and O-C=0 binding energies respectively. (G) Deconvulated xps peaks for Gdsq obtained at
143.17 eV and 148.17 eV for Gd 4ds; and Gd 4ds/, respectively.? (H) Deconvulated xps peaks
Feop Obtained at 709.9 eV, 713.25 eV, 716.3 eV and 726.3 eV for Fe 2ps;2, Fe (111)-O binding
energy, Fe (111) satellite peak and Fe 2p1/2 respectively.® (p.47, p.48)

Table S8. Atomic percentages of elements present in the centrifuged product obtained from the

dispersion being kept standing at 48 h following which Fe (111) was added. The centrifugation

was carried out at 24 h after addition of iron. (p.48)

Elements present

Carbon

Oxygen

Gadolinium

Iron

Atomic percentage (%)

46.87

47.58

4.16

1.39

Table S9. Relaxation times (T1 and T2) and relaxivity values of reaction mixture (1 mL) at 48 h
(and measured at 37°C and 1.41 T magnetic field) and recorded after addition to HEPES buffer
solution (3 mL) and water (3 mL) respectively. (p.48)

Number of sets of reaction from which

relaxation times are measured

Average relaxation
times (and calculated
relaxivity) with

standard error bar

TH-37

1 2 3
Reaction mixture | T1 (and 81.0 ms 80.0 ms 79.0 ms 80.0 £ 0.8 ms
(I mL) at 48 h r1)
(6.3mMisty | (5.4 mMIs?t) | (5.5 mMist (5.4+£0.1 mMis?

added to 3 mL of

hepes buffer
61 196122043
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T2 (and 61.1 ms 57.9 ms 55.8 ms 58.2 + 2.2 ms
r2)
(7.1 mM1s?Y) | (7.5 mMIst) | (7.8 mM1s?t) (7.5+ 0.3 mMs?)
Reaction mixture | T1 (and 60.98 ms 59.0 ms 61.5 ms 60.5+1.1ms
(2 mL) at 48 h rl)
added to 3 mL of (7.1 mM1s?Y) | (7.4 mMIst) | (7.1 mM1s?) (7.2 £ 0.1 mMs?)
water
T2 (and 53.0 ms 51.9 ms 53.8 ms 52.9+£0.8 ms
r2)
(8.2mMis?t) | (8.4 mMis?t) | (8.1 mMis?) (8.3+£0.1 mMis?)
(A) (B)

Figure S19. TEM images of the supernatant obtained after centrifuging the reaction mixture at

72 h that contains particles in the range 2-8 nm present in a branched network. (p.48)
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ABSTRACT

Moiré superlattices of simple molecules portends to bring about new physical and chemical
properties through the interactions at the crystal interfaces, which could be termed as
hypermolecular interactions. We report the formation of moiré superlattices of L or D tryptophan
(trp) molecules in the aqueous medium. A strong photoluminescence peak at 452 nm and an
additional peak at 500 nm were observed. Transmission emission microscopy investigations
revealed the formation of moiré superlattices with low-angle twisted hexagonal crystalline
nanosheets of trp as the units. The atomic force microscopy measurements of the force-distance
curves indicated van der Waals interactions typical of soft matter. The results could be accounted
for by 25-30° helical stacking of 2D molecular crystals of trp, where a new interfacial
interaction provided extraordinary stability to the superlattices. The superlattices were also found
to have superior chemical stability under alkaline conditions as compared to the crystalline
films. These molecular superlattices were useful for CO. sensing as well as storage that was

more efficient following exposure to UV light (Scheme 1).

Scheme 1. Graphical representation showing assembly of trp molecules into 2D nanosheets that
form moiré superlattices after twisted stacking. These superlattices were further used for CO;

sensing.
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Introduction

Engineering macroscopic matter based on the principles of inter-molecular interactions has led to
the development of programmed assemblies of molecules for wide applications such as in
pharmaceuticals, chemical catalysis, sensing and separation, optoelectronics and photonics.!? Of
particular importance is the design of molecules and development of principles for the growth of
crystals with emergent properties such as self-healing® or ferroelectricity* in molecular crystals.
In addition, mechanical responsivity of the molecular crystals under external stimuli has led to
their use in optoelectronics, sensors, pharmaceuticals or as biomimetics.>® Thus, the repertoire of
chemistry has been greatly utilized in order to develop a plethora of crystals with supramolecular
synthons as structural motifs.'®'* The vast progress also leads to an enticing possibility of
‘chemical reaction’ of such crystals in the liquid medium with distinct structures and properties
arising out of the molecular interactions at the interfaces of the two intervening crystals. It may
also be plausible that the interfacial interactions give rise to additional properties such as
chemical stability to the constituent crystals. Thus, interactions involving the molecular moieties
at the interfaces of the crystals, that could be defined as hypermolecular interactions, might bring
novel chemistry of molecular superlattices especially when stacked twisted against each other.
To begin with, it would be interesting to have such chemically superstack two-dimensional (2D)
molecular crystals in the liquid medium under ordinary reaction conditions.

Evidences suggest that layered moiré 2D materials such as twisted bilayer'? or multi-layered
graphene'®, metal dichalcogenides!®, hexagonal boron nitride®®, black phosphorus® and
perovskite oxide membranes!’ exhibit physical properties that are fundamentally different from
regular crystalline stacking. For example, strong inter-layer electron coupling through van der
Waals (vdW) interactions in 1.1° twisted bilayer graphene leads to superconductivity at 1.7 K.*®
Other examples include observation of moiré excitons in vdW heterostructures®, Mott-like
insulator states due to localized electrons in the moiré superlattices®® and ferromagnetism
resulting from anomalous Hall effect?! in twisted bilayer graphene.

In physical methods, moiré superlattices are fabricated by mechanical exfoliation followed by
careful stacking of twisted 2D monolayers. While the methods produce twisted layers with
precise angular placements, scalability for industrial productions could be a major challenge.
Recent results suggest that stacking of 2D materials can also be achieved by chemical methods in

the liquid medium.??232* For example, gold® or copper nanoclusters?® can be organized into 2D
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nanosheets through complexation with zinc (Zn?*) ions. Further twisted stacking of the 2D
copper nanocrystal sheets, at 30° angles of each other, have been achieved by controlling the
Zn?*ion concentration in the liquid medium.?? Further, chemically synthesised moiré
superlattices of bismuth oxychloride spiral nanosheets are known to have superior photocatalytic
activity.?* Also, organization through chemical processes would make it possible to tune the
properties of the assembly according to the chemical interaction of the constituents. Chemical
methods of forming superlattices may also lead to additional stability of the 2D super-structure
and offer properties arising out of interlayer interactions such as delayed fluorescence®? or
fluorescence with high quantum yield?®. Although, moiré superlattices have been achieved for
the above-mentioned materials, such an arrangement is yet to be reported for organic molecules.
Fabrication of molecular superlattices through chemical method in a liquid medium and the
resultant properties are yet to be reported.

A molecule of choice could be an amino acid that forms higher order structures through
supramolecular interactions.?” Amino acids self-assemble into structures such as nanoscale rods,
ribbons, fibrils and sheets in a liquid medium with emergent physico-chemical properties.?® For
example, B-glycine crystalline needles and y-glycine crystals show high shear piezoelectricity
constant?>* close to variety of inorganic materials such as BaTiOs, AIN or lead zirconate
titanate while centrosymmetric a-glycine crystals display anomalous surface polarityl. Further,
crystals of L-tyrosine®? and racemic amino acids such as DL phenylalanine®® are found to be
mechanically robust having high young’s moduli. The DL racemic mixture of trp can self-
assemble to form bulk crystal and unlike the pure enantiomer, which grow into 1D fibril, it can
grow to form stable 2D or 3D structures.®®* However, 2D assemblies of amino acid into well-
aligned superlattices are yet to be reported.

Herein, we report that when an aqueous solution of (L or D) tryptophan (trp) was heated to 80
°C under stirring condition, formation of crystalline nanosheets of moiré superlattices of the
molecule was observed. Transmission emission microscopy (TEM) experiments confirmed the
presence of single crystalline nanosheets and moiré superlattices that resulted from the twisted
stacking of the nanosheets. The superlattices showed strong photoluminescence at 452 nm when
excited by 362 nm light. In addition, a peak at 500 nm that could be discerned upon
deconvolution of the spectrum was observed. Treatment with a base led to quenching of the peak

at 452 nm; however, the peak at the higher wavelength was persistent. TEM studies indicated the
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extraordinary stability of the moirée films under basic conditions, while the crystalline nanosheets
vanished giving rise to folded 1D structures. Atomic force microscopy (AFM) measurements, in
both phase and amplitude modes, supported the formation of moiré superstructures with force-
distance curves indicating the van der Waals interactions between the crystalline films at the
interfaces of the superlattices. The results suggested the formation of molecular moiré
superlattices that was consistent with the crystal structures of the molecule. The current
nanosheets possibly indicated a new form of interactions that could be called hypermolecular
interactions between the moieties at the interfaces of the crystalline sheets leading to the
formation of such assemblies and the observed properties therein. Additionally, the molecular
superlattices formed through such interactions showed good efficiency in sensing and storage of
CO2 especially upon prior exposure to UV light.

Results and Discussion

Optical properties

An aqueous solution of trp (288 uM) was stirred vigorously under a constant temperature of 80
°C for 24 h and UV-vis and photoluminescence (PL) spectra at different times were recorded for
3 mL aliquots. In addition to the native peaks due to trp (250-310 nm), a peak at 362 nm
appeared in the UV-vis spectrum (Figure 1a) as the reaction progressed. Initially, at 0 h when the
solution was excited by 300 nm light (Figure 1b), the intrinsic fluorescence of trp molecule3*
with peak maximum at 360 nm was observed. An additional prominent peak at around 452 nm
was observed by 6 h. Amino acids such as trp in their aggregated forms are known to emit in the
blue region.®>*¢ Trp molecules can self-assemble through van der Waals (vdW) interactions,
which primarily include hydrophobic interaction and hydrogen bonding (H-bonding) between the
carboxylate and amine groups to form supramolecular structures?’-33% Jike fibrils and B sheets
that result in blue emission. Similarly, here the emission peak observed at 452 nm could have
resulted from an assembly of trp. When excitation spectrum for the emission at 452 nm was
recorded, an additional peak at 362 nm emerged with time and a simultaneous increase in the
intensity at 300 nm was observed (Figure 1c). Thus, the assembly so formed absorbed
simultaneously at 300 nm and 362 nm, resulting in an emission peak at 452 nm (Figure 1b and
1d).
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With time, the intensity of the emission peak at 360 nm decreased while that at 452 nm
increased, indicating continuing assembly formation of the molecules. As the absorption at 300
nm gave rise to both the emissions, the decrease in the intensity of emission at 360 nm could be
due to inner filter effect arising from the self-assembled structure. The asymmetric emission peak
at 452 nm (hex = 362 nm) was deconvulated into two components — one at 450 nm and another at
500 nm (Figure 1e). The presence of a new emission peak at 500 nm was an indication of
another type of interaction between the trp molecules possibly with the formation of a new kind
of assembly. Further, the rate constant of the reaction to form the assembly was determined by

plotting PL intensity at 360 nm against time (Figure 1f) as detailed in the SI. The plot of

1/(intensity) vs time indicated that the reaction followed second order kinetics and the rate

constant was calculated to be (1.55 + 0.68) x 10 uM™* h.
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Figure 1. (a) UV-vis spectra recorded at different time intervals of tryptophan (trp) solution,
which was continuously stirred and heated at 80 °C. Inset: enlarged view of the normalised UV-
vis spectra identifying the peak around 360 nm. Photoluminescence (PL) (b) spectra (Aex = 300
nm), (c) excitation spectra (Aem = 452 nm) and (d) spectra (Aex = 362 nm) of the dispersion taken

at different times. (e) (i) PL spectrum of trp solution at 24 h and its deconvoluted components
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having peak maxima at (ii) 450 nm and (iii) 500 nm and (iv) is fitted curve for the two

components. (f) 1/(intensity) vs time plot for the 360 nm peak in (b).

Transmission emission microscopy (TEM) was pursued for the dispersion at different times. The
images (Figure S2) indicated the presence of 2D multi-layered nanosheets in the dispersion at
any given time. However, the dispersion at 24 h consisted of crystalline nanosheets of high
population. Thus, further experiments and analyses were pursued using the dispersion at 24 h.
Interestingly, there was a mixture of two types of sheets at 24 h — nanosheets with single

crystalline diffraction pattern and multi-layered sheets displaying moiré patterns (Figure S3).
Single crystalline 2D nanosheet

The crystalline 2D nanosheets presented in Figure 2a and the corresponding selected area
electron diffraction (SAED) pattern in Figure 2b revealed a hexagonal pattern with d-spacing
0.47 nm. The planes correspondent diffraction spots in Figure 2b are identified and indicated
through circles in Figure S4. L-trp crystallises in triclinic unit cell with space group P1 where the
crystal follows a pseudo-hexagonal arrangement and the asymmetric unit contains 16 trp
molecules.®” The diffraction spots that are observed for the crystal follows- the given set of rules:
h + k = even and k = even.®” The SAED pattern for the crystal was simulated from the
crystallographic information file (cif) of L-trp using ReciPro software® and is presented in
Figure 2c. The allowed diffraction spots following the above rule are encircled in yellow in
Figure 2c and is compared with experimental SAED in Figure 2b and in Figure S4 where the
spots are designated with respective hkl planes. The d spacing obtained after simulation are listed
in Table S1 and are compared with the calculated d spacing from the SAED pattern of the

crystalline nanosheets.

The unit cell of L-trp is recreated here along the ¢ axis using the cif data of L-trp and the
mentioned planes in Figure 2d are redrawn using the software vesta. Considering the centre of
the unit cell as origin (000), the diffraction spots that would have been observed for the set of
planes in the inverse space are marked as circles. L or D-tryptophan can form 2D crystalline
nanosheet through H-bonding and hydrophobic interaction if the crystal growth along one
direction is terminated. The single crystalline nanosheet that is presented in Figure 2a have

formed due to the termination of crystal growth along ¢ axis. The growth along a and b axes are
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shown in Figure 2e where the first layer of the trp crystal is represented for clarity. The diagram
representing the subsequent layers is presented in Figure S5. Here, the molecular units are
organized in hexagonal order in the supercell with each molecule facing the adjacent unit at £60°

angle.

Figure 2. (a) TEM image of the 2-dimensional nanosheet formed through the assemblies of trp
molecules. (b) Corresponding hexagonal selected area diffraction pattern (SAED) pattern. (c)

Simulated SAED pattern obtained from the crystallographic information file (cif) of trp crystal,

and drawn using Recipro software where the allowed diffraction spots are encircled in yellow.

(d) Unit cell representation of the asymmetric unit of the trp crystal viewed along the c axis
showing the lattice planes 200, 020, 220, -200, 0-20, -2-20. (e) First layer of the supercell viewed
along the c axis.

Moiré Superlattices

The dispersion after 24 h of reaction largely contained multi-layered crystalline nanosheets
exhibiting moiré patterns (Figure 3). It was evident from that TEM images that both the mixture
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of moiré and non-moiré nanosheets or most of the time only moiré sheets were observed. Moiré
fringes were formed by the twisted stacking of the single crystalline nanosheets. Multi-layered
stacking of the nanosheets resulted in hexagonal (Figure 3a-b) or parallel line moiré patterns. At
a small twisted angle moiré patterns of much higher periodicity are formed whereas a higher
twist angle between the sheets offers smaller moiré periodicity. The corresponding SAED pattern
obtained at the hexagonal moiré superlattice in Figure 3b shows multi-diffraction pattern (Figure
3c). Figure 3d-e show parallel moiré pattern and the corresponding SAED pattern of Figure 3e is
presented in Figure 3f. The d spacing corresponding to the first circle of SAED pattern in Figure

3c and Figure 3f is 0.21 nm.

Moiré patterns in Figure 3 are formed after twisted layering of the trp 2D nanosheets at particular
angles. Since hexagonal SAED pattern is obtained along the c axis, the diffraction pattern
obtained from twisted layered trp nanosheets should resemble a set of hexagonal spots, which are
rotated at an angle. Here, the SAED pattern in Figure 3c contains seven set of hexagonal patterns
rotated at different angles obtained from seven twisted layered sheets (Figure 4). The d spacing
obtained from the SAED pattern of moiré sheets was 0.21 nm while the d spacing obtained for
the spots in first circle of SAED pattern in single crystal nanosheet of trp was 0.47 nm. Ideally,
the first ring of the SAED of the layered sheets should provide with d spacing equal to 0.47 nm
same as the parameter of the single crystal. However, the spots in the 3™ circle with d spacing of
0.23 nm from origin (Figure S6) was observed in the diffraction pattern of moiré superstructure.
It was observed that SAED patterns with d spacing 0.47 nm did not show any moiré fringes in
the corresponding TEM images (Figure S7). On the other hand, d spacing of 0.21 nm were
obtained from the sheets having moiré fringes. Further, it may be mentioned here that 2D film
with moiré patterns is tilted while probing by TEM, a hexagonal moiré pattern may appear as
parallel line pattern or vice-versa such as in h-BN3® and HOPG*® moiré superlattices. Since both
hexagonal moiré patterns, which form multi-diffraction pattern and parallel line patterns with
diffraction pattern as in Figure 3f are observed in our sample, the angular position of the sheets
on the TEM grids determined the exact nature of moiré and diffraction pattern (Figure S8).
Appearance of 0.47 nm d-spacing for a tilted moiré sample with observed d-spacing of 0.21 nm

also supports our current observation.?
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Figure 3. (a) and (b) Moiré patterns formed by the twisted stacking of single crystalline
hexagonal 2-D nanosheets of trp. (c) SAED pattern corresponding to image in (b). (d) and (e)
parallel moiré pattern formed by the twisted stacking of single crystalline 2-D nanosheet of trp.

(F) SAED pattern corresponding to image in (e).
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Diffraction Pattern from Moiré Superlattices

Schematically, the multi diffraction pattern obtained in Figure 3c is explained in Figure 4. In
Figure 4a, the represented unit cell consists of the set of planes having d spacing of 0.23 nm and
0.47 nm as mentioned in the Figure S4. Since, d spacing of 0.21 nm was obtained for moiré
sheets, we focused on the planes having d spacing 0.23 nm (Figure 4b) for understanding the
diffraction pattern obtained in Figure 3c. The circles represent the diffraction spots that would be
obtained for the respective hkl planes from a particular region of the crystal in the inverse space.
The straight lines in Figure 4b-d are drawn to connect a set of diffraction planes as
representations. As the reaction progressed, the crystalline nanosheets - for reasons explained in
the next section - were stacked twisted angularly in the range of 25° to 35° (Figure S9). The
initial step would be stacking of two crystalline nanosheets in the angular range mentioned above
as observed in TEM images, which on further twisted stacking produced the diffraction pattern
in Figure 3c and 3f. For example, as the two trp crystalline sheets are stacked at an angle of 28.9°
for sheets marked as 1 and 2, respectively, two sets of hexagonal diffraction spots for the
mentioned hkl planes in Figure 4b are obtained (Figure 4c). Further, simulated SAED patterns of
twisted stacking of seven crystalline nanosheets with two consecutive nanosheets positioned at
an angle in the range of 25°-35° are reproduced (Figure 4d) and super-positioned with an
observed pattern in Figure 4e. The angles with which the adjacent nanosheets are twisted have

been given in Table S2.

Although the twisted stacking of adjacent nanosheets are in the range 25° to 35° the angle
between alternate nanosheets could be sufficiently small resulting in high moiré periodicity. As
can be seen in Figure 3b, moiré fringes are not uniform in the overall superlattices since the
moiré superlattices were formed by the different sized nanosheets stacked on top of each other.
For the example, the angle between sheets 1 and 2 is 28.9° and the angle between 2 and 3 is 25°,
thus, resulting in an angle of 60- (25+28.9) = 6.1° between 1 and 3 (Figure S10). If the dimension
of sheet 2 is less than those of 1 and 3, then there would be an overlap and thus, interaction
between sheets 1 and 3 and moiré fringes with high periodicity would be observed. Similarly, an
angle of ~ 3° between 1 and 5 and an angle of 4.3° between sheets 5 and 7 would produce moiré

fringes. The moiré periodicities are calculated according to the equation
D = d/(2Sin(6/2)) (1)
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where d is the lattice constant taken as 0.46 nm, D is the distance between moiré fringes and 0 is
the twist angle. The corresponding moiré periodicities calculated for the angles 3, 4.3, 6.1 and
25 are 8.79, 6.13, 4.32 and 1.06 nm respectively.
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Figure 4. (a) Representation of trp crystal unit cell displaying the respective planes. (b) Enlarged
view of the planes 400, 040, 440, -400, 0-40, -4-40. (c) Two superimposed unit cells when
rotated at an angle of 28.9°. (d) Schematic representation of seven unit cells rotated at specific
angles with respect to the first unit cell. The diffraction pattern generated from the layered unit

cells resembles the experimental diffraction pattern in (e). (f) Schematic representation of the
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moiré superlattice formed after twisted stacking of seven hexagonal sheet. (g) IFFT analysis of a
small portion of the moiré sheet of Figure 3b. (h) A typical Force-Distance curve measured on a

moiré nanosheet.

A schematic representation of the moiré pattern produced after twisted stacking of seven
crystalline nanosheets is depicted in Figure 4f. In Figure 4g, inverse fast Fourier transform IFFT
of a small portion of moiré superlattices of Figure 3b is presented, which results in moiré
periodicities of 8.73, 1.51 and 1.06 nm that are comparable with the above calculated values.

Further calculations of moiré periodicities obtained from the IFFT are presented in the SI. The

smaller moiré periodicity would result from larger angles between adjacent sheets or alternate

sheets.

Atomic force microscopic (AFM) images further supported the formation of the moiré patterns
and force-distance (F-d) measurements on the sheets were pursued. A typical F-d curve
measured on the moiré sheets is presented in Figure 4h where the tip-sample interaction resulting
in vdW hysteresis regime*! was observed. The height profile, phase and amplitude images along
with 50 F-d curves are presented in Figure 5. The height profile of the moiré nanosheets is
presented in Figure 5b and the average height of the sheets was 88.43 £ 5.76 nm. The adhesion
force and the dissipation energy due to tip-sample interaction can be obtained after analysis of
the F-d curves. The adhesion force is the minimum force required for the withdrawal of the tip
after its contact with surface of the sample is established. Thus, the lowest point of the retract
force curve gives the value of adhesion force (Figure 4h).*! The adhesion force calculated from
Figure 4h was 9.12 nN and dissipation energy was found to be 381.5 eV. The dissipation energy
is the energy dissipated due to sample-tip interaction after indentation by the tip at the surface of
the sample. If the approach and retract curves do not overlap, a hysteresis is observed and the
dissipation energy can be calculated from the area enclosed between them.**%? During the tip-
sample interaction, overlap of loading and unloading force curves in the repulsive region
indicated the dominance of elastic properties while the large difference of the force curves in the
attractive region suggested high dissipation of energy due to long range forces (Figure 4h). Since
hydrophobic interaction between the aromatic groups and H-bond between the carboxylate and
amine groups built up the moiré superstructure, a net dipole is expected to arise from the moiré

nanosheets. Thus, the interaction between the neutral tip and the sample would be based on
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Debye forces. The average dissipation energy calculated from 50 F-d curves (Figure 5c¢) was
540.5 + 210.4 eV and the average adhesion force was 7.79 £ 3.29 nN as it depended on how
strong the interaction between the tip and moiré nanosheets were. The dissipation energy values

were typical of materials such as HOPG*2, DNA chip* and polymers**

c === Approach
- Retract

Force (nN)

Height (nm)

0 20 40 60 80 100
Tip-Sample Separation (nm)

Figure 5. (a) AFM topographic image of trp moiré nanosheets. (b) Corresponding height profile
of moiré sheets as obtained for the samples in (a). The various colors in the height profile in
Figure 5b represents the respective moiré nanosheets in Figure 5a, which are marked with the
same color corresponding to their height profile. (c) 50 Force-distance curves measured on
several moiré nanosheets. (d) and (e) Amplitude images of moiré patterns obtained from trp

nanosheets performed through tapping mode. (f) Corresponding phase image of (e).

Interestingly, the moiré superstructure was found to be stable under basic conditions. However,
the non-moiré sheets were prone to roll into 1D structures when treated with 1.0 M NaOH
solution. TEM results indicated that when a dispersion containing moiré and non-moiré sheets
was treated with NaOH, moiré sheets remained unchanged while non-moiré sheets were
damaged and subsequently transformed into 1D fibers (Figure 6). Further PL emission and
excitation spectra of the dispersion were recorded before and after addition of base. After

addition of base, the intensity of the emission maximum at 452 nm (Aex = 362 nm) decreased
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(Figure 6a-(ii)) possibly indicating that the H-bond network in the crystal was affected. In
addition to this, the peak at 500 nm attributed to moiré superlattices appeared distinctly when
excited at 362 nm (Figure 6b). The excitation spectrum for Aem = 500 nm resulted in an
additional peak at 425 nm and UV-vis spectrum (Figure S12a) also comprised of absorbance
peak at 410 nm. Upon exciting at 425 nm the emission peak with maxima at 520 nm was
observed (Figure 6¢). The dispersion was subjected to acid-base cycle where it was observed that
the PL intensity at 452 nm was regained as the medium became acidic again (Figure 6d). The
intensity of the intrinsic peak of trp at 360 nm increased and shifted as the medium became basic.
Since the H-bond network was disrupted after addition of base, the inner filter effect originating
from the superstructure was reduced and the intensity at 360 nm increased. The change in
intensity of maxima at 360 nm, 452 nm and 520 nm with respect to the change in pH of the
medium is presented in Figure 6d. This further supports the stability of the moiré superlattices of
trp in basic and acidic medium with the PL intensity changing back to its original value after
addition of 1.0 M HCI. It may be mentioned here that different peak maxima were observed
ranging from 510 nm to 525 nm when excited at 425 nm (Figure S13). This might have
originated due to different twisted angles of different stacked nanosheets.
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Figure 6. (a) PL spectrum (Aex = 362 nm) of tryptophan (trp) solution after (i) 24 h of vigorous
stirring at 80 °C, which is subjected to a cycle of pH change where (ii), (iii), (iv), (v) and (vi)
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represent alternative addition cycles of 40 uL 1M NaOH and 40 pL 1M HCI solutions,
respectively, to the mixture. (b) PL peak after (i) addition of 40 pL of 1M NaOH that is
deconvoluted into two peaks components having peak maxima at (ii) 450 nm and (iii) 500 nm
where (iv) is fitted curve for the two components and (V) is the baseline. (c) PL spectra (Aex = 425
nm) of trp solution after (i) 24 h of vigorous stirring solution at 80 °C, which is subjected to a
cycle of pH change where (ii), (iii), (iv), (v) and (vi) represent alternative addition cycles of 40
ML 1M NaOH and 40 pL 1M HCI solutions, respectively, to the mixture. (d) Intensity change for
(1) 360 nm, (ii) 452 nm, and (iii) 420 nm peaks after the dispersion is subjected to base-acid
cycle. TEM images of moiré superlattices (e) before and (f) after treating the dispersion with 40
pL 1M NaOH solution. TEM images of (g) non-moiré nanosheets converted to (h) 1D fibrous
structures following treatment of the dispersion with 40 pL 1M NaOH solution. Inset:

corresponding SAED pattern.
Chemical description of crystalline nanosheet and moiré formation

Since moiré fringes are formed by the twisted stacking of the crystalline nanosheet along the c
axis, the interaction at the interface of the crystals must be different from within the crystal.
Rotation of subsequent single crystals of height ‘d’ nm at angle ranging from 25° to 35° results in
a spiral superstructure (Figure 7). During crystallization of trp, the growth along c axis involves
alternate H-bonding and hydrophobic interactions between the layers of the molecules (Figure
S14). If the crystallisation along the a and b axes continued unabated but that was terminated
along the c axis after growth of a few nm, such crystalline nanosheets would be obtained. For D
or L trp, the hydrophobic interaction involves +£60° interaction among the neighboring indole
groups resulting in edge to face interaction.’” For racemic DL-trp system, hydrophobic
interaction involves face to face aromatic interaction between the indole groups providing
rigidity to the structure.3® For our system, twisting of crystalline nanosheets of pure L or D trp in
the range of 25-35 degrees results in face to face interaction for half of the indole groups at the
interface (marked with circles in Figure 7b) with remaining indole groups having edge to face
interaction (unmarked). These interactions at the interface might have provided the additional
stability to the superstructure. As the interaction of the molecules at the crystal interface is

different from that of supramolecular interactions in the crystal, the interactions can be termed as
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hypermolecular interaction. The new interactions at the interface might have generated a new

energy state for which the emission at 500 nm was observed (Figure 1e and Figure 6b and 6c¢).

Figure 7. (a) Side view of molecular organization of the trp single crystalline 2-D nanosheets of
thickness d into a twisted array to form moiré superlattice. (b) Magnified view of the interaction
between two ends of trp single crystal nanosheets rotated at an angle of 28.9°. The red circles
represent the two parallel units of crystal 1 having lateral interaction with another two units of
crystal 2 encircled in green. (c) The super structure in (a) visualised from another direction

exhibiting spiral nature.

The self-assembly of trp was confirmed by mass spectrometry and NMR spectroscopy. After 2 h
of stirring at 80 °C, mass spectra were acquired and after analysis, m/z values of 205.22, 409.18
and 613.17 were observed corresponding to [C11H12N202+1H"], [(C11H12N202)2 +1H'] and
[(C11H12N203)s +1H*], indicating the presence of monomer, dimer and trimer fragments of trp.
(Figure S15). The results also indicated that the superlattices were made of trp molecules only.
Analysis of time dependent NMR also indicated a chemical shift of the protons as the reaction
proceeded (Figure S16 and Table S3). An upfield shift of the aromatic protons Ha, Hb, Hda and He

indicated shielding due to m-m interaction. However, a downfield shift of H¢ proton adjacent to
aromatic ring N-H was observed. The shift was caused due to change in chemical surrounding of
Hc proton after formation of H-bond between adjacent aromatic N-H and water. Similarly,
downfield shift for protons Hf Hg and Hn was observed for H-bond formation of the
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neighbouring amine and carboxylate groups. With time, three new singlet peaks arose by 8 h as
the reaction progresses in D2O. The value of integrated area for the NMR peaks suggested that
the area for peaks at 2.1, 4.2 and 8.3 ppm as compared to Hc had increased, indicating change in
the chemical environment of Hc at crystal interface resulting in a large chemical shift (Table S4).
It is known that change in the protein interface can cause a shift of about of 3 ppm* for protons,
which is somewhat similar to change caused at the interface of two crystals of trp due to twisted

stacking. The chemical shift values of all the protons are presented in Table S3.
Photo-activatable CO2sensing and storage

Additionally, the dispersions of the moiré superstructures were found suitable for sensing
gaseous CO> through the changes in visible fluorescence. Thus, while the dispersion was purged
with CO., an increase in the PL intensity at 452 nm was observed (Figure S17, Figure 8a).
Again, if the system was purged with CO2 while being irradiated with UV light (362 nm) the
percentage increase in intensity at 452 nm was more compared to absence of UV light exposure
(Figure 8c). Importantly, the results also indicated that with longer exposure time the intensity of
the emission increased. Further, the rate of increase in PL intensity in the presence of CO; and
following exposure to UV light was found to be 2.6 £ 0.9 times higher compared to that in the
absence of UV light exposure. On the other hand, the release study of CO: indicated that when
exposed to UV light, the release was slow while that for the system not exposed to UV light was
faster (Figure 8d). Thus, the release rate for CO2 from the system not irradiated with UV light
was 2.5 + 1.8 times higher compared to the system that was exposed to UV light for long. This
indicated that when irradiated with 362 nm light, the moiré superlattices not only adsorbed CO-
efficiently but also were able to store the same for longer times. The TEM images for the
samples before and after CO, purging were acquired that indicated that the moiré superlattices
remained unaffected (Figure S18). It has been established that CO2 could be reversibly captured
by aqueous solution of organic molecules through bicarbonate dimer formation via hydrogen
bonded crystallisation.*® For the current superlattices the CO2 adsorption seems to have followed
a similar mechanism where the surface amine and carboxyl groups participated in the H-bonding
with CO2.

100
TH-3761_196122043



Chapter 3

a b
—i) —_
—_ =
3 s
- 2
oy i
n c
& L]
€ £
" a
350 400 450 500 550 350 400 450 500 550
c Wavelength (nm) d Wavelength (nm)
24. ——In absence of UV light 15 —— In absence of UV light
—@—In presence of UV light T —@— In presence of UV light
2 2
2 2
2 16 £ 101
g :
= s 51
8-
g s
:o ;
2 0- = T
v T T T -51i— v y T y
0o __ 5 10 .15 0__ 15 30 45 60
TImeCOz purged (mln) TImeCOz release (mln)
e 0—=—0C=—0
0=—C=—0 H. W

Figure 8. (a) PL spectra of the dispersion after (i) 24 h of reaction that was purged with CO gas
for (i) 15 min and then kept in open for (iii) 60 min. (b) PL spectra of the dispersion after (i) 24
h of reaction that was purged with CO2 gas for (ii) 15 min under the exposure of UV light and
then kept in open for (iii) 60 min. (c) Change in PL intensity of 452 nm peak in the presence of
CO: above the dispersion. (d) Rate of release of CO> from the system when kept open for 60

min. (e) Schematic representation of the adsorption of CO. through H-bond formation with the

nanosheet.
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The surface amine and carboxyl groups of the nanosheets were involved in inter molecular H-
bonding or were solvated by surrounding water molecules. The attachment of the CO2 molecules
through hydrogen bonding at the edges of the lattices (Figure 8e) might have helped increase the
PL intensity by rigidifying the edges exposed to the solvent molecules. The presence of UV-light
might have supported facile hydrogen bond formation between the dissolved CO2 molecules and
the surface groups of the lattices. The dissolved CO. might have formed carbonic acid or
bicarbonate ion in the medium that interacted with the surface groups of the nanosheets. When
CO2 was introduced in absence of UV light, the carbonic acid or bicarbonate ion might have
bonded to the free carboxylate and amino groups through H-bonds, thus rigidifying the
peripheral structure and as a consequence increasing the PL intensity of the dispersion. The
energy required for the H-bond rupture at the surface to form new bonds with carbonic acid or
bicarbonate ion was provided through excitation with UV light at 362 nm while the excess
energy was released through solvent relaxation. Thus, upon excitation with UV light, a higher
amount of dissolved CO- was able to interact with free terminal groups leading to the formation
of a larger networked structure at the periphery. Similarly, the release rate for the UV exposed
system was slower since the numbers of dissolved CO: (i.e., carbonic acid or bicarbonate ions)
that bonded with surface of the nanosheets were higher as compared with the dispersion that was
not exposed to UV light. The slow rate of diminishing PL intensity further supported the
utilisation of UV exposure for better sensing and reversible storage of CO> for a longer period of

time.
Conclusion

In summary, moiré superlattices of L or D trp were formed by vigorously stirring an agueous
solution of trp at 80 °C. Trp molecules self-assembled to form crystalline 2D nanosheets, which
further twisted and stacked to form moiré superlattices. The layering of the sheets at angles
ranging from 25° to 35° formed a spiral superlattice that produced moiré fringes involving
alternate lattices positioned at low twist angles. A new emission due to the moiré superlattices
was observed at ~500 nm. The superlattices were found to be stable under alkaline condition
while the non-moiré sheets deformed into 1D fibers. The additional stability of moiré
superlattices arose from the hypermolecular interactions at the rotated crystal interfaces. AFM
results further supported vdW interaction amongst the lattices. Importantly, such a molecular
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superlattices provided new way of reversible storage and sensing CO: in the presence of UV
light with high sensitivity. The idea and results presented herein may bring about new chemistry

of molecular assembly with wide application potential.
EXPERIMENTAL SECTION
Materials Used

L and D-tryptophan (trp, purity > 98.0 % (HPLC)) were purchased from Sigma-Aldrich and used
without further purification. Milli-Q grade water was used for all the experiments. D.O was
purchased from Sigma-Aldrich and used for NMR experiments.

Synthesis of Moiré Superlattices of trp

2 mL of trp (6 mg) solution was sonicated for 30 s to get a clear solution. 200 pL of the trp
solution was added to 10 mL of water (resulting in 288 uM concentration) under constant stirring

and heating at 80 °C for 24 h. The dispersion after 24 h was then used for further experiments.
Optical Measurements

Time dependent UV-vis measurements were done using Perkin-Elmer Lambda 362+ where 3 mL
of aliquot was collected at different times and absorbance was measured. Photoluminescence
(PL) spectra were collected using HORIBA FluoroMax-4 spectrofluorometer where again 3 mL

of aliquot was collected at different times to measure the PL spectrum.

Transmission electron microscopic (TEM) analysis and selected area electron diffraction
(SAED) analysis

TEM and SAED data were collected after diluting the dispersion (400 uL of aliquot in 600 pL
water) and drop casting on a carbon coated copper grid. TEM and SAED were performed using
JEOL JEM 2100 F instrument.

Atomic force microscopic (AFM) analysis and measurement of Force-distance curve AFM
images were acquired using Oxford Asylum Research MFP-3D model. Images were acquired in
attractive tapping mode. Force-distance curves were measured in contact mode with tip of model
AC240TS-R3 (k~2 Nm™ and f = ~73 kHz).

Proton NMR and ESI-MS
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Proton nuclear magnetic resonance (NMR) measurements were performed using 600 MHz
Bruker ASCEND 600. The experiment was performed as described in ‘synthesis of moiré
superlattices’ where D20 (Sigma-Aldrich) was used in place of Milli-Q grade water. 600 uL of
aliquot was taken at different times to perform the analysis. Electrospray ionization mass
spectrometric (ESI-MS) analysis was performed using Agilent Accurate Mass (Q-TOF 6520)

spectrometer in ESI positive mode where 1 mL of the aliquot was used for the analysis.
SAED Simulation and Structure Optimisation

The cif date file of L-trp was used for SAED simulation, which was done using ReciPro
software. The unit cell, hkl planes and the structure were redrawn from cif file data using vesta.

Twisting of the unit cells were performed using Avogadro software.
CO2 sensing and storage measurements

3 mL of the dispersion obtained after 24 h of reaction was taken in a cuvette. PL emission of the
dispersion was recorded first after which it was purged with CO2 gas using a balloon. The PL
emission was recorded after subsequent purging with CO, For UV exposed system, the
dispersion was irradiated with UV light in the presence of CO. for different extent of time, After
each exposure in sequence, the PL emission spectrum was recorded. For release study, the

system was kept open for 60 min and PL emission was recorded at different intervals of time.
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Rate constant for the reaction of tryptophan assembly:

As observed the photoluminescence (PL) intensity of tryptophan (trp) molecules decreased as the
reaction progressed. As trp self-assembled the intrinsic fluorescence intensity of trp molecule
decreased as the environment around the molecule in the assembly changed. PL intensity of a

fluorophore depends on the concentration according to the following equation

li=Klop[1—(10—5)] (1)

where « is a constant depending on the instrument, lo is the intensity of incident light, € is the
molar absorptivity, | is the path length, ¢ is the quantum yield and C is the concentration. At low

concentration this equation would transform into following
l=xlod[1—(1-€lc)] 2
Or, li= AC (3)

where A= «lodel. Since low concentration (288 uM) of trp was taken for the reaction, the PL
intensity would be directly proportional to the concentration, according to equation 3 and thus
constant A could be calculated after dividing fluorescence intensity for 288 pM trp by its
concentration. The plot of 1/(intensity) vs time for the reaction mentioned here resulted in a liner

fit thus following 2nd order kinetics.
Al(lf)=1/Ct = 1/Co + kt 4
Or 1/(lf)e = L/(ACy)= 1/(ACo) + (k/A)t (5)

Where C: and (lf); are concentration and intensity of fluorescence at time t, k is the rate constant
and Co is concentration at t = 0 h. Thus, the slope obtained (k/A) following equation 4 gives the
rate constant of the reaction after multiplying it with constant A. For reactions in Figure 1(f)
Figure Sla and Figure S1b the rate constants are 1.28 x1073, 1.05 x103 and 2.33 x10° uM™* h?,
respectively. This gives an average rate constant of (1.55 + 0.68) x 10 uM*h',
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Figure S1. Rate constant determination. (a) and (b) 1/(intensity) vs time plot for the 360 nm
fluorescence peak for two different experimental runs of reaction. (p.88)

Figure S2. TEM images of the trp dispersion taken at (a) 5 min; (b) 1 h; (c) 8 h and (d) 30 h of
reaction. (p.89)
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Figure S3. Transmission microscopic images (TEM) showing nanosheets observed from the

dispersion of (a) and (b) single crystalline nanosheet of D-trp and L-trp respectively. (c) and (d)
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moiré nanosheet of D-trp and L-trp respectively. (e) and (f) enlarged image of (c) and (d)

respectively showing moiré superlattices. (p.89)
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Figure S4. SAED pattern of the crystalline nanosheet from Figure 2B with d-spacing as
calculated from the central spot. (p.89)
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Table S1. Comparison of experimental and simulated d-spacing (p.89)

hkl planes d-spacing (A) obtained | Simulated d-spacing
from SAED (A) from cif file of trp
020 4.6 4.9
0-20 4.6 4.9
200 4.6 4.9
-200 4.6 4.9
220 4.6 4.9
-2-20 4.6 4.9
420 2.7 2.8
-4-20 2.7 2.8
240 27 2.8
-2-40 2.7 2.8
-220 2.7 2.8
2-20 2.7 2.8
040 2.3 2.4
0-40 2.3 2.4
400 2.3 2.4
-400 2.3 2.4
440 2.3 2.4
-4-40 2.3 2.4

Figure S5. (a) 2nd layer of the supercell viewed along the c axis. (b) 3rd layer of the supercell
viewed along the c axis. (c) 4th layer of the supercell viewed along the c¢ axis. The first layer is
presented in Figure 2e. (p.90)
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Figure S6. (a) Crystalline hexagonal SAED patterns where diffraction spots in the red circles

were observed in the SAED pattern of moiré superlattices of Figure 3c and Figure 3f. (b)
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Superposition of the hexagonal SAED pattern rotated according to the angles in Table S1 to

reproduce the SAED pattern obtained for moire superlattices. (p.91)

Figure S7. (a) and (b) Multi-layered sheet formed after twisted stacking of crystalline
nanosheets showing no moiré patterns. (¢) and (d) Corresponding SAED patterns of (a) and (b)

respectively having d spacing 0.46 nm. (p.91)
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R i : SRR :

Figure S8. (a) TEM image of a typical moiré nanosheet with parallel line patterns. The same
image recorded following tilting of the specimen along direction (b) x =2°and y = 19, () x = 5°
and y = 8°, (d) x = 4° and y = 8°, respectively. The portions encircled in yellow exhibited the

change in moiré patterns from parallel lines to cross patterns as the specimen was tilted
accordingly. (p.91)
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Figure S9. (a) SAED pattern where two hexagonal patterns superimposed at an angle 25° and
(b) corresponding TEM images of D-trp nanosheets from where the SAED pattern were
acquired. (c) SAED pattern where two hexagonal patterns superimposed at an angle 25.6°. (d)

corresponding TEM images of L-trp nanosheets from where the SAED pattern were acquired.

(p.93)
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Table S2. The angles between the adjacent nanosheets after twisted stacking. (p.93)

sheet Rotation of | angle with respect to
number nanosheet  with | the previous sheet
respect to sheet 1

1 0 -

2 28.9 28.9

5 53.9 25

4 87.6 33.7

5 122.9 35.3

6 159.3 36.4

7 187.2 27.9

Figure S10. Schematic representation of moiré patterns formed by three stacked sheets where

sheets 1 and 2 forms an angle of 27° and 2 and 3 forms angle 27°, thus resulting in an angle of 6°
for sheets 1 and 3. (p.93)
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Figure S11. (a) TEM image of a moiré superlattices. (b) IFFT of region circled in green in a and
(c) IFFT of region circled in blue in a. (p.95)

Determination of moiré periodicities

The moiré periodicities analyzed from Figure S11b are - 24 nm, which is followed by 2.13 nm
and 1.92 nm and the moiré periodicities from Figure S11c are 6.61 nm, 2.36 nm and 1.06 nm.

The corresponding angles for the above periodicities calculated from the equation
D = d/(2Sin(6/2)) (6)

are 1.09°, 12.3°, 13.7°, 3.98, 11.1° and 25° respectively. In the above equation d is the lattice
constant taken as 0.46 nm, D is the distance between moiré fringes and 0 is the twist angle
between two sheets. Further the angles obtained from the SAED between sheets 2 and 4 (1.39),
sheets 4 and 6 (11.7°), sheets 5 and 7 (4.3°) and 1 and 2 (25°) match well with the above

calculated angles.
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Figure S12. (a) Absorption spectra of trp solution after (i) 24 h of vigorous stirring at 80 °C
(leading to the formation of trp moiré dispersion), which was subjected to a cycle of pH change
where (ii), (iii), (iv), (v) and (vi) represent alternative addition cycles of 40 pL 1M NaOH and 40
pL 1M HCI solutions, respectively, to the mixture. (B) Photoluminiscence (PL) emission
spectrum (Aex = 300 nm) of trp solution after (i) 24 h of vigorous stirring at 80 °(C) which is
subjected to a cycle of pH change where (ii), (iii), (iv), (v) and (vi) represent alternative addition
cycles of 40 uL 1M NaOH and 40 pL 1M HCI solutions, respectively, to the mixture. (c) PL
excitation spectrum (Aem = 452 nm) of trp solution after (i) 24 h of vigorous stirring at 80 °(C)
which is subjected to a cycle of pH change where (ii), (iii), (iv), (v) and (vi) represent alternative

addition cycles of 40 uL 1M NaOH and 40 puL 1M HCI solutions, respectively, to the mixture.
(p.97)
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Normalised PL Intensity

450 500 550 600 650
Wavelength (nm)

Figure S13. Normalised PL emission (Aex = 425 nm) spectra of different experimental runs of trp

(moiré) reaction after addition of alkali having peak maxima ranging from 510 nm to 535 nm.

(p.97)

Figure S14. Self-assembly of trp where the molecule assembles through alternate hydrogen

bonding and hydrophobic interaction to form 2D supramolecular crystalline nanosheet. (p.98)
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Figure S15. ESI-MS of dispersion obtained after 2 h of reaction showing spectrum of (a)
[C11H12N202+1H'] at m/z = 205.22; (b) [(Ci11H12N202)2 +1H'] at m/z = 409.18 and (c)
[(C11H12N202)3 +1H"] at m/z = 613.17. (p.99)
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Figure S16. (a) Chemical structure of trp with different protons marked according to the

chemical shift values. Chemical shift of trp at different time intervals ranging from (b) 2-5 ppm.
(c) 7-8.5 ppm. NMR spectrum of proton (d) Ha and Hy (€) He, Ha and Hc (f) Hr (g) Hg and H.
New NMR peak observed at (h) 2.1 ppm (i) 4.2 ppm (j) 8.2 ppm. (p.99)
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Table S3. 'H NMR peaks of trp solution in D2O - leading to moiré superlattice formation -

obtained at different times. (p.99, p.100)

Chemical Ha Ho Hc Ha He Hr Hg
shift(ppm)/ and
Time (h) Hn
0 775|755 |733| 7.3 7.21 4.09 3.42
8 775|755 733|729 | 7.21 4.1 3.42
24 7.74 | 755 |7.34 | 7.29 | 7.21 4.2 3.45

Table S4. Integration ratio of aromatic protons and new peaks (Hx) relative to Hg at different

times. (p.100)

Integration ratio Ha Hb Hc Hd He Peak at|Peak at|Peak at
(Hx/Hg)/ 21 | 42 | 82
Time (h)

ppm | ppm | ppm
0 0.92 0.82 0.75 0.74 0.75 0 0 0
8 0.97 0.89 0.73 0.78 0.78 0.45 0.06 0.34
24 0.88 0.79 0.58 0.79 0.79 0.86 0.34 0.34

The moiré superlattices were formed by the twisted stacking of crystalline nanosheets at the

crystal interfaces of hydrophobic region. The downfield and upfield shifts of the protons were

caused due to self-assembly of trp. The integration ratio of the peaks with respect to Hg (which

was taken as a standard for integration) suggested that with time there was a decrease in

population of the aromatic protons. Among them the integration area of Hc decreased the most,

TH-3761_196122043
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indicating the change in chemical environment of the proton as the moiré superlattices were
continued to from. With time three new singlet peaks at 2.1, 4.2 and 8.3 ppm were observed
along with the other 'H NMR peaks of trp. A large chemical shift of Hc due to interaction at the

crystal interface resulted in three new singlet peaks.
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Figure S17. (a) PL spectra of the dispersion for experiment set 1 after (i) 24 h of reaction that
was purged with CO> gas for (ii) 2 min, (iii) 5 min, (iv) 10 min and (v) 15 min, respectively and
then kept in open for (vi) 5 min, (vii) 30 min (viii) 60 min respectively. (b) PL spectra of the
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dispersion experiment set 1 after (i) 24 h of reaction that was purged with CO> gas for (ii) 2 min,
(iii) 5 min, (iv) 10 min and (v) 15 min under the exposure of UV light and then kept in open for
(vi) 5 min, (vii) 30 min (viii) 60 min respectively. (c) PL spectra of the dispersion for experiment
set 2 after (i) 24 h of reaction that was purged with CO: gas for (ii) 2 min, (iii) 5 min, (iv) 10 min
and (v) 15 min, respectively and then kept in open for (vi) 5 min, (vii) 30 min (viii) 60 min
respectively. (d) PL spectra of the dispersion after (i) 24 h of reaction that was purged with CO>
gas for (ii) 2 min, (iii) 5 min, (iv) 10 min and (v) 15 min under the exposure of UV light and then
kept in open for (vi) 5 min, (vii) 30 min (viii) 60 min respectively. (e) PL spectra of the
dispersion for experiment set 3 after (i) 24 h of reaction that was purged with CO2 gas for (ii) 2
min, (iii) 5 min, (iv) 10 min and (v) 15 min, respectively and then kept in open for (vi) 5 min,
(vii) 30 min (viii) 60 min respectively. (f) PL spectra of the dispersion experiment set 3 after (i)
24 h of reaction that was purged with CO2 gas for (ii) 2 min, (iii) 5 min, (iv) 10 min and (v) 15
min under the exposure of UV light and then kept in open for (vi) 5 min, (vii) 30 min (viii) 60

min respectively. (p.100)

Figure S18. TEM images of moiré superlattices of trp (a) before and (b) after CO, exposure in
presence of UV irradiation. Inset: Corresponding SAED pattern. (p.100)
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Chapter 4: pH Controlled Twist-angle Dependent

Interfacial Quantum Tunneling in Multilayer

Molecular Moiré Superlattices of p-Phenylenediamine

Adv Quantum Technol. 2025, 2400569

(https://advanced.onlinelibrary.wiley.com/doi/10.1002/qut
e.202400569)
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ABSTRACT

Molecule-based electronic circuits and device components may bring novel aspects in their
functioning based on quantum phenomena that may not be attainable using conventional
architecture. In order to implement such concepts development of well-defined assemblies that
enable energy transfer, mass and charge transports across several length scales is necessary.
Herein it is reported that multilayer molecular moiré superlattices may provide an initial
direction for attaining the abovementioned objectives. For example, multilayered two-
dimensional moiré superlattices of p-phenylenediamine showed easily identifiable twist angle-
dependent electrical conductivity at each interface, as measured for the nanosheet using
conductive atomic force microscopy. The absence of water molecules at the interfaces, as
compared to the layered water molecules in the lattices, lowered the electron tunneling barrier
and thus, increased the conductivity. Importantly, protonation and deprotonation of the
superlattices in the dispersion resulted in high interfacial currents with about three orders of
magnitude increase for the former. These results were further explained by density of states
calculations along with carrier density and simulated scanning tunneling microscopy (STM)
plots.
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Scheme 1. Graphical representation showing pH-controlled twist-angle dependent conductivity

in multilayer molecular moiré superlattices of p-phenylenediamine

130
TH-3761_196122043



Chapter 4

Introduction

Molecule-based electronics' may have the power to transform the fundamental concepts in
fabrication and operation such as circuit design, information storage and retrieval, optical and
electronic communications, sensing, artificial life and intelligence. For example, a network of
molecules*” with functional components connected by chemical bonds may be able to transmit
and receive electromagnetic signals, store and retrieve information, and sense ions and
molecules, based on principles of quantum mechanics®®. One could conceive of molecular and
supramolecular arrangements in both amorphous and crystalline forms in several dimensions
with energy and mass transport providing the basis of functions.®* The operability of such
devices may be addressed using atomic and molecular components and their interactions,
keeping in view the advantages of stereochemical and spatiotemporal arrangements. The past
developments in molecular devices might help inspire discoveries that have the potential to lay

the foundations of such advancements.

In molecular electronics, demonstrations of fabrications of rectifiers'®, transistors?, resistive
switches'? and photoswitches!® at nanometer-length scales usher confidence and guidance in
futuristic developments of interconnected device components based on the principles of
chemistry. Similarly, the advances in single supramolecular electronics* indicate that assemblies
of molecules could be used to fabricate devices where multiple chemical bonds work in concert
to improve the quality and functionality of the signals. In this regard, the role of non-covalent
bonds may be pivotal in the functioning of the integrated circuits. Thus, ensembles of molecules
may also be developed into customized functional devices by exploiting the chemical properties
and interactions at the molecular level. These devices may not only have superior performances

but also be operable in the liquid media as compared to their conventional counterparts.

One way of fabricating such superstructures could be based on layered ensembles of molecules
forming crystalline mono lattices followed by their further arrangements into translational or
angular stacking into moiré superlattices. The new chemical interactions at the lattice interfaces
may give rise to extraordinary electrical and magnetic signals, forming the basis of functioning
of the devices. Fabrication of multilayered molecular moiré superstructures!* might have
advantages of large molecule-electrode contact, customized properties according to molecular

interactions and multiple electronic information storage based on the chemical interaction at each
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interface. Multilayered materials such as multilayer giant magnetoresistance®®, graphene!®’ or
boron nitride!® and nanodielectrics'® provide advantages over monolayers in terms of material
robustness, better charge carrying capacity, high charge storage, low leakage and tunable
electrical properties due to interlayer electronic coupling. On the other hand, unconventional
properties such as superconductivity?>?!, Mott-like insulator states®® and moiré excitons?® might
arise due to formation of moiré superlattices owing to rotational misalignment of monolayers
during stacking. However, the fabrication of graphene like moiré superlattices requires careful
stacking of 2D monolayers obtained after exfoliation, which limits its bulk production. Whereas
the chemical synthesis'*?42® of the molecular moiré superlattices can result in bulk production of
multilayered moiré superlattices. The electrical properties in moiré superlattices can be studied
through conductive atomic force microscopy? 2 (c-AFM) that measures the vertical
conductivity?® of the moiré superlattices where the contact conductance between probe and
sample is coupled with interlayer conductivity. Importantly, the interfacial conductivities could
be decomposed from the overall conductivity by using Fourier transformation techniques.
Typically, a monotonous decrease in the interlayer conductivity is observed as the twist angle
increases.®*-32 Similarly, the charge transport in molecular moiré superlattices would depend on
the combined effect of interlayer interactions®®3' and electrons transfer through quantum
mechanical tunneling® as observed for supramolecular electronics*. The tunneling barrier would
depend upon the interaction within the lattices as well as those at the inter-lattice interfaces.
These interactions could be controlled by factors such as pH of the syntheses medium. Such an

approach in fabrication of electronic devices is yet to be developed.

Herein, we report the formation of chemically assembled multilayered molecular moiré
superlattices of p-phenylenediamine (p-PD) that produced ten-fold increase in the interfacial
current compared to its monolayer nanocrystal counterpart (Scheme 2). The formation of the
moiré superlattices were confirmed by transmission emission microscopic (TEM) images and
AFM measurements. The interlayer current was measured using AFM in conductive mode where
a monotonous decrease in the interfacial current was observed as the twist angles in the multi-
lattice moiré interfaces had increased. The conductivity observed at each interface was
independent of other interfacial conductivity and was dependent on the hypermolecular (i.e., in

between the twisted lattices) interactions at the respective interfaces. The intervening water
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molecules in the 2D lattices led to high tunneling barrier as well as distance compared to those at
the moiré interface, resulting in low conductivities of the lattices as opposed to their twisted
interfaces. Furthermore, there was a significant increase in the interfacial current, that showed
tunability as well stability, upon protonation and deprotonation of the moiré superlattices through
change in the pH of the syntheses medium. These results were further supported by density of

states calculations along with carrier density and simulated STM plots.
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Scheme 2. Graphical representation of the formation of moiré superlattices of p-
phenylenediamine showing variation in interfacial current with respect to twist angle that
increases when the moiré superlattice is protonated or deprotonated.

Results and Discussion
Assembly of p-PD to form moiré superlattices

Moiré superlattices of p-phenylenediamine (p-PD) were synthesized following continuous
stirring of the aqueous solution of the molecule (~450 uM) in a vial for 24 h at 80 °C. TEM
images confirmed the formation of moiré superlattices (Figure 1). TEM images taken at 2 h

revealed that the dispersion was populated with 2D crystalline nanosheets (Figure 1A) having
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hexagonal selected area electron diffraction (SAED) patterns with d-spacing of 0.46 nm (Figure
1B). The observed SAED patterns (Figure 1B, Figure S1A) were similar to the pattern simulated
from the reported crystallographic file of p-PD using Recipro software® (Figure S1B). They
indicated the formation of crystalline nanosheets that were formed by 2D assembly of the
molecules held by intervening layers of water through hydrogen bonding (H-bonding) (Figure
1C-D, Figure S2), as reported previously®*. At 24 h, the dispersion was populated with
multilayered moiré nanosheets as was observed from the TEM images (Figure 1E-F, Figure S3).
The moiré superlattices were formed by the twisted stacking of multiple crystalline 2D
nanosheets (Figure S4) having twist angles on an average less than 10° (Figure S5B). Figure 1E-
F represents two typical examples of the moiré nanosheets of p-PD and Figure 1G represents the
SAED pattern obtained from Figure 1F where 11 2D lattices having hexagonal pattern were
stacked at angles less than 15° with d-spacing of 0.21 nm as further explained in Supporting

Information.

5 1/nm

5 1/nm . *

St
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Figure 1. (A) TEM image of the 2D crystalline nanosheet at 2 h and (B) corresponding SAED
pattern of (A). (C) Lattice crystal structure of p-PD along b axis showing the respective lattice
plane. (D) Lattice crystal structure of p-PD along c axis (E)-(F) TEM images of the dispersion at
24 h showing formation of moiré superlattices and (G) SAED pattern corresponding to image in
(F). (H) Molecular arrangement of p-PD in the moiré superlattices when viewed through b-axis.
(1) Enlarged view of (H) showing AA and AB stacking. (J) H-bond between p-PD molecules in
the interface at AA stacking arrangement. (K) Schematic of c-AFM measurements on molecular
moireé superlattices of p-PD. The interface region is highlighted in bracketed bold color.

The time-dependent UV-Vis absorption and photoluminescence (PL) properties (Figure S6) of
the dispersion further supported the self-assembly formation of p-PD. At 10 min, peaks ranging
from 200 — 300 nm were observed in the UV-Vis spectrum that were inherent to p-PD molecules
(Figure S6A). As the reaction progressed to 2 h (when the dispersion was populated with 2D
crystalline nanosheets), a new peak at 500 nm appeared. When the dispersion was excited at 480
nm, a new emission peak at 600 nm was observed that was absent at 10 min (Figure S6B). The
excitation spectrum recorded for Aem = 600 nm resulted in a new peak at 480 nm (Eigure S6C),
which was in consonance with the UV-Vis spectrum at 2h. The results indicated formation of a
new species through molecular interaction as the reaction progressed to 2h. At 5h, a prominent
peak at 365 nm was observed in the UV-Vis spectrum along with a blue shift of 307 nm peak to
280 nm (Figure S6A). An increase in the absorbance of 500 nm peak was also observed. They
indicated a further interaction between the molecules and the 2D nanosheets. As the reaction
progressed to 24 h, when a large number of moiré nanosheets were present in the medium,
increases in the absorbance for the peaks at 280 nm and 500 nm were observed along with red
shift of the peak at 365 nm. When the dispersion was excited at 365 nm, a new peak at 500 nm -
along with that at 600 nm - was observed (Figure S6D). Again, for the excitation spectra with Aem
=500 nm (Figure S6E) and Aem = 600 nm (Figure S6C), a new peak at 365 nm was observed, in
concurrence with the UV-Vis spectrum at 24 h. The abovementioned optical properties at
different time were also indicative of the formation of new species, probably the 2D crystalline
nanosheets at initial hours (2 h) of the reaction and crystalline multi-lattice moiré nanosheets at
later times (24 h).
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Further, the interactions of p-PD molecules within the 2D nano lattice and in the moiré
superlattice were further probed by proton nuclear magnetic resonance (*H NMR) and mass
spectra obtained from electro-spray ionization mass spectrometry (ESI-MS) and matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF). The reported crystalline arrangement
proposes®* an interaction of p-PD and water molecules as alternate layers through hydrogen bond
(H-bond) (Figure S2, Figure 1D). The time-dependent NMR results (Figure S7) showed
downfield shift of the aromatic ring C-H protons at 6.7 ppm, indicating change in chemical
environment due to formation of H-bond networks as have been observed for other H-bonded
molecules'®. As mentioned earlier, the SAED pattern indicated the growth of the 2D nanosheet
along a and ¢ axes while the growth along the b axis was restricted (Figure S2B). Along b axis,
there was an alternate layering of p-PD and water where the water molecules formed two H-
bonds with p-PD molecules and other two with neighboring water molecules (Figure S2). This
growth continued along a and ¢ axes with alternate layering of the p-PD and water molecules
along the b axis to have a thickness in nano dimensions forming a 2D lattice. These 2D lattices
further twist-stacked to form the moiré superlattices (Figure 1H, Figure S8). This was further
confirmed by mass spectra analysis of the fragments of the nanosheets obtained from MALDI-
TOF and ESI-MS. The mass fragments, for example, corresponded to (CéHsN2)s(H20)2 (m/z =
684.4), (CeHsN2)s (m/z = 648.4) and (CeHsN2)s (m/z = 432.4) that further confirmed the
proposed structure of H-bonded p-PD and water molecules in the 2D lattice and H-bonded
interaction of p-PD at the interface of moiré superlattices (Figure S9 and S10). It may be
mentioned here that a few masses were also obtained corresponding to the polymer of p-PD that
might have formed due to aerial oxidation of the molecule in the dispersion. But that didn’t
affect the formation of 2D nanosheets or moiré superlattices as confirmed from crystallographic
data, mass and NMR spectral results. Thus, the interfacial interaction involved N-H N H-
bonding of the surface NH2 groups (Figure 1J) and for each twist angle, the number of H-bonds
in AA region was different according to the rotational orientation of one lattice with respect to

the other.
AFM measurements of moiré superlattices
The moiré superlattices so formed were then probed with conductive AFM (c-AFM)

measurements (Figure 1K). The formation of moiré superlattices was also confirmed through
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tapping mode AFM (Figure 2A). Force-distance (F-d) curves (Figure 2B, Figure S11A) were
measured for the moiré superlattices by indentation of AFM tip on moiré sheets. The moiré
nanosheets were formed through vdW interactions having an average vdW dissipation energy of
76.6 + 26.1 eV. It gives a measure of the dissipated energy after tip-sample interaction and was
calculated from the hysteresis of the approach and retract F-d curves. The average height of the
moiré sheets was found to be 42.95 + 12.6 nm as calculated from the height profile of the same
(Figure S11B-C).

Conductive AFM measurements of moiré superlattices of p-PD

For the conductivity measurements of the moiré superlattices in contact mode (Figure 1K), a
conductive tip was brought near the sample where it was scanned against a constant bias voltage
(~2V). A constant load of ~100 nN was applied on the tip to minimize the contact resistance
between tip and the sample surface. All the measurements reported herein, for the neutral,
protonated and deprotonated samples, were performed after applying a constant load of ~ 100 nN
on the tip. Since the moiré nanosheets were formed of multiple twisted 2D lattices, the overall
current map was too dense to be well separated for the moiré fringes. Thus, fast Fourier

transform (FFT) analysis was employed (as explained in suppoting information) to decipher the

individual moiré patterns (Figure 2C and S11G-H) that corresponded to the sets of spots in the
FFT.2® A typical example is presented in Figure 2C, which is reconstructed from the FFT (Figure
2D) performed on the current map of the moiré superlattice (Figure S11F). The inverse FFT
(IFFT) resulted in the reconstruction of the multi-lattice moiré superlattices and the current
observed for the respective angles is plotted in Figure 2E-F. Figure 2F indicated a monotonous
decrease in the interfacial current as the twist angle had increased. Further, there was 10 times
increase in the overall current in the current map of moiré superlattices when compared to the 2D

crystalline nanosheet (Figure S111).

The observed increase in the conductance for the molecular multi-lattice moiré as compared to
2D nanolattice could be explained from the molecular arrangement within the lattice and twisted
multi-lattice. As mentioned previously, the moiré nanosheets were formed through H-bonding
where the interaction between p-PD molecules within the lattice was through H-bonded H20
while at the interface, there was direct H-bond interaction of surface p-PD molecules of two

different nanolattices. The charge transport mechanism would be similar to supramolecular
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electronics formed through H-bonds, involving electron tunneling through H-bonds*®. It has
been reported that in molecular electronics, the electron transport is more efficient through H-

bonds in comparison with ¢ bonds.*®
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Figure 2. (A) AFM amplitude images of moiré superlattices of p-PD obtained through tapping
mode. (B) A typical force—distance curve measured on a moiré superlattice. (C) Reconstruction
of moiré superlattices from IFFT of current mapping of the moiré nanosheets performed using c-
AFM. (D) Corresponding FFT of the current mapping from which the moiré superlattices in (C)
is reconstructed. (E) Current profile obtained from moiré superlattices in (C) for respective twist
angles. (F) Plot of current vs twist angle showing a monotonous decrease in current with increase
in twist angle.
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Additionally, the H-bond provides mechanical stability and an increased conductivity is observed
if aromatic ring is present in the supramolecular backbone.” Here c-AFM was used to study the
interfacial conductivity of the molecular moiré superlattices. The current mapping of the p-PD
2D nanosheet was done using c-AFM where low value of current (~1pA) was observed. When
current mapping of moiré superlattices were performed, a sudden increase in the interfacial
current (~10 pA) was observed. At the moire superlattice interfaces, the p-PD molecules were
directly H-bonded to each other through the constituent -NH2 groups, where in AA region two
H-bonds were formed for a pair of p-PD molecule (Figure 1J). This supported facile electron
tunneling across the barrier. On the other hand, in the lattices, the ¢ bonds and H-bonds due to
the intervening water molecular layers (Figure S2) increased the tunneling length and barrier to
electron transport between two p-PD molecules, resulting in low conductivity Again, it has been
reported that multiple H-bonds at supramolecular junctions result in high magnitude increase in
the conductance suggesting a crucial role of the number of H-bonds present at junction for
conductance across the same distance.® Thus, at low angles, twisted stacking provided the
perfect orientation of the molecules to have maximum number of H-bonds. However, upon
moving from AA region toward AB region, the large distance and geometrical constraints
between the NH2 groups decreased the number of H-bonds formed between them i.e., from two
to one to none. Further, with larger twist angles, the moiré periods were smaller thus resulting in
AA regions with smaller areas (Figure S12). As the number of H-bonds were maximum in AA
region, the larger twist angles and distances of separation in such AA regions resulted in smaller
numbers of H-bonds than those at the lower twist angles and hence the interfacial current had
decreased significantly (Figure 2E-F). Thus, for a multi-lattice moiré superstructure, the overall
current depended on the number of H-bonds at each interface that was depended on the twist
angle.

Enhancement of conductivity upon protonation and deprotonation

Interestingly, for the protonated and deprotonated moiré superlattices, there were significant
increases in the interfacial current. The moiré nanosheets were protonated and deprotonated in
the dispersion by changing the pH of the medium. The TEM images and SAED patterns for the
moiré superlattices following protonation as well as deprotonation were recorded (Figure S13).
The observations of the retention of lattice parameters for the moiré patterns and the
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corresponding SAED patterns following protonation as well as deprotonation suggested that the
constituent crystal structure as well as the twisted superlattices remained unaffected with respect
to pH change of the reaction medium. Further, the mass spectra obtained from ESI-MS analysis
of the moiré superlattices following treatment with acid (Figure S15A-C) or base (Figure S15D-

F) (protonation or deprotonation) revealed the same mass fragments; for example,
(CeHgN2)2(H20)2 (m/z = 250.15), (CsHgN2)a(H20). (m/z = 466.7) and (CsHsN2)a(H20)s (m/z =
522.33), as were observed for neutral moiré superlattices. It was observed that the protonated
moiré nanosheets at pH 2.5 were ~1000 times more conducting (Figure 3A-C) than the neutral
moiré nanosheets. Whereas the deprotonated moiré superlattices at pH 11 had conductivity ~400
times more than the neutral nanosheets (Figure 3D-F). The contrast in the current for each angle
could be seen from Figure 3G where for the same twist angle, the protonated moiré superlattices
showed more conductivity than the deprotonated superlattices, which was followed by the

neutral moiré superlattices.

The significant increase in the conductivity for the protonated moiré superlattices can be
explained from the increase in the number of H-bonds at the interface (Figure 3H). As the moiré
nanosheets were protonated or deprotonated, the TEM and AFM results suggested that the H-
bond network within the lattice or at interface were not destroyed and the lattice parameters
remained the same. This implied that the protonation or deprotonation would have occurred
where the NH2 groups didn’t participate in H-bonds in the original superlattice structures due to
high angular twist and distance between the two NH2 groups, i.e., in the AB region. This also
meant that H-bonds (and thus stability) of the moiré superlattices were unaffected by the
protonation or deprotonation of the medium. Following protonation, the NH. groups at the
interfaces formed additional H-bonds between the p-PD molecules from the opposite lattices
(Figure 3H, Figure S16) in the AB region. Due to steric restraints, only one proton for two free
NHz groups was involved in H-bonding as if mimicking a H-bond between NHs* and NHa.
When moved further into the AB region, the spatial restraints restricted the H-bond formation.
This would mean an increase in number of H-bonds at the interface only in the periphery of the
AA regions, thus increasing the interfacial current. Similarly, when the moiré superlattices were
deprotonated, the free NH> groups were converted to NH". Again, the NH™ would be in an

orientation that could result in H-bond formation with NH> group of the other lattice as the
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probability of H-bond formation increased with introduction of extra pair of electrons on N at the
interface. Thus, for protonation and deprotonation, the chances of H-bond formation increased
with introduction of a proton and an electron pair on the interfacial nitrogen. The charged ions
were balanced by the counter ions such as Cl-and Na*. As the moiré superlattices were formed,
the number of H-bonds decreased as we moved away from the periodic AA stacking (Figure
S16). The protonation of free NH2 groups probably occurred at the AB region keeping the H-
bonded network unaffected.
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Figure 3. (A) Reconstruction of protonated moiré superlattices from IFFT of current mapping of
the moiré nanosheets performed using c-AFM. (B) Current profile obtained from moiré
superlattice in (A) for respective twist angles. (C) Plot of current vs twist angle showing a
monotonous decrease in current with increase in twist angle. (D) Reconstruction of deprotonated
moiré superlattices from IFFT of current mapping of the moiré nanosheets performed using c-

AFM. (E) Current profile obtained from moiré superlattice in (D) for respective twist angles. (F)
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Plot of current vs twist angle showing a monotonous decrease in current with increase in twist
angle. (G) Comparison of current for deprotonated, protonated and neutral moiré superlattices
for respective twist angles. (H) Schematic representation showing protonation and deprotonation

of the neutral superlattice at the interface.
Simulations of structure and density of states

Further, simulations corresponding to the density of states (DOS) were carried out for the 2D
nanocrystal of p-PD, twisted (moiré) interface and that for the protonated twisted (moiré)
interface (Figure 4A). The DOS was plotted against E -Erermi Where it was evident that higher
number energy states were present near the fermi energy level for the twisted interface as
compared to 2D nanocrystal. This indicated that in case of twisted interface there was a
probability of higher number of electrons near fermi level, which increased the carrier

concentration and charge mobility and thus had resulted in higher conductivity.
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Figure 4. (A) Density of states plots for 2D nanocrystal, moiré interface and protonated moiré

interface of p-PD. (B) and (C) Band structure plots of 2D nanocrystal and moiré interface,
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respectively. (D), (E) and (F) Carrier charge density plots for 2D nanocrystal, moiré interface
and protonated moireé interface of p-PD, respectively. (G), (H) and (1) Simulated STM plots for

2D nanocrystal, moire interface and protonated moiré interface of p-PD, respectively.

Again, from Figure 4A, it was observed that even higher DOS was present at the fermi energy
level for the protonated twisted (moiré) interface. This further explains the high conductivity as
observed for the protonated twisted interface when compared to the neutral moiré superlattices.
The band structures of the 2D nanocrystal and the twisted (moiré) interface are presented in
Figure 4B-C, which indicated reduction in band gap for the twisted (moiré) interface when
compared to the 2D nanocrystal, thus facilitating the charge transfer between the twisted layers.
Further the carrier charge density plot indicated that the carrier density was higher in the AA
region of the moiré superlattice than the 2D nano crystal (Figure 4D-E). Figure 4F represents the
charge density observed for the protonated twisted (moiré) interface where higher charge density
was observed in the protonated region, thus facilitating charge transport for the protonated moiré
superlattices. Additionally, STM plots are also presented, which clearly indicated the variation
for twisted interface while for 2D nanocrystal, a constant value was observed (Figure 4G-H)
while STM plot for protonated twisted interface showed higher value in the protonated region
(Figure 41).”

Conclusion

In conclusion, we have synthesized multilayered molecular moiré superlattices of p-PD where
the combined effect of interlayer interaction and tunneling barrier was observed for the
interfacial current. The molecular moiré superlattices were stable in the presence of acid or alkali
in the dispersion medium. The interfacial current results revealed the deprotonated and
protonated moiré superlattices had much higher conductivity than their neutral counterparts.
These results were further supported by density of states calculations along with carrier density
and simulated STM plots. These moiré superlattices could further be studied for their use as
practical electronic devices as they offer larger electrode molecule surface area with a stable
molecular arrangement within the superlattice. The superlattice interfaces offer specific electron
conductivity that could be exploited for building complex circuits, information storage or sensing

based on the principles of quantum mechanics at the molecular length scales.
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Experimental Section
Materials Used

p-Phenylenediamine (p-PD, 98% (HPLC)) was purchased from Sigma-Aldrich and used without
further purification. Milli-Q grade water was used for all the experiments. D>O was purchased
from Sigma-Aldrich and used for NMR experiments.

Synthesis of Moiré Superlattices of p-PD

2 mL aqueous solution of p-PD (5 mg) was sonicated for 1-2 min to get a clear solution. 200 uL
of the resulting solution was added to 10 mL of water (resulting in 454 uM concentration). The
final mixture was then kept under constant stirring and heating at 80 °C for 24 h. The dispersion

after 24 h was then used for further experiments.
Synthesis of protonated and deprotonated moiré superlattices of p-PD

To synthesize protonated moiré superlattices, 40 uL of 1M HCI solution was added to 3mL of
the dispersion resulting in pH = 2.5. Similarly, deprotonated moiré superlattices were
synthesized 40 pL of 1M NaOH solution was added to 3mL of the dispersion resulting in pH =
2.5.

Optical Measurements

Time-dependent UV-vis measurements and photoluminescence (PL) spectra were recorded using
Perkin-Elmer Lambda 365+ and HORIBA FluoroMax-4 spectrofluorometer, respectively, where
3 mL of aliquot was collected at different times for the measurement of absorbance and PL

spectrum.

Transmission electron microscopic (TEM) analysis and selected area electron diffraction
(SAED) analysis

TEM and SAED data were collected after diluting the dispersion (200 uL of aliquot in 1 mL
water) and drop-casting on a carbon coated copper grid. TEM and SAED experiments were
performed using JEOL JEM 2100 F instrument.

Atomic force microscopic (AFM) analysis and measurement of force-distance curve AFM

images were acquired using Oxford Asylum Research MFP-3D model. Images were acquired in
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attractive tapping mode. Force-distance curves were measured in contact mode with tip of model
AC240TS-R3 (k~2 Nm™ and f = ~73 kHz).

Conductive AFM (c-AFM) measurements and analysis

c-AFM measurements were pursued using Oxford Asylum Research MFP-3D model. Images
were acquired using a tip of model ECONO SCM-PIT (k~ 3 Nm™* and f = ~75 kHz). We have
performed c-AFM measurements for about 10 different samples (at 3-4 different positions of the
same sample) using several conductive AFM tips to rule out any uncertainty in measurements
due to contact conditions. The error bar presented here were calculated from the c-AFM
measurements for three different samples. A load of ~100 nN was applied on the tip to minimize
the contact resistance between tip and the sample surface. This was achieved by slowly
increasing the initial setpoint of 0.2 V to 0.5 V (~100 nN) for a c-AFM cantilever with force
constant (k) around 2.5 N/m, as per the recommendation of the manufacturer. Thus, all the
measurements reported herein, for the neutral, protonated and deprotonated samples, were

performed after applying a constant force of ~ 100 nN on the tip.
Proton NMR, ESI-MS and MALDI-TOF

Proton nuclear magnetic resonance (NMR) measurements were performed using 600 MHz
Bruker ASCEND 600. The experiment was performed as described in ‘synthesis of moiré
superlattices’ where D20 (Sigma-Aldrich) was used in place of Milli-Q grade water. 600 uL of
aliquot was taken at different times to perform the analysis. Electrospray ionization mass
spectrometric (ESI-MS) analysis was performed using Agilent Accurate Mass (Q-TOF 6520)
spectrometer in ESI positive and negative modes where 2 mL of the aliquot was used for the
analysis. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) was
performed using Bruker AUTOFLEX speed model. 2 pL of the matrix free sample was drop-cast

on MALDI plate where it was allowed to dry and was subjected to mass analysis.
Simulations of SAED patterns and chemical structure of moiré superlattices

The reported crystallographic information file (cif) of p-PD was used for SAED simulation,
which was done using ReciPro software. The unit cell, hkl planes and the structure were redrawn
from cif file data using vesta. Twisting of the lattices were performed using Avogadro software
and the interfacial interaction was redrawn using vesta.
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Simulations of structure and density of states

The structure relaxation, density of states calculations, carrier charge density and STM plot

simulations were performed using Quantum ESPRESSO programme suite®®. The structural

model used for the calculations are presented in Figure S17. PBEsol's generalized gradient

approach (GGA) was utilized to calculate the exchange-correlation function®®*!, The core

electrons were modelled using projector-augmented-wave (PAW) method*2. The kinetic energy

cut-off was set to 60 Ry. For the neutral and protonated twisted (moire) interfaces the twist angle

was set to 12°,
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The selected area electron diffraction (SAED) pattern for the 2-D nanosheet of p-PD was
acquired and a hexagonal pattern was observed with a d-spacing of 0.46 nm (Figure S1A). The
SAED pattern was reconstructed using recipro! software from the crystallographic information
file (cif) of p-PD (Figure S1B). Among the spots reconstructed from recipro, only the diffraction
spots following the rule h+l = even was observed for the 2-D nanosheet, similar to the pattern

observed for 2-D nanosheet of tryptophan?.

Figure S1. (A) SAED pattern of the crystalline nanosheet of p-PD with d—spacing as calculated
from the central spot. (B) Simulated SAED pattern obtained from the crystallographic
information file (cif) of the p-PD crystal that is redrawn using Recipro software where the

observed diffraction spots are encircled in white. (p.134)
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Figure S2. Schematic representation of the (A) growth of p-PD lattice along a and b axes for the
formation of nanosheet where the (B) growth along b is restricted to nanometer length scale. (C)

and (D) represent the enlarged view of the molecular arrangement along b axis showing

hydrogen bonding between alternate layers of p-PD and water. (p.134),(p.136, p.138)
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Figure S3. (A)-(F) Additional TEM images of moiré nanosheets of p-PD where (B), (D) and (F)
are the enlarged image of (A), (C) and (E) respectively. Inset: Corresponding SAED patterns.
134
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Figure S4. (A) TEM image of a moiré superlattices (same as in Figure 1F used here for further
analysis). (B) FFT of the region encircled in yellow in (A). (C)-(I) Corresponding images as
obtained after performing IFFT on the region circled in yellow in (A). (p.134)

SAED pattern and moiré periodicities

The moiré periodicities were obtained after performing Fourier transform on Figure S4A and the

twist angles for the resulting periodicities were calculated using the following equation

D = d/2SIN(0/2)) .vveeeeeeeeeeeeee, S1
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where d is the lattice constant taken as 0.46 nm, D is the moiré periodicity and 0 is the twist
angle between two sheets. The FFT of the moiré superlattice is presented in Figure S4B and the
moiré periodicities obtained after performing IFFT are presented in Figure S4C-1. The angle
between two consecutive sheets was on an average less than 10° as calculated from SAED
pattern. These values were compared to twist angles calculated using equation S1 and presented
in Figure S5A where it was observed that the experimental twist angles (Figure S5B) matched
well with the calculated values. When multiple sheets, having a hexagonal diffraction pattern, are
twisted-stacked, the resulting diffraction pattern would resemble Figure S5B-C where each
hexagon (marked with different color in Figure S5C) are rotated at a particular angle with respect
to the previous one. In the given example, 11 nanolattices (with hexagonal diffraction) were
present and twisted at angles with respect to the immediate neighboring lattice as mentioned in
Figure S5B.

The d-spacing value corresponding to the first circle of the SAED pattern of the moiré
superlattices was 0.21 nm. It was observed that some of the spots corresponding to particular hkl
planes were missing when compared with SAED pattern of the 2D lattice (Figure S5D). The
planes marked with yellow circles were observed in the SAED pattern of moiré superlattices.
Upon analyzing the hkl planes, it was observed that the planes following the set of rules: h+l =
even and h and | = even appeared in the SAED pattern of the moiré superlattices. Thus, the
planes that did not follow the above-mentioned rule were absent from the diffraction pattern of

the moiré superlattices.
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Figure S5. (A) Plot of moiré period vs twist angle where the comparison between the twist
angles as obtained from the SAED pattern (marked with open red circles) and the twist angles as
calculated using equation S1 (marked with closed black circles) after analyzing Figure S4 is
shown. (B) Twist angles between two consecutive sheets as calculated from the SAED pattern.
(C) A set of eleven hexagons are stacked twisted at particular angles where the respective colors
represent a hexagon obtained for a particular sheet. (D) Simulated and (E) experimental SAED
patterns of p-PD crystal where the observed planes in the (F) SAED of moiré superlattices are

marked in yellow and those which were absent are marked in red. (p.134)
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Figure S6. Time dependent (A) UV-Vis spectra, (B) emission spectra (Aex = 365 nm), (C)
excitation spectra (Aem = 600 nm), (D) excitation spectra (Aem = 500 nm) and (E) emission spectra
(Aex = 480 nm) recorded at respective reaction times — as mentioned in the legends - for an
aqueous solution of p-PD. (p.135)
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Figure S7. (A) NMR spectral chemical shift of p-PD at different time intervals ranging from 2-
10 ppm showing two peaks at 4.79 ppm for H>O and ~ 6.7 ppm for p-PD. (B) Chemical shift of
p-PD showing downfield shift as the reaction progressed. (C) Normalized NMR spectra ranging

from 6.6- 6.9 ppm.(p.136)
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AB

Figure S8. Molecular arrangement of p-PD in the moiré superlattices when viewed through b-
axis showing AA and AB arrangement. (p.136)
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Figure S9. (A) MALDI-TOF mass spectrum of dispersion obtained after 18 h of reaction
representing the product [(CeHsN2)s(H20)s +1H'] having m/z = 685.43 and (B) the
corresponding simulated mass spectrum. (C) MALDI-TOF mass spectrum of dispersion obtained
after 18 h of reaction representing the product (C¢HgN2)4 +1H* having m/z = 433.37 and (D) the

corresponding simulated mass spectrum. (p.136)
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Figure S10. (A) ESI-MS of dispersion obtained after 18 h of reaction representing the product
[(CeHgN2)2(H20)2 -1H'] having m/z = 251.12 and (B) the corresponding simulated mass
spectrum. (C) ESI-MS of dispersion obtained after 18 h of reaction representing the product
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[(CeHsN2)s(H20)2 -1H*] having m/z = 467.40 and (D) the corresponding simulated mass
spectrum. (E) ESI-MS of dispersion obtained after 18 h of reaction representing the product
[(CeHsN2)s(H20)s +1H*] having m/z = 523.46 and (F) the corresponding simulated mass
spectrum. (G) ESI-MS of dispersion obtained after 18 h of reaction representing the product
[(CeHsN2)s -1H*] having m/z = 647.45 and (H) the corresponding simulated mass spectrum.

p.136

05 1.0 15
Distance

15 pA

1.2 pA
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Figure S11. (A) Force—distance curves (30 in number) measured on several moiré nanosheets.
(B) AFM topographic image of p-PD moiré nanosheet from which the (C) height profile of
sheets were obtained. (D) and (E) Additional AFM images (done in tapping mode) showing
moiré pattern reconstructed using Fourier transform analysis of the amplitude images. (F) The
current mapping of the moiré superlattices from which the analyzed IFFT and FFT data are
presented in Figure 2C and 2D in the article, respectively. (G)-(H) Additional current mapping
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images of the neutral moiré superlattices as recorded using c-AFM. (1) A typical current

mapping image of the 2D nanolattice as recorded using c-AFM. (p.137)

Z% 71

;,w .m?.s

Figure S12. Moiré superlattices depicting AA region (marked by black circles) formed by the

(B) 6 degrees and (C)

twisted stacking of 2D nanolattice of p-PD for twist angles (A) 3 degrees

9 degrees. (p.138)
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Figure S13. (A) TEM image showing the presence of moiré superlattices after changing the pH
of the dispersion medium to 2.5 at 24 h reaction. (B) and (C) Additional AFM images of
protonated moiré superlattices reconstructed from current mapping performed on the moiré
nanosheets using Fourier transform. (D) TEM image showing the presence of moiré superlattices
after changing the pH of the dispersion medium to 11 at 24 h reaction. (E) and (F) Additional
AFM images of the deprotonated moiré superlattices reconstructed from current mapping
performed on the moiré nanosheets using Fourier transform. Insets in (A) and (D):

Corresponding SAED patterns. (p.138)
Fast Fourier transformation and reconstruction of moiré pattern from current mapping

Conductive AFM measures the overall conductivity or resistance of the sample as the c-AFM tip
scans the sample in XY direction. The current map that we observe is the total effective current
across the measured dimensions of the sample. However, the current flow may differ according
to the resistance of each layer of the system. Here, as mentioned in the article, the moiré
superlattices consists of different layers having different charge transport capacity. The overall
current that we observe in the current map of the moiré superlattice is the sum of the tunneling
current flowing through the 2D nanocrystal and the twisted interfaces between two 2D
nanocrystals. The 2D nanocrystal, due to the presence of intervening water molecules, has
higher resistance whereas at the interface lower resistance was observed due to the direct

interaction of the p-PD molecules. The conductivity at the interfaces also varies depending on
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the twist angle. Overall the conductivity at each layer varies depending on the carrier density and
tunneling barrier as explained in the article and should be equal to the total conductivity as

observed in the current map of the sample (Figure S14A).

The moiré periodicities of a multilayered moiré superlattice can be deciphered from current
mapping of the same using fast Fourier transform (FFT). In the FFT, a pair of spots corresponds
to a particular moiré periodicity (or twist angle) having a corresponding conductivity (Figure
S14B). The reconstruction of the moiré superlattices (Figure S14C) after Fourier transformation
helps decipher each moiré periodicity showing current variations as observed in the AA and AB
regions of that moiré pattern. A line drawn through the moiré period (Figure S14D-F), thus,
results in a sinusoidal curve as observed in Figure 2E of article where the current variation is
shown for the AA and AB regions. Again, for each moiré period, tunneling current varies
according to the twist angle at the interface as observed from the graphs (Figure 2E of article).
The current at each point of measurement is a sum total of currents flowing through the layers.
However, the overall current cannot be deconvoluted into components for a point across the
sample. On the other hand, once 2D mapping of the overall currents is obtained the component

currents could be deconvoluted based on the moiré periodicity using FFT as mentioned above.

(B) (C)

8.5 pA

[y B A
- 20nm_

0.0

(F)

Figure S14. (A) Current mapping of the moiré superlattices (same as in Figure S11F used here
for further analysis). (B) FFT of the current map in (A). (C) Corresponding images as obtained
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after reconstructing the moiré superlattices after IFFT. (D)-(F) Reconstructed moiré superlattices

after analysis of the FFT in figure (B) for 6 = 1.5°, 0 = 5.6° and 6 = 9°.
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Figure S15. ESI-MS of dispersion obtained after addition of 40 pL 1M HCI solution to the
dispersion containing moiré superlattices of p-PD representing the fragments having molecular
formula (A) (CeHsN2)2(H20)2, (B) (CeHsN2)a(H20). and (C) (CeHsN2)a(H20)s. ESI-MS of
dispersion obtained after addition of 40 uL 1M NaOH solution to the dispersion containing
moiré superlattices of p-PD representing the fragments having molecular formula (D)
(CeHsN2)2(H20)2, (E) (CsHsN2)a(H20)2 and (F) (CeHsN2)a(H20)s. (p.140)
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AB region AA region

Figure S16. Description of H-bonding at the interfaces of (A) neutral superlattice, (B)
protonated superlattice and (C) deprotonated superlattice. (p.140, p.141)
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; Protonated AA
" periphery

Figure S17. The calculation model for (A) 2D nanocrystal, (B) twisted (moiré) interface and (C)
protonated twisted (moiré) interface. For the neutral and protonated twisted (moiré) interface the
twist angle was set to 12°.
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Abstract

Programmed molecular assemblies have remarkably supported the growth of molecular
intelligence, spintronics and quantum devices. An important challenge in spintronics is to
fabricate chiral non-magnetic molecular assemblies as electron spin filter. Herein, we report the
observation of chirality induced spin selectivity in spiral Zn-complexed molecular moiré
superlattices of tryptophan. Importantly, complexation reaction of D/L-tryptophan precursor
moiré superlattices with Zn®* ions led the formation of new chiral superlattices with uniform
periodicity based on precisely controlled twist angles. The presence of Zn in the superlattices not
only increased the tunneling current but also resulted in nearly cent percent spin polarizability.
Further, the observation of magnetic field strength dependent spin polarization in the electron
transport across the moiré superlattices was rationalized based on change in the tunneling barrier
as calculated from current-voltage curves. The increase in conductivity of the moiré superlattices

was justified using density functional theory.

Current

Scheme 1. Graphical representation showing spin selective electron transport through moiré
superlattices of Zn-trp.
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Introduction

Molecule-based electronic devices may be able to address the challenges of resolution and
complexity of circuits through the precise arrangements and versatile bonding of atoms, forming
a network of interconnected components that work in concert. Thus, while single-molecule
devices? offer high resolution, assembly of molecules®* supplement complexity based on the
hierarchy of organizations. In this regard, atoms and their bonding in three dimensions in single
molecules decide the nature of mass transport and orientations of spins essential for building
complex circuits.>® On the other hand, intermolecular interactions in assembled molecules are
key to the design of hierarchy and robustness of performance.* Further, polymers’ and
biomolecules such as DNA® and RNA® offer additional perspectives based on the nature of
bonding and chirality. The recent progress in the synthesis of crystalline hierarchical structures
through molecular engineering has opened up new opportunities for device fabrication. The
advancements have the potential to revolutionize molecular electronics,** quantum information

processing,*? spintronics,!! and quantum devices.!?13

An important class of matter that offers significant opportunities in this regard and is of
current interests is the two-dimensional (2D) crystalline materials.*® While atomic thin single
layers offer strong electron confinements and enhanced mobilities,}’® their stacked formats
enhance the application potential in electronic and quantum device fabrications.?®?! Recent
experiments suggest that angular stacking of 2D atomic or molecular crystals results in moiré
superlattices with novel electronic properties that are strongly correlated with the twist angles.?*
24 Thus, multilayered molecular moiré superlattices have been used for CO: sensing and
storage,?® and pH and twist-angle dependent quantum tunneling across the layers,?® They also

exhibited altered electron spin resonance in hierarchically organized assembly.?’

Physical methods of organizing stacked assemblies of 2D crystals, such as those of graphene,
hexagonal boron nitride and metal chalcogenides, involve mechanical alignments of the layers
with consistency and precision of the angles.?®?® On the other hand, the chemical methods
usually generate multilayered assembly lacking control over the angles of twists.?>2730-31 An
important step towards this would be to successfully stack the nanolattices at a precise angle
sequentially so that a uniform chiral structure is formed. Such structures may be useful in

chirality induced spin selectivity*>3® (CISS) in electron transport across superlattices with high
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spin polarizability. Observation of CISS in chiral single molecules,® supramolecular
assemblies,® quantum dots,® perovskites,®” inorganic crystals,® and in 2D systems such as
chiral molecules intercalated between transition metal dichalcogenides,®® chiral metal organic
framework,*® and crystals of metal-coordinated chiral organic ligand** also supports the
importance of spin-selective electron transport across the superlattices. Further, theoretical
studies indicate that high spin polarizability (>50%) can be attained at large twist angles even

just for two twist-stacked monolayers of MoTe.*?

One way of achieving such well-defined chiral structure is possibly through chemical
reactions of multilayered moiré superlattices with varying twist angles, leading to reorganization
of the lattices into twisted stacking at uniform angles. Our recent results suggest that such a
structural transformation may indeed be possible through reaction in the liquid medium. For
example, treating moiré superlattices of tryptophan (trp) with alkali enhanced their
photoluminescence intensity,?® and acid-base reaction of p-phenylenediamine resulted in 2-3
orders of magnitude increase in the interfacial conductivity.?® On the other hand, intercalated
Zn?* jons in Zn-phthalate moiré superlattices was removed using 8-hydroxyquinoline-5-sulfonic
acid leading to 2D nanosheets, which could be again converted into moiré superlattices with

addition of Zn%*ions.°

Herein, we report achieving a precise control over the twist angle in molecular moiré
superlattices of trp through complexation reaction with Zn?* ions. A twist angle of 2.5 = 1.0°
between two successive lattices was formed following complexation. The chiral nature of the
moiré superlattices allowed the magnetic field-dependent spin-selective electron transport
through quantum tunneling. Importantly, the resultant superlattices displayed CISS with a very
high spin polarizability of 98.0 + 1.5% at 0.5 V under a magnetic field strength of 0.45 T.
Analytical experiments supplemented by the simulated density of states (DOS) and charge

density calculations helped rationalize the results.

Results and Discussions

Zn-complexed moiré superlattices of trp (Zn-trp moiré) were synthesized through reaction
between the molecular moiré superlattices of trp and ZnCl, (refer Experimental Section). The

emergence of a UV-vis absorption peak at 362 nm (Figure 1A, Figure S1A), and an emission
peak at 452 nm (Figure 1B, Figure S1B), after 24 h of reaction, indicated the formation of moiré
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superlattices of trp through H-bonding.?>4*44 Following interaction with Zn?* ions, a slight (~1
nm) blue shift at 290 nm (the peak of trp) suggested an interaction with the molecules, while the
peak at 362 nm remained unchanged. In the photoluminescence (PL) spectra, a blue shift of
about 4 nm with simultaneous decrease in intensity was observed, indicating that the H-bond
network within the superlattice might have been partially broken due to complexation with Zn?*

ions.

The transmission electron microscopy (TEM) images and corresponding selected area
electron diffraction (SAED) patterns (Figure 1C-D and Figure S2A-B) for samples collected
after 24 h of reaction confirmed the formation of multilayered moiré superlattices (having lattice
parameter 0.2 nm and multiple twist angles with a range of values 1-10° observed in the SAED)
of D/L trp. However, similar studies following addition of Zn?* ions (Figure 1E-F) revealed the
formation of moiré superlattices with precisely controlled twist angle of 2.5 £ 1.0° between two
consecutive nanolattices with a changed lattice parameter of 0.54 nm, as presented in the

Supporting Information (Figure S3 and related texts).

Previous report? of the twisted stacking of multi-layered crystalline trp nanosheets suggested
the formation of spiral moiré superlattices. Therefore, chiral properties of the assemblies were
studied. Circular dichroism (CD) spectra (Figure 1G-H, Figure S4) substantiated the chiral nature
of the precursor moiré superlattices and Zn-trp moiré where the chirality of the individual
molecule after its assembly remained unaffected. A 50 nm blue shift and more intense negative

ellipticity at 650 nm observed following addition of Zn?* ions (refer Supporting Information)

suggested a change in the spiral nature of the precursor L/ D-trp moiré superlattices. It may be
mentioned here that Zn-trp moiré having precise twist angle with controlled stacking was formed
only after reaction of the multilayered moiré superlattice of trp with Zn?* ions (refer Supporting
Information, Figure S5). The precursor superlattices were formed after twisted stacking of the
crystalline 2D nanolattices of trp through hydrophobic and hydrophilic (H-bonding) interactions.
The addition of Zn?* ions partially affected the H-bond network with the formation of covalent
bonds involving O and N of COOH and NH2 groups that had previously participated in H-
bonding that was further supported by *H NMR spectroscopic measurements (refer Supporting

Information, Figure S6, Table S1 and related texts).
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Figure 1. (A) UV-Vis spectrum and (B) PL spectrum ((Aex = 300 nm) of an ag. solution of D-trp,
dispersion containing moiré superlattices of D-trp and Zn-complexed moiré superlattices of D-
trp. (C) TEM image of a moiré superlattice of D-trp. (D) SAED pattern corresponding to the
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image in (C). (E) TEM image of Zn-complexed moiré superlattice of D-trp. (F) SAED pattern
corresponding to the image in (E). CD spectra (G) for the range 210 — 310 nm and (H) 310 — 800
nm of an ag. solution of D-trp, dispersion containing moiré superlattices of D-trp and Zn-
complexed moiré superlattices of D-trp with insets displaying the UV-Vis spectra for the

respective ranges.

Based on these observations, a structure was proposed that was optimized using Avogadro
software where the Zn?* ions formed bonds with O and N of molecule marked as 1 and with O of
COOH group of molecules marked as 2 and 3 from the next layer of the precursor moiré
superlattice (Figure 2). Thus, there was a reorientation of trp molecules within the superlattice to
achieve the tetrahedral geometry. This resulted in the rotation of one layer of trp molecules with
respect to the consecutive layer to a certain angle throughout the precursor superlattice that was
favored for the tetrahedral geometry as can be observed in Figure 2 and Figure S7. The angle of
rotation between two stacked lattices was about 3° in the optimized structure that is close to the

2.5° twist angle observed from the SAED pattern.

Further, the SAED patterns confirmed the crystalline nature of the Zn-trp moiré, with a
newly ordered arrangement following Zn?* ion insertion and reorientation within the structure,
where the new lattice parameter 0.54 nm (lighter spots) was observed in addition to 0.3 nm
(brighter spots) that was present in the original lattice of trp. While viewing the optimized
structure through c axis, a hexagonal arrangement for the Zn atoms within the lattice was
observed and the spacing between the lattice planes passing through them was 0.56 nm (Figure
2, Figure S7C), comparable to 0.54 nm observed in the SAED pattern. Further the rotation of the
molecular layer resulting from Zn-complexation facilitated the movement of the molecules to
help achieve the tetrahedral geometry and thus, twisted the layers to the particular angle of 2.5 +
1.0°. A reordering was followed throughout the superlattice that might have also forced the

original face-to-face aromatic interfacial interaction in moiré superlattices to undergo change.

It can be observed in Figure 2 that the number of twists was more than double in the Zn-trp
moiré as compared to the precursor superlattice for almost same length (along the axis
perpendicular to the stacked 2D lattices). So, a higher number of stacked-twisted layers were
anticipated in the Zn-trp moiré; however, the diffraction spots (Figure 1F) suggested that

following complexation the number of the twisted layers was restricted to 3-4 as compared to the
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many layers (~7-13) of the precursor superlattices. This indicated a transition from uncontrolled
to controlled stacking in Zn-trp moiré, which was also confirmed from the atomic force
microscopy (AFM) height measurements (Figure S8), probably caused due to angle restraints
after complexation. Thus, all the experimental results suggested that the superlattices were
modified through complexation reaction with Zn?*, resulting in rearrangements of molecules

within the lattices and thus generating new diffraction planes (Figure 2).

Twisted stackmg of three 2D nanosheet Zn-complexed moiré superlattice
at alternate angles 25° and 27° formed after reaction with Zn**

— A ry
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Figure 2. Schematic representation showing the self-assembly of tryptophan molecules into
moiré superlattices that were further reacted with Zn?* ions leading to the final superstructure.
The optimized structures of a section of moiré superlattices of trp and Zn-trp moiré are presented

here displaying a spiral configuration.

The spin-selective electron transport properties were studied using magnetic-conductive
atomic force microscopy (mc-AFM) where Zn-trp moiré were deposited on a ferromagnet

(nickel) that served as one electrode.3>* Current-voltage (I-V) curves of the moiré superlattices
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(Figure 3, Figure S9) were recorded in contact mode while varying the magnetic field strengths.
The current through a chiral system having its spin orientation parallel to the direction of
electron’'s velocity was termed lparaiie, While that with antiparallel orientation was termed
lantiparatiel.*® The percent spin polarization was calculated from the 1-V curves (Figures 3A, 3D

and S10) using equation 1 and the maximum value obtained was nearly cent percent (Figure 3E).
Spin polarization = (I paratiet — | antiparaltel)/ (I parattel + | antiparatter) (1)

For both magnetization directions (north pole up or down), the I-V curves at different magnetic
field strengths (Figure 3) indicated the occurrence of spin-filtered electron transport (Figure 3E-
F) where the magnitude of the current was higher when the sample-containing electrode was
magnetized with magnet’s north pole pointing down (mag-down), as compared to when it was

pointed up (mag-up).

The variation of percent spin polarization from -1 V' to 1 V in the presence of a magnetic field
of 0.45 T (Figure 3F) showed a maximum value of 98.0 £ 1.5 %. Beyond this range, the current
exceeded the instrument measurement threshold of 20 nA. Additionally, the percent spin
polarization at 0.5 V for different magnetic field strengths revealed a sigmoidal relationship
(Figure 3G). Magnetizing the nickel substrate alters the distribution of electrons into two sub-
bands, one with majority spin electrons occupying lower energy levels and another with minority
spin electrons occupying higher energy levels, with the magnetization direction dictating the
predominant spin.®34” As observed, the magnitude of current for Zn-trp moiré, was higher for
mag down, probably due to the majority electrons of the magnetized nickel having the favored
spin orientation for transport while north pole pointing up resulted in majority electrons having
the opposite spin that was less favored for transport. It may be mentioned here that though the
multilayered molecular moiré superlattices of trp were chiral in nature, they exhibited no spin-
selective transport (Figure S11). However, the incorporation of Zn?" ions into the superlattices
resulted in increased current magnitudes with higher magnetic strengths, suggesting a significant

role of the precise twist angles of the moiré superlattices in obtaining a high spin polarizability.

The experimental findings can be explained by transient spin polarization induced by charge
polarization - observed in chiral systems following bias application, which leads to one end of

the chiral system being associated with one type of spin, while the other end is linked to the
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opposite spin type.®># This results in the preference for transport of one type of spin through one
end of the chiral system and the opposite spin through the other end depending on the chirality of
the system. The spiral arrangement of trp-Zn-trp molecules in the superlattice likely created a
chiral field that might have induced a spin polarization accompanying the charge polarization.
The I-V curves suggested that the magnetization, with north pole pointing down, oriented the
electrons’ spin of the substrate such that it aligned with the spin orientation associated with the
end of superlattice that was attached to the substrate and was preferred for transport. For north
pole up, the nickel would be magnetized with majority electrons having the opposite spin, which
would, however, have opposite alignment to the spin designated with the end of the superlattice

attached with the substrate and would thus be less favorable for transport.

Further it was observed that the measured I-V curves were symmetric in nature as the
applied voltage ranged from positive to negative values. The results bore similarity to typical
chiral systems that displayed CISS.%233 When the sample was negatively biased, the enhanced
current would result from the transport of the favored spin from the majority sub-band of the
nickel substrate through the chiral superlattices. Whereas when positive bias was applied, the
opposite spin would be transported in the opposite direction through the superlattices (i.e., from
the tip to the minority sub-band of the nickel consisting the opposite spins). Thus, a symmetric I-
V curves would be observed i.e., for both the positive and negative biases the transport of the
favored spin alignment was observed where a higher magnitude of current was noticed when
magnetized with north pole pointing down. It may be mentioned here that similar spin
polarization (Figure S12) values were obtained for both Zn-complexed moiré superlattices of L
or D-trp, where the electron transport was higher when the substrate was magnetized with north
pole pointing down as both these moiré superlattices had the same chirality as was evident from

their CD spectra.
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Figure 3. (A) Schematic representation of spin transport through Zn-trp moiré superlattices in
the presence of magnetic field with the north pole of the magnet pointing up. (B) I-V curves for

the corresponding orientation in Figure (A) for different strengths of magnetic field. (C)
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Schematic representation of spin transport through Zn-trp moiré superlattices in the presence of
magnetic field with the north pole of the magnet pointing down. (D) I-V curves for the
corresponding orientation in Figure (C) for different strengths of magnetic field. (E) 1-V curve
obtained for mag-up and mag-down orientations for the magnetic field strength of 0.45 T (F)
Plot of polarizability vs bias applied in presence of magnetic field 0.45 T. (G) Plot of percentage
spin polarization at 0.5 V for magnetic fields ranging from 0.24 T- 0.45 T. (H) Tunneling
barriers obtained from the dI/dV vs V plot (Figure S10) for magnetic field strengths of 0.38 T,
0.40 T and 0.45 T. The plot displays the increase in gap between tunneling barriers experienced

by the two opposite spins.

Further the preference of one spin over another and the dependence on the external magnetic
field strength for the electron transport could be justified by the tunneling barrier, calculated
from dG (= dI/dV) vs V plot (Figure S10).2 For the field strengths of 0.24 T and 0.33 T, the
magnitudes of the current were comparatively less for both mag-up and mag-down and no sharp
rise was observed for the differential conductance in the range -2 to 2 V. Thus, the values are not
included in the barrier height vs applied voltage graph. When the magnetic field strength was
increased, from 0.38 to 0.45 T, a decrease in the tunneling barrier starting with 1.48 V to 0.34 V
was observed for mag-down whereas for mag-up, the decrease was from 2 V (for 0.38 T) to 1.55
V (for 0.45 T). This caused an increase in the tunneling probability as the strength of the
magnetic field increased and thus, a rise in the current magnitude was observed. The results were
similar to the negative magneto-resistance effect observed in organic materials like pentacene

film and tetracene single crystal.*®

Further it was observed that the decrease in barrier height for mag-down was more
significant as compared to mag-up i.e., the tunneling barrier faced by the electrons when they
were oriented in the preferred direction was low as compared to the high barrier that the
unfavored electron spin had to overcome. This resulted in an increase in the gap between the
tunneling barriers for the two opposite spins upon increasing the magnetic field (0.52 V for 0.38
T to 1.21 V for 0.45 T) and thus, leading to a facilitated electron transport of the preferred spin
with a higher spin polarization value (Figure 3H). The observations helped conclude that
increasing the magnetic field not only escalated the electron transport, but also facilitated spin-
selective electron transport and the dependence plotted in Figure 3G was sigmoidal in nature.
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The effect of magnetic field on the spin polarization and tunneling barrier was further confirmed
when instead of ferromagnetic nickel, a diamagnetic copper substrate was used. A similar result
was obtained where the electron transport was higher for mag-down orientation as compared to
mag-up in presence of 0.45 T field strength. The spin polarization calculated using equation 1
was 55 + 2.3 % for 0.45 T. It was less as compared to that for the nickel substrate; however, the
results supported the preference of one spin over the other by the moiré superlattices for electron
transport. This ascertained the role of the external magnetic field in the characteristics of the
selective spin transport through the Zn-trp moiré (Figure S13).

Further, DOS calculations and charge density simulations were performed for the 2D
nanocrystal of trp, twisted moiré interface of trp, and for the Zn-complexed twisted moiré
interface. The DOS plots against E — Erermi In Figure 4 indicated that the DOS near the fermi
energy level for the twisted interface is higher as compared to that for the 2D nanocrystal. On the
other hand, even higher DOS was present near the fermi level for Zn-complexed twisted moiré
interface as compared to the unreacted twisted moiré interface. The results indicated that there
would be a higher probability of electrons to be present near the fermi level for the Zn-trp moiré
as compared to its 2D crystal and unreacted moiré superlattice counterparts and thus, would have
higher conductivity and charge transport properties. The simulated carrier charge density was 10
times higher for Zn-trp moiré than its 2D crystal and unreacted moiré superlattice counterparts
and thus, supported the experimentally observed higher conductivity for the Zn-trp moiré as

compared with the unreacted moiré superlattices of trp.
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Figure 4. (A) Density of states plots for 2D nanocrystal, trp moiré interface and Zn-complexed
moiré interface of trp. (B)-(D) Carrier charge density plots for 2D nanocrystal, trp moiré

interface, and Zn-complexed moiré interface of trp, respectively.
Conclusion

In conclusion, we have synthesized Zn-complexed moiré superlattices of D/L-trp with a precise
control over the twist angles that displayed a very high spin polarizability of 98.0 + 1.5% at 0.5
V under a magnetic field strength of 0.45 T. The resulting moiré superlattices had a twist angle
of 25 £ 1.0° between two successive lattices after a tetrahedron was formed through
complexation of Zn?* ions with trp at the interfaces. The CISS was observed in the chiral Zn-trp
moiré and a high spin polarizability where a dependence on the magnetic field strength was
observed for both L- and D-trp. The control over the twist angles in molecular moiré
superlattices could provide uniformity in the physical and chemical properties especially for the
multilayered superlattices and we believe that the selective spin transport properties displayed by
these moiré superlattices could bring about new insights for the development of molecule-based

spintronics devices, an important step toward quantum molecular devices.
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Experimental Section
Materials

D-tryptophan (trp, purity > 98.0 % (HPLC)), L-trp (purity > 98.0 % (HPLC)) and ZnCl, were
purchased from Sigma-Aldrich and used without further purification. Milli-Q grade water was
used for all the experiments. DO was purchased from Sigma-Aldrich and used for NMR

experiments.
Synthesis of Moiré Superlattices of trp

6 mg of D/L-trp was added to 2 mL Milli-Q grade water and the resultant dispersion was
sonicated for 30 s to obtain a clear solution. 200 puL from the resultant solution was pipetted out
and added to 10 mL of water. The resulting 288 uM solution of D/L-trp was then stirred for 24 h

under constant heating at 80 °C. The dispersion after 24 h was then used for further experiments.
Synthesis of Zn-complexed Moiré Superlattices of trp (Zn-trp moire)

To a 3mL dispersion containing moiré superlattices of D/L-trp, ZnCl, (7 mM) was added at room

temperature. The resultant dispersion was then used for further experiments.
Optical Measurements

UV-vis measurements were recorded using Perkin-Elmer Lambda 365+ and photoluminescence
(PL) spectra were recorded using a HORIBA FluoroMax-4 spectrofluorometer. The circular
dichroism (CD) spectra were recorded using a JASCO J-1500 spectropolarimeter. 3 mL of an aqg.
solution of D/L-trp (288 uM), dispersion containing moiré superlattices before and after addition
of ZnCl> were collected for the measurement of absorbance, PL and CD spectra.

Transmission electron microscopic (TEM) analysis and selected area electron diffraction
(SAED) analysis

TEM and SAED data were collected after diluting the dispersions of moiré superlattices before
and after addition of ZnCl, where the dispersion containing moiré superlattices of trp was diluted
by adding 200 pL aliquot in 1 mL water, and similarly 40 pL aliquot of the dispersion containing
ZnClz-added moiré superlattices was added to 1 mL of water. The diluted dispersions were drop-
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cast on a carbon coated copper grid. TEM and SAED experiments were performed using a JEOL
JEM 2100F instrument.

Proton NMR

Proton nuclear magnetic resonance (NMR) measurements were performed using 600 MHz
Bruker ASCEND 600. The experiment was performed with the ‘synthesis of moiré superlattices’
where D,O (Sigma-Aldrich) was used in place of Milli-Q grade water. 600 uL of aliquot was

taken to perform the analysis.
Simulations of SAED patterns and chemical structure of moiré superlattices

The reported crystallographic information file! (cif) of L-trp was used for SAED simulation,
which was done using ReciPro software?. The unit cell, hkl planes and the structure were
redrawn from cif file data using vesta. Twisting of the lattices were performed using the

Avogadro software and the interfacial interaction was redrawn using vesta.
Magnetic-conductive AFM (mc-AFM) measurements and measurement of 1-V curve

The mc-AFM measurements were pursued using Oxford Asylum Research MFP-3D model. The
sample was drop-cast on a nickel substrate, which was magnetized with the north pole of the
magnet either pointing up or down. Conductive measurements were then made in contact mode.
Images and current-voltage (I-V) curves were acquired using a tip of model ECONO SCM-PIT
(k~ 3 Nm? and f = ~75 kHz). The measurements were performed for different magnetic field
strengths. All the analysis was performed using software Gwyddion and Asylum Research Igor

pro.
Simulations of structure and density of states

The proposed structures for twisted moiré interface and Zn-complexed moiré interface were first
optimized using Avogadro and were then used as models (Figure S14) for further simulations.
The structural relaxation, density of states calculations and carrier charge density plot
simulations were performed using Quantum ESPRESSO program suite®. PBEsol's generalized
gradient approach (GGA) was utilized to calculate the exchange-correlation function.*® The core
electrons were modelled using projector-augmented-wave (PAW) method®. The kinetic energy

cut-off was set to 60 Ry.
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Figure S1. (A) UV-Vis spectrum and (B) PL spectrum ((Aex = 300 nm) for an ag. solution of L-

Wavelength (nm)

trp, and dispersions containing moiré superlattices of L-trp and Zn-complexed moiré
superlattices of L-trp. (p.173)

Figure S2. (A) TEM image of moiré superlattice of L-trp. (B) SAED pattern corresponding to
the image in (A). (C) TEM image of Zn-complexed moiré superlattices of D-trp. (D) SAED
pattern corresponding to the image in (C). (p.174)
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Moiré periodicities and SAED pattern

The moiré periodicities were obtained after performing fast Fourier transformation (FFT) on
Figure S3A, S3D, S3G and the twist angles for the resulting periodicities were calculated using

the following equation
D = d/(2Sin(6/2)). S1

where d is the lattice constant taken as 0.54 nm, D is the moiré periodicity and 8 is the twist
angle between two sheets. The IFFT images of the moiré superlattices for Figure S3A is
presented in Figure S3B-C, Figure S3D is presented in Figure S3E-F and for Figure S3G is
presented in Figure S3H-I. The average moiré periodicities calculated from the IFFTs were 9.89
+ 1.12 nm and 5.18 £ 0.75. Using equation S1, the twist angle & was calculated and the average
twist angle calculated was equal to 2.94 £ 0.15° and 5.68 + 0.58°. The calculate twist angles were
close to the experimental twist angles observed between two consecutive sheets due to the
twisted stacking (2.5 + 1.0° and 5.0 £ 1.0°) from SAED.

As compared to the SAED pattern (Figure 1D of main article) of multilayered moiré
superlattices, which indicated the multiple twisted stacking of nanolattices with hexagonal
diffraction pattern at varied range of angles, the SAED pattern for Zn-trp moiré in Figure 1F
indicated diffraction spots for three superimposed layers with an angle 2.5° between two
consecutive layers. The results suggested that following complexation with Zn* ions, the twisted

stacking of these nanolattice layers was restricted to 2.5° angles.
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Figure S3. TEM image of different samples of Zn-complexed moiré superlattices of trp are
presented in (A), (D) and (G). (B) and (C) represents the IFFT of the marked regions in (A). (E)
and (F) represents the IFFT of the marked regions in (D). (H) and (1) represents the IFFT of the
marked regions in (G). (p.174)
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The lattice parameters analyzed from the SAED pattern of the Zn-trp moiré had 0.3 nm (the
closest bright spots from the center) and 0.54 nm (the closest lighter spots from the center) d-
spacings (Figure S2D and Figure 1F of main article). When compared with the original 2D
nanolattice, the lattice parameter 0.28 nm was present, which is close to 0.3 nm observed in the
Zn-trp moiré but was absent in the unreacted moiré superlattice of trp. When moiré superlattices
were formed after twisted stacking of the 2D nanolattices, the lattice planes having d-spacing
0.47, 0.28 were absent similar to the observation as reported earlier. However, the lattice planes
corresponding to 0.3 nm recurred after reaction with Zn?* ions and the small difference in the d-
spacing might be due to the rearrangement of molecules within the lattice after complexation.
Further, a new lattice parameter (0.54 nm) was observed after Zn?* ions were incorporated in the
superlattice while the ones (0.47 and 0.2 nm) corresponding to moiré superlattice of trp were not
observed in the diffraction pattern. This indicated that new diffraction planes were generated
upon Zn-complexation, possibly due to the ordered arrangement of Zn within the superlattice and
hence suggested that the stackings of the nanolattices were modified but not completely
destroyed after complexation. Further the number of stacked layers in the Zn-trp moiré, as
analyzed from the diffraction spots of three SAED patterns was typically restricted to 3-4 layers
whereas for the unreacted moiré superlattices of trp, numerous layers ranging from 7-13 layers

were present in each superlattice.
CD experiments

The circular dichroism (CD) spectra were recorded for the dispersion containing D/L-trp moiré
superlattices (Figure 1E-F of main article, Figure S1C-F) before and after addition of Zn?* ions.
For moiré superlattices of D-trp, new peaks were observed in the range 250-300 nm and a broad
peak at 650 nm was observed in comparison to an aqueous solution of D-trp molecules (288
uM), thus substantiating their chiral nature. The characteristic CD peak of D-trp observed at 220
nm was shifted to 230 nm for the dispersion containing the moiré superlattices that might have
resulted from the self-assembly of the molecules in the reaction medium. Addition of Zn?* ions
to the dispersion containing moiré superlattices of D-trp resulted in a more prominent CD
spectral peak in the range of 500-700 nm with an observed blue shift of 50 nm. This further
supported the interaction of Zn?* ions with D-trp within the moiré superlattice and indicated the
change in spiral nature of the superlattices. Further CD spectra for moiré superlattices of L-trp
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and their Zn-complexed counterpart were recorded (Figure S1C and Figure S1E). For both L and
D-trp moiré superlattices, negative ellipticity was observed at 650 nm that became more
prominent after complexation with Zn?*. The results indicated that similar spiral structures had
been formed notwithstanding starting with L or D-trp to synthesize moiré superlattices.
Importantly the chirality of the individual molecule of L or D-trp after its assembly into moiré

superlattices remained unaffected.
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Figure S4. (A) CD spectra for the range 210 — 310 nm of an aqg. solution of D-trp, and
dispersions containing moiré superlattices of L-trp and Zn-complexed moiré superlattices of L-
trp and (B) the corresponding UV-Vis spectra for the range. (C) CD spectra for the range 310 —
800 nm ag. solution of D-trp, and dispersion containing moiré superlattices of L-trp and Zn-

complexed moiré superlattices of L-trp and (D) the corresponding UV-Vis spectra for the range.

p.174
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Control experiment

A mixture of 288 uM trp and 7 mM ZnCl, was taken in a vial and stirred continuously for 24 h
while being heated at 80 °C as a control experiment to understand the reaction mechanism for the
formation of the aforementioned moiré superlattices. A precipitate was formed after 24 h of
reaction possibly due to formation of a Zn-trp complex, which was separated by centrifugation at
12000 rpm. The precipitate was redispersed in water and was excited at 300 nm where no
emission peak was observed at 452 nm, indicating the absence of assembly through H-bonds.
However, when the supernatant was excited at 300 nm, an emission peak at 452 nm was
observed probably due to the self-assembly of the residual trp that didn’t react with Zn?* ions.
TEM images for the supernatant was acquired (Figure S4) that displayed multilayered moiré
superlattices having SAED pattern similar to the precursor trp moiré superlattices showing
random twisted stacking. The PL and TEM images indicated that starting with a mixture of trp
and ZnCl, would result in the formation of a multilayered molecular superlattices with variable
twist angles. Thus, ZnCl, should be added, following the formation of the molecular moiré
superlattices of trp after 24 h of reaction, to obtain precisely controlled moiré superlattices and

starting with a mixture of Zn?* ions and trp would result in the multilayered moiré superlattices

with varied angles as observed in Figure 2 of main article.

PL intensity (a.u.) ©

400 500
Wavelength (nm)

Figure S5. (A) TEM image of the supernatant obtained after centrifugation of the resultant
dispersion for the control experiment formed after 24 h reaction. (B) SAED pattern
corresponding to the image in (A). (C) PL spectrum ((Aex = 300 nm) of the supernatant obtained
after centrifugation of the resultant dispersion for the control experiment formed after 24 h

reaction. (p.174)
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Figure S6. Chemical shift of trp, trp moiré and Zn-trp moiré ranging from (A) 2-5 ppm and (B)
7-8.5 ppm. (C) Chemical structure of trp where different protons are marked according to the

chemical shift values. p.174
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The complexation of Zn?* ions with trp, followed by the change in the structure as proposed in
the article was supported by *H NMR spectroscopic measurements (Figure S6, Table S1). It was
observed that as trp molecules assembled to form the moiré nanosheets, a downfield shift of
resonance had occurred due to the formation of 2D nanosheet and moiré superlattices that has
also been reported earlier.” Following addition of Zn?* ions to the dispersion containing moiré
superlattices, an upfield shift was observed for all the protons near the Zn-O or Zn-N bonds. The
presence of Zn resulted in the shielding of the protons due to high electron density and thus

resulting in an upfield chemical shift.

Table S1. *H NMR peaks of an aqg. trp solution, dispersions of moiré superlattice in D,O before

and addition of ZnCl. p.174

Chemical Ha | Ho Hc Had He Hr Hg

shift(ppm)/ and Hhn
Time (h)
Trp aq. 7.74 | 754 | 7.32 |7.29|7.20 | 4.06 | 3.40
solution

Trpmoiré | 7.73 |7.54 | 7.32 | 7.28 | 7.20 | 4.08 | 3.41

Zn_trp 770|750 730 | 7.29|7.15| 3.84 | 3.28
moiré

Cpp -
AN

Zn*" ions |

Figure S7. (A) Molecular representation of 2D nanolattice along the z axis. (B) Molecular
representation corresponding to twisted stacking following complexation with Zn?* ions along
the z axis. (C) 2D nanolattice when viewed through z axis where the lattice planes passing

through Zn atoms (with spacing 0.56 nm) is represented by the blue lines. (p.176)
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Figure S8. (A) AFM topographic image of the precursor trp moiré nanosheets. (B)
Corresponding height profile (average height = 89.75 + 47.58 nm) of moiré sheets as obtained
for the samples in (A). (C) AFM topographic image of the Zn-trp moiré. (D) Corresponding
height profile (average height = 34.5 + 8.1 nm) of moireé superlattices as obtained for the samples

in (C). (p.177)
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Figure S9. (A) The reconstructed current mapping using Fourier transform performed on Zn-trp

moiré superlattices in the presence of magnetic field 0.45 T with north pole pointing down (mag-

down). (B) I-V curves acquired on different Zn-trp moiré nanosheets in the presence of magnetic
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field 0.45 T for mag-down. (C) The reconstructed current mapping using Fourier transform
performed on Zn-trp moiré superlattices in the presence of magnetic field 0.45 T with north pole
pointing up (mag-up). (D) I-V curves acquired on different Zn-trp moiré nanosheets in the
presence of magnetic field 0.45 T. (E) The reconstructed current mapping using Fourier
transform performed on Zn-trp moiré superlattices in the presence of magnetic field 0.4 T for
mag-down. (F) I-V curves acquired on different Zn-trp moiré in presence of magnetic field 0.4 T
for mag-down. (G) The reconstructed current mapping using Fourier transform performed on
Zn-trp moiré superlattices in the presence of magnetic field 0.4 T with north pole pointing up
(mag-up). (H) 1-V curves acquired on different Zn-trp moiré in the presence of magnetic field
0.4 T. (1) The reconstructed current mapping using Fourier transform performed on Zn-trp moiré
superlattices in the presence of magnetic field 0.38 T for mag-down. (J) I-V curves acquired on
different Zn-trp moiré in presence of magnetic field 0.38 T for mag-down. (K) The reconstructed
current mapping using Fourier transform performed on Zn-trp moiré superlattices in the presence
of magnetic field 0.38 T with north pole pointing up (mag-up). (L) I-V curves acquired on
different Zn-trp moiré in the presence of magnetic field 0.38 T. (M) The reconstructed current
mapping using Fourier transform performed on Zn-trp moiré superlattices in the presence of
magnetic field 0.33 T for mag-down. (N) I-V curves acquired on different Zn-trp moiré in
presence of magnetic field 0.33 T for mag-down. (O) The reconstructed current mapping using
Fourier transform performed on Zn-trp moiré superlattices in the presence of magnetic field 0.33
T with north pole pointing up (mag-up). (P) I-V curves acquired on different Zn-trp moiré in the
presence of magnetic field 0.33 T. (Q) The reconstructed current mapping using Fourier
transform performed on Zn-trp moiré superlattices in the presence of magnetic field 0.25 T for
mag-down. (R) I-V curves acquired on different Zn-trp moiré in presence of magnetic field 0.25
T for mag-down. (S) The reconstructed current mapping using Fourier transform performed on
Zn-trp moiré superlattices in the presence of magnetic field 0.25 T with north pole pointing up

(mag-up). (T) I-V curves acquired on different Zn-trp moiré in the presence of magnetic field

0.25T. (p.178)
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Figure S10. (A) I-V curve obtained for Zn-complexed moiré superlattices of D-trp in mag up

and mag down orientations for magnetic field of 0.45 T. (B) Plot of polarizability vs bias voltage
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applied and (C) dl/dV vs voltage plot for the magnetic field strength of 0.45 T. (D)) I-V curve
obtained for Zn-complexed moiré superlattices of D-trp in mag up and mag down orientations
for magnetic field of 0.4 T (E) Plot of polarizability vs bias voltage applied and (F) dI/dV vs
voltage plot for the magnetic field strength of 0.4 T. (G) ) I-V curve obtained for Zn-complexed
moiré superlattices of D-trp in mag up and mag down orientations for magnetic field of 0.38 T
(H) Plot of polarizability vs bias voltage applied and (I) dl/dV vs voltage plot for the magnetic
field strength of 0.38 T. (J) ) I-V curve obtained for Zn-complexed moiré superlattices of D-trp
in mag up and mag down orientations for magnetic field of 0.33 T (K) Plot of polarizability vs
bias voltage applied and (L) dI/dV vs voltage plot for the magnetic field strength of 0.33 T. (M) )
I-V curve obtained for Zn-complexed moiré superlattices of D-trp in mag up and mag down
orientations for magnetic field of 0.25 T (N) Plot of polarizability vs bias voltage applied and
(O) dI/dV vs voltage plot for the magnetic field strength of 0.25 T. (p.178) , p.181

A) (B) (C)
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S11. (A) I-V curve obtained for mag-up and mag-down orientations on the precursor trp moiré
superlattices for the magnetic field of 0.45 T. (B) Plot of polarizability vs bias applied and (C)
dl/dV vs voltage plot for the magnetic field strength of 0.45 T. (p.178)
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Figure S12. (A) I-V curve obtained for mag-up and mag-down orientations on the Zn-
complexed L-trp moiré superlattices for the magnetic field of 0.45 T. (B) Plot of polarizability vs
bias applied (98.7 % polarizability) and (C) dl/dV vs voltage plot for the magnetic field strength
of 0.45 T. (p.179)
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Figure S13. (A) I-V curve obtained on Zn-trp moiré for mag up and mag down orientations for
the magnetic field of 0.45 T where copper tape was used as the substrate. (B) Plot of
polarizability vs bias voltage applied for the magnetic field strength of 0.45 T calculated from
(A). (p.182)
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Figure S14. The structural model of (A) 2D nanocrystal, (B) twisted (moiré) interface and (C)

Zn-complexed twisted (moiré) interface used for optimization, charge density plot simulation

and density of states calculation.
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Summary and Future prospects

The works reported in the thesis focused on the bottom-up synthesis approaches and the
properties of zero - and two-dimensional nanomaterials by using organic molecule or metal
complex as building blocks. More precisely, the concept of molecular moiré superlattices,
formed by the twisted stacking of the self-assembled crystalline 2D nanosheets of small organic
molecules, has been introduced here. The chemical interactions at the interfaces were different
from that those within the crystalline nanolattices, thus resulting in new properties not observed
in the 2D nanolattice or the constituent molecules.

In the first work of this thesis, nanoparticles based on the assembly of metal complex of Gd-
ascorbate were synthesized that displayed size-dependent optical and magnetic properties. The
observations and conclusions from this work paved the way for synthesizing higher dimensional
nanostructures. As mentioned in the introduction of this thesis, these metal-complex based
nanoparticles can further be assembled into moiré superlattices using Zn?* ions in the liquid
media. But can these moiré superlattices be synthesized by assembly of small molecules? Can
we further simplify the assembly of moiré superlattices in the liquid media? These questions
inspired us to synthesize molecule-based moiré superlattices where a simple unit such as an
organic molecule can be used as the building block. Thus, in the chapters 3-5, we studied the
formation of 2D moiré superlattices of organic molecules in the liquid media where the synthesis
was based on the principles of chemistry. Further, we explored their possible applications in the

upcoming field of molecular quantum devices.

Again, it is well known that many small organic molecules form 1-D or 2-D structures through
self-assembly, but assembly of these molecules into moiré superlattices are new. On the other
hand, moiré superlattices of vdW materials like graphene and h-BN are well-known that can be
fabricated using physical methods, but reports on chemical synthesis resulting in bulk production
of molecular moiré superlattices are novel. This fills up a void for the bottom-up synthesis
approaches for molecular moiré superlattices in the liquid media. This thesis addressed both
these issues and reported the studies of the extraordinary properties observed due to molecular
interaction at the twisted moiré interfaces.

In chapter 3, the moiré superlattices of tryptophan (trp) have been reported. These superlattices
displayed photoluminescence in the visible region and were further applied for CO; sensing and
storage. On the other hand, molecular moiré superlattices of p-phenylenediamine (p-PD) have
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been reported in chapter 4 and in these superlattices an increased twist angle dependent
conductivity was observed as compared to their 2D counterpart. The interfacial conductivity was
further tuned by changing the pH of the synthesis medium where protonation and deprotonation
of the neutral moiré superlattices increased the interfacial current to 1000 and 400 times,

respectively.

So far, the molecular moiré superlattices were formed after twisted stacking at varying range of
angles. Thus, in the chapter 5, we tried to control the twist angles, through incorporation of Zn?*
ions in the previously synthesized moiré superlattices of trp resulting in the Zn-complexed trp. A
tetrahedron was formed due to the complexation of Zn with trp that resulted in the twist angle of
2.5 £ 1.0° between two adjacent lattices. The twisted stacking also resulted in the formation of
chiral moire superlattices. Further they were studied as spin filters where the chiral nature of the
Zn-complexed moiré superlattices resulted in the spin selection in the charge transport with a
maximum spin polarization of 98.0 + 1.5 % at 0.5 V for 0.48 T.

The works presented in this thesis offer a new perspective for the interaction of the surface
molecules of the 2D nanosheets at the interface of the moiré superlattices formed after twisted
stacking. As the interfacial interactions results in new optical and electronic properties, these
could be further explored for applications in circuit building, small molecule sensing and gas
storage, and spintronics. These may even become useful in the emerging field of quantum
molecular and molecular memory and processing devices. The molecular interactions at the
twisted moiré interface provided chemical and physical stability and displayed tunable
properties, an important aspect for device fabrication. For example, the photoluminescence
property and stability of trp moiré superlattices, observed due to the face-to-face aromatic
interactions, could further be studied for their utilization in sensing small molecules or harmful
gases. The tunable conductivity of p-PD moiré superlattices could further be studied for device
fabrication whereas the moiré superlattices of Zn-complexed trp moiré superlattices can be an
important addition to molecular spintronics. These moiré superlattices could further be studied
for their practical use as electronic devices as they offer electrode with larger molecule surface
area having a stable molecular arrangement within the superlattice. The superlattice interfaces
offer specific electron conductivity that could be exploited for building complex circuits,
information storage or sensing based on the principles of quantum mechanics Their suitable size,

cheaper fabrication and better performance can help in miniaturization of devices and circuits.
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