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Abstract

Abstract

Multi-component supramolecular systems are essential for tailoring materials to meet specific
application needs, mimicking natural processes where molecular self-sorting forms complex,
multi-layered structures within cells for vital functions. In these systems, self-sorting is carefully
controlled to program desired properties into the final product, balancing the retention of key
characteristics with the introduction of new structural or functional properties. While these self-
sorted systems are promising for creating advanced materials, their complexity makes them

difficult to fully understand and control.

In Chapter 2, we extensively employed characterization techniques such as small-angle
scattering (SAS), cryo-transmission electron microscopy (cryo-TEM), rheology, and various
spectroscopic methods to investigate the self-sorting behavior of mixtures of diastereoisomers
of naphthyl diphenylalanine. We examined how their composition ratio affects the properties of
functionalized dipeptide hydrogels in different phases. These studies demonstrated how
significant structural features and interactions at varying ratios influence the physical and optical

properties of gels, such as viscosity, gelation time, turbidity, and spectral characteristics.

In Chapter 3, we delved deeper into stacking patterns and their impact on the properties of a
library of naphthyl dipeptide diastereomeric mixtures. Using differently substituted naphthalene
rings, we developed multicomponent systems with varying self-assembled nanostructures or
gelation capabilities. Analysis at molecular, microscopic, and holistic levels revealed that each
component within the two-component systems could independently form self-assembled
nanostructures, thus exhibiting self-sorting behaviors at different scales. These findings
illustrate that the peptide's stereochemistry plays a pivotal role in self-assembly, enabling the

design of self-sorting, low molecular weight gel (LMWG) systems.

In Chapter 4, we described the optical properties of the dipeptide-based pre-gel solutions using
advanced characterization methods such as synchrotron radiation circular dichroism (SRCD)
and Mueller Matrix Polarimetry (MMP). MMP analysis captured comprehensive polarization
data, confirming significant differences in molecular orientation and electronic interactions
between homochiral and heterochiral systems. These findings indicate that mixing
diastereoisomers alters the optical properties, affecting circular birefringence and dichroism,

and suggesting shifts in chiral order and molecular interactions.
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1.1 Introduction to Low Molecular Weight Gelators

Gels are versatile materials that consist of a solid three-dimensional network that encapsulates
a liquid, allowing them to hold substantial volumes of fluid.! This structure endows gels with
unique viscoelastic properties, combining the flow behavior of liquids (viscosity) with the
strength of solids (elasticity).? Despite being mostly liquid, often comprising up to 99% of their
weight, gels maintain a solid-like behavior. In these systems, the gelator is dispersed throughout
a suitable liquid, where the liquid forms the continuous phase and the solid forms the
discontinuous phase.’ The strength and viscosity of gels are enhanced either through self-
assembly or through cross-linking within their structure. Gels are classified by the type of liquid
they contain, such as organic gels, hydrogels, and xerogels (referred to as aerogels when dried,
but expanded). Additionally, gels are categorized as either natural or synthetic, with synthetic

varieties including polymer and supramolecular gels.

Among synthetic gels, polymer gels are distinguished by their cross-linking processes, which
can be either physical or chemical. Chemical polymer gel networks, cross-linked by covalent
bonds, are thermally irreversible and cannot be redissolved.* In contrast, supramolecular gels,
which are bonded non-covalently, offer significant advantages over traditional polymer gels.
These low molecular weight gels (LMWGs) can fracture and reorganize at low strains and
dynamically adapt to temperature changes. This makes them particularly effective for
applications that require rapid recovery and self-healing, such as controlled release systems.>”’
Furthermore, LMWGs respond quickly to various environmental stimuli, making them valuable
in fields like sensor technologies.®” Their dynamic, reversible behavior combined with the ease
of modification renders them highly suitable for innovative applications where flexibility and

responsiveness are essential.
1.1.1 Gelation of LMWGs

Supramolecular gels are crafted from low molecular weight gelators (LMWGs) that engage in
non-covalent interactions, such as hydrogen bonding, n-m interactions, van der Waals forces,
electrostatic and hydrophobic interactions.!® !! These gelators, typically found in concentrations

ranging from 0.1 wt% to 10 wt% and with molecular weights under 2,000 Daltons, can self-

-10 -
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assemble into one-dimensional structures like fibers and sheets (Figure 1-1).7- 1213 This self-
assembly is often initiated by external factors, including pH changes,'#!8 temperature variations

14, 24, 25 or anti-

(through heat-cool cycles),'”?* or the addition of specific divalent cations
solvents.!”- 26: 27 These triggers decrease the solubility of the gelators, enhance intermolecular
interactions, and lead to aggregation. The resulting aggregates then entangle or cross-link to
create a three-dimensional network that traps the solvent, converting the liquid solution into a

semi-solid gel.

The gelation process unfolds through a series of structured, hierarchical assemblies, beginning
with molecular stacking and advancing to the formation of continuous networks (Figure 1-1).2%
29 TInitially, one-dimensional molecular interactions prompt self-assembly, leading to the
creation of nanostructures and subsequently, one-dimensional fibers, which are often more
effective than other configurations.?® The delicate balance between molecular dissolution and
aggregation in the solution is key to determining whether gelation will occur. In water,
noncovalent interactions such as hydrogen bonding, m-n stacking, and electrostatic forces
facilitate self-assembly, although their relatively weak nature means that the hydrophobic
interactions often take a dominant role during anisotropic aggregation. The transition from
secondary to tertiary structure is crucial for gel formation, and fiber cross-linking through
entanglement or branching plays an essential role in stabilizing the liquid phase.?® The assembly
of these fibers is controlled by a balance of weak physical forces. Unlike the structured three-
dimensional order seen in crystallization, the self-assembled fiber network predominantly
expands along a single axis, such as the direction of n-m stacking.!? This growth pattern
resembles radial branches in a K-tree structure, highlighting the complexity and directionality

of gel network formation.

Prmary Secondary Tertiary Macrostructure
structure structure structure
Bundling = = Entanglement Immobﬂnzmg
‘7:’. —l = ———
= = solvent K

Self-assembled Laterally associated Sample-spanning Self-supporting
primary fibrils nanofibers network bulk gel

Suspended LMWGs

Figure 1-1. Hierarchical self-assembly of LMWGs to form supramolecular gels.

1.1.2 Design of LMWGs

-11 -
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The characteristics of typical LMWGs include: (i) Molecules must exhibit dual solubility-both
partial solubility and partial insolubility in a solvent-to facilitate effective interactions that are
crucial for forming a stable network. (ii) These molecules engage in various weak
intermolecular forces that collectively contribute to the gel’s stability. Non-polar interactions,
driven by hydrophobic groups such as aromatic rings or long fatty chains, promote aggregation,
while polar hydrophilic groups like peptide or urea bonds provide additional stabilization. (iii)
Directional non-covalent interactions between molecules lead to the anisotropic assembly of
nanoscale fibers, a process influenced by the molecules' asymmetry or distinct regions that
favor assembly. (iv) The molecules typically display chirality, which affects how they assemble
and influences the properties of the final material.’® *! LMWGs encompass a diverse range of
structures including surfactants, functionalized sugars, oligopeptides, simple alkanes, modified
amino acids, dendrimers, and peptide fatty amides.’?>-® The principles behind the design of
LMWGs are poorly understood, and many have been discovered accidentally.
Further exploration often involves minor modifications to known structures; however, these
adjustments can sometimes inhibit gel formation. The absence of clear guidelines for self-
assembly and gelation complicates the development of specialized gelators tailored for specific

applications.

Surfactant properties, specifically the balance between hydrophilic and hydrophobic traits,
facilitate their self-assembly in water.’* LMWGs capable of forming hydrogels typically feature
both hydrophilic segments, ensuring water compatibility, and hydrophobic regions, which
encourage self-assembly. Peptide amphiphiles are increasingly used as building blocks for
creating nanomaterials in biomedicine, optoelectronics, and catalysis, combining the simplicity
of small molecules with the functionality of peptides.*® Aromatic peptide amphiphiles are
usually composed of four segments: the N-terminal aromatic hydrophobic head, linker segment,
dipeptide sequence, and C-terminal hydrophilic tail (Figure 1-2).>” 4! These components are
designed to influence the structural features of the self-assembly of aromatic peptide
amphiphiles.*? In water, these structures can form cylindrical, worm-like micelles, with the
hydrophobic head at the core and the hydrophilic tail on the surface. The assembly of these
aromatic peptide hydrogels is predominantly driven by intermolecular hydrogen bonding and
hydrophobic interactions from amino acid side chains. The assembly is further stabilized

through hydrogen bonds, electrostatic forces, and van der Waals interactions.

S12-
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Figure 1-2. Schematic representation of an aromatic peptide amphiphile, featuring naphthalene

(Nap) dipeptide as a typical example.

To create efficient dipeptide hydrogels, the N-terminus of the dipeptide is often modified with
a large aromatic group.®’ This aromatic moieties aids in peptide self-assembly and stabilizes its
structure and function through n-7 stacking and hydrophobic interactions.** Common aromatics
include naphthalene (Nap) derivatives, fluorenylmethoxycarbonyl (Fmoc), Phenyl (Phe),
pyrene (Pyr), carboxybenzyl (Cbz), phenothiazine (PTZ), and azobenzene (Azo).’% ** The
choice of amino acids is vital as it determines the chemical characteristics of the peptides,
ranging from hydrophobic to hydrophilic, neutral to charged (e.g. positive or negative), and
acidic to basic, thus providing high programmability for the gels.’” A protected conjugated
naphthyl dipeptide, featuring a hydrophobic aromatic ring and a hydrophilic -OH group,
illustrates this versatility.** Under alkaline conditions, cylindrical micelles formed by the
anionic form of LMWGs transform into a gel network as they protonate and increase contact
points. Altering the amino acids and substituents on the naphthalene ring can significantly

modify the formed structure, gelation ability, and gel performance.*® 47

1.1.3 Factors Affecting Gelation of LMWGs

The self-assembly process of carbohydrate LMWGs is affected by factors such as heating
temperature, pH, solvent composition, salt presence, gelator concentration, and mechanical
agitation.!% #8->2 These variables significantly influence the nanostructure and microstructure of

the gels, which ultimately determine their properties.?

Consider temperature as an example: factors such as the exact heating level, duration of heat
exposure, cooling rate, final cooling temperature, and the time before evaluating the gel are all

crucial in determining its gelation capability and ultimate characteristics.” 3353

pH variations
also significantly affect the self-assembly of Fmoc-diphenylalanine (Fmoc-FF) into fibrils,
causing shifts in the pH at which these changes occur (Figure 1-3a).°° At high pH, the reduced
electrostatic repulsion among negatively charged molecules facilitates the formation of a

flexible fibril network, resulting in weak hydrogels. Conversely, at an intermediate pH, the

S 13-
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structure changes to non-gelling, flat, rigid ribbons due to decreased charge repulsion, which
promotes a more ordered assembly. Below a certain pH (the apparent pK. of C-terminal
carboxylic acid), gels derived from 2NapFF solutions strengthen due to increased entanglement
and fiber formation as the charge diminishes, stabilizing their mechanical properties.’” As the
concentration of 2NapFF increases from a minimal 0.001 wt% to 1.0 wt%, the structure evolves
from spherical micelles to worm-like micelles, and finally to associations of these worm-like
structures (Figure 1-3b).* Additionally, applying heat-cool cycles to this dipeptide solution
significantly boosts viscosity and results in more rigid, self-supporting materials by reorganizing
the micelles (Figure 1-3¢).>® This process decreases their flexibility, as indicated by increased
Kuhn lengths, reduces their radii, and extends their overall length due to partial dehydration of
the micellar core. These temperature-driven modifications are crucial for material processing,
electrospinning, and ensuring experimental consistency in laboratories with variable
temperatures. By manipulating solvent ratios and temperature cycles, the mechanical strength
and recovery ability of Fmoc-leucine-glycine (FmocLG) gels after mechanical stress can be
significantly altered,* attributed to the alterations in the gelation process and the resultant large-

scale network structure of the self-assembled fibers (Figure 1-3d).

(a) . Clear Translucent Turbid viscous Two phases N
i solution hydrogel solution

pH 10.2-9.5 ‘' pHOS5 pHE2 . © - pH6.2-52
o° o00 H .
s dee
G ‘%ﬁ — —
<
+ water
Peptide Fibres - Aggregation

self-assembly thickening p.-e.;.a,;dunon

t
1 0.66 0. 55 024
Degree of ionisation a

() - e P

|
|

| DMSO: water=0.1 DMSO: water=0.3 !
| spherulitic domains homogeneous network |

Figure 1-3. Representative examples illustrating factors influencing self-assembly. (a)
Proposed self-assembly mechanism of Fmoc-FF with decreasing pH above the critical gelation
concentration, illustrating the impact of peptide ionization degree (o). At high pH, diminished
electrostatic repulsion facilitates the formation of flexible fibrils into weak hydrogels, while at

intermediate pH, decreased repulsion promotes the transition to non-gelling, flat, rigid ribbons,
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enabling more structured assembly. (Reproduced with permission from Ref.>® Copyright 2009,
American Chemical Society). (b) Structural transformations of 2NapFF self-assemblies in
solution phase with concentrations increasing from 0.001 wt% to 1.0 wt%, alongside inversion
vial tests for 2NapFF solutions with added calcium nitrate. (Reproduced with permission from
Ref.?* Copyright 2016, The Royal Society of Chemistry). (¢) Simple heat-cool cycles consisting
of heating to 40°C for 2 minutes followed by cooling to 25°C significantly influence the
properties of a 2NapFF solution at high pH. After treatment, the micelles exhibit increased
rigidity and elongation, becoming longer and thinner. These changes are evidenced by an
increased Kuhn length, indicating reduced flexibility, and a decreased radius. (Reproduced with
permission from Ref.>® Copyright 2017, Wiley-VCH). (d) Confocal microscopic images
showcasing microstructural differences in FmocLG gels formed at various volume fractions of
DMSO:H>0 (¢DMSO) at a FmocLG concentration of 5 mg/mL. At DMS0=0.10, fibers are
dispersed in spherulitic domains; at DMSO=0.30, fibers form a homogeneous network. Scale
bars represent 10 pm. (Reproduced with permission from Ref.>® Copyright 2011, The Royal
Society of Chemistry).

The properties of hydrogels are influenced by several factors, including the average thickness
and strength of the fibers,>> 46 60- 61 the type of cross-linking,!% 3!: 62 the degree of branching
(which relates to the spacing between cross-linking points),*- ©2-¢* and the distribution of fibers
on a larger scale.?® % These characteristics primarily stem from the molecular structure, as
molecular interactions play a crucial role in the assembly process.>” 4% ¢ Managing the
microstructure effectively is essential to enhance gel properties; however, the techniques to
achieve precise control are still under development. Additionally, the performance of

14,17, 51, 67 gtorage conditions,'? aging®®

supramolecular gels is shaped by preparation methods,
and the properties of the solvents used.®” Evaluations of these gels focus on their durability, the
concentration required for gel formation, the uniformity of component distribution, the
reversibility of transitions between gel and solution states, and the ability to adjust structural

configurations.
1.1.4 Impact of Chirality on Self-Assembly

Chirality significantly influences supramolecular self-assembly by regulating molecular
structure organization.?!-*? In organic synthesis, chirality information embedded in molecular-

level building blocks is transformed into nanoscale gel-phase structures through hierarchical
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assembly.”%7* This is especially evident in LMWGs, where molecular-level chirality is used to
adjust macroscopic material properties, departing from traditional polymer gel methodologies.?”
3! For instance, Garcia et al. demonstrated that diastereomeric tripeptides containing D- and L-
amino acids self-assemble into hydrogels more efficiently than their enantiomeric counterparts

due to their amphiphilic nature and ability to form stable B-sheet structures.?’

Chirality in LMWGs crucially impacts the gelation process by influencing specific non-covalent
interactions.” Basak et al. found that enantiomeric isomers of the tripeptide Phe-Phe-Leu,
labeled with ferrocene and pyrene, form robust, structurally intact aggregates more readily than
achiral peptides, resulting in a uniform nanofibrillar structure through selective molecular
recognition. This significantly affected the gel network morphology and stability (Figure 1-4).2°
Additionally, Adams' group challenged the conventional belief that racemic mixtures cannot
form gels by showing that both racemic and enantiomeric forms of the functionalized dipeptide
2NapFF effectively gel under high pH conditions, highlighting the critical role of optical activity

in self-assembly.?>
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Figure 1-4. (a) Chemical structures of the stereoisomers of the tripeptides, labeled with
ferrocene (Fc) ((1-8) and pyrene (Py) (9). Py is noted for its high fluorescence, while Fc serves
as a fluorescent quencher. (b-d) Illustration of the self-assembly of single-component
homochiral gelators 1, 9, and 4 into nanofibers, where 1 and 4 generate non-fluorescent
nanofibers and 9 produces fluorescent nanofibers. (e) A two-component system comprising
gelators 1 and 9, both with S-type chiral centers, forms non-fluorescent fibers, indicating the co-
assembly of the mixed peptide chains. (f) A two-component system consisting of gelators 4 and
9, with opposing chiral centers, produces fluorescent fibers, demonstrating self-sorting during

fiber formation. (Reproduced with permission from Ref.?3 Copyright 2017, Wiley-VCH).

Chirality plays a crucial role in directing the twist of fibers, which influences the physical
properties of the gel, including its strength and morphology.” 7% 77 The chiral arrangement
dictates the directional twist, impacting how the fibers align and interact, thereby affecting the
gel’s macroscopic properties like mechanical strength and stability. The assembly path is
supported by a blend of hydrophobic and hydrogen bonding interactions, which guide the

elongation and eventual maturation of the fibers into robust nanotubes. These processes
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underscore the complex interplay between molecular interactions and macroscopic structure
formation in chiral self-assembling systems. It can also introduce entirely new structures and
properties into mixtures of enantiomers. For example, Nagy et al. demonstrated that racemic
mixtures facilitate hydrophobic interactions, which are impossible in pure enantiomeric
assemblies, significantly enhancing inter-residue interactions and mechanical rigidity.”® In
practical applications, the Smith group illustrated the pivotal role of molecular chirality in gel
properties by incorporating specific chiral amines (R-amines) into dendritic L-lysine molecules,
markedly improving the gel's thermodynamic stability.?2 Concurrently, Sleczkowski et al.
showed that specific chiral solvents can act as additives, influencing the assembly of chiral

molecules and even altering the stereochemical preferences of monomers.”

Additionally, Liu's group synthesized chiral supramolecular organic gels with left-handed
helical morphologies by co-assembling achiral gelators with chiral diamides, highlighting the
role of chirality transfer in intermolecular chain interactions.®® Feringa et al.'s findings revealed
that chirality can be transferred from one self-assembly system to another and magnified in
molecular form, paving the way for the design of functional supramolecular materials.?!
Palmans et al. exemplified that adding a small percentage of chiral "sergeant" molecules to
achiral "soldier" molecules robustly amplifies chirality and forms highly ordered chiral
nanostructures.®? van Gestel et al. demonstrated that the "majority-rules" effect strongly biases
the helical assembly of Cs-symmetrical molecules towards the majority enantiomer.®> These
studies enhance our understanding of molecular-level chirality in supramolecular self-assembly
and highlight its potential for creating innovative supramolecular materials with tailored

morphologies and properties.
1.2 Introduction to Multicomponent Supramolecular Systems

Supramolecular gels can be classified into two categories based on the number of components:
single-component and multi-component gels. Single-component gels are created from a single
gelator through non-covalent interactions, whereas multi-component gels consist of two or more
compounds that self-assemble into stable supramolecular aggregates via synergistic non-
covalent interactions.®*% These aggregates can further organize into three-dimensional
networks. While most supramolecular gels utilize a single gelator, the combination of multiple

gelators enhances complexity and functionality.3 !4 38.87. 88
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Molecular self-assembly is the spontaneous formation of stable structures through non-covalent
interactions under near-thermodynamic minimum or Kinetically metastability.?> °> Multi-
component self-assembly is an adaptable approach for designing supramolecular gels, providing
47, 91, 92

benefits such as molecular complexity,’” *° tunable mechanical properties, in-situ

93, 94 93, 95

material formation, novel functionality, and diverse morphologies.!* 27 6296, 97 Thig

method holds significant potential in materials science, biology, engineering, and medicine.”- 4>
7 However, the inherent uncertainty in bottom-up self-assembly complicates control over size,
morphology, and properties. A thoughtful design of the self-assembly process can help achieve

desired structures and functions.

The two-component supramolecular assembly represents the simplest and most extensively
studied multi-component gel system, involving the integration of two distinct building blocks
into an ordered structure.> 3¢ °7 Preparation methods for these gels can be categorized based on
the gelation capabilities of the components (Figure 1-5a):® 8 (1) Non-gelator systems, where
neither compound can individually form a gel, yet mixing them leads to a stable gel. This method
facilitates complex formation before self-assembly, enabling better control and fine-tuning. %6 %%
99 (2) Gelator and non-gelator systems, where one component can gel independently while the
other cannot. Additives in this system can alter the gel's thermodynamic and mechanical
properties, making the resulting two-component gels markedly different from single-component
gels.!7- 47100 (3) Two-gelator systems, where each component can independently form a gel,
resulting in properties that differ from single-component gels. In these systems, adjusting the

47,52,101, 102

molecular structure of either component can introduce new functions, while varying

52,62,91, 103, 104

their ratios can create new supramolecular aggregates, enhancing the potential for

smart soft materials,!0!: 105. 106

Incorporating a non-gelator into a gelator can alter the self-assembly process, affecting the gel’s
thermodynamic and mechanical properties and potentially introducing new functions.!’” Non-
gelators may include substances like surfactants, polymers, or long-chain amines.? In a gelator-
non-gelator system, three typical assembly modes exist (Figure 1-5b):!% first, all components
self-assemble into a gel network; second, the non-gelator adheres to the surfaces of the gelator's
nanofibers; and third, the additive dissolves in the solution, surrounded by the fiber network.
When designing a two-component system, combining the non-gelator with the gelator can help

achieve the desired functionality.5% 17
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Figure 1-5. (a) Schematic diagram showing the three primary classifications of two-component
supramolecular gels. (Reproduced with permission from Ref.3¢ Copyright 2012, The Royal
Society of Chemistry). (b) Cartoon outlining three assembly modes for supramolecular gelators
when paired with non-gelling additives. In Case A, all components self-assemble into a unified
gel network. In Case B, the additives attach to the surface of the gel network. In Case C, the
additives remain in the solvent phase, encircled by the fiber networks. (Reproduced with

permission from Ref.!%® Copyright 2011, Springer Nature).

In a two-gelator system, each component can serve independently as a gelator. This multi-
component gel often exhibits superior properties compared to a single-component gel,
sometimes leading to the development of new materials.” ¥ The assembly process for two

gelators typically involves four modes (Figure 1-6):%% 109 110

orthogonal self-assembly (self-
sorting), where components segregate into distinct structural regions; cooperative self-assembly,
where building blocks adhere to a common self-assembly pattern; random self-assembly,
lacking any specific order; and destructive self-assembly, where partial binding and

mismatching result in structural defects.
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Figure 1-6. Overview of common assembly mechanisms in two-gelator supramolecular systems.
Orthogonal self-assembly: each fiber is composed of only one type of gelator molecule;
Cooperative self-assembly: two types of gelator molecules combine in a specific ratio and
sequence to form fibers, allowing the components to be ordered; Random self-assembly: fibers
are formed with a variable amount of gelator; Destructive self-assembly: mixing the components

disrupts the system's ability to form self-assembled structures.

Assembly may also result in a combination of these possibilities, or predominantly, but not
exclusively, in a single assembly.!%* ' All these possibilities provide opportunities to make

exciting new materials.

Most research focuses on two extremes: (1) co-assembly, where components combine through
supramolecular interactions to form complex aggregates containing both gelators;6% °1- 9 97. 112
and (2) self-sorting, where molecules can distinguish between themselves and others, enabling
the coexistence of pure assemblies from individual gelators.!> 192 113-115 Primary fibers from
different components interact in distinct ways at the nanometre level, including lateral
associations that are either homogeneous or heterogeneous, as shown in Figure 1-7.%° At a larger
scale of several microns, these fibers can be distributed in different spatial patterns, resulting in
various microstructures. These structures may include intertwined (Figure 1-8a) or

interpenetrating ((Figure 1-8b)) arrangements, often dominated by a single component. The self-

sorting gel's network of intertwined fibers creates an extensive surface area between the fibers.
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Additionally, distinct fiber domains formed by separate components may coexist, as illustrated
in Figure 1-8¢.%% %% To develop multi-responsive gels, combinations of gelators with differing
responses can be explored,’” as well as various self-assembly modes.”? In multi-component
systems, gelators with diverse structural patterns may enhance self-sorting, while similar

structural components may facilitate co-assembly.

|
|

\ 7\ 7
’

Figure 1-7. Schematic diagram illustrating how the self-sorting primary fibers may assemble
into (a) homo-aggregates or (b) hetero-aggregates via lateral association. (Reproduced with

permission from Ref.®° Copyright 2018, The Royal Society of Chemistry).

Figure 1-8. Illustration of networks on the multi-micron scale formed from a two-gelator self-
sorting system: (a) an intertwining fibrous network (hetero-aggregates), (b) an interpenetrating
network (homo-aggregates), and (c) the coexistence of fibrous domains formed by individual
components. (Figures (a) and (b) are reproduced with permission from Ref.*® Copyright 2015,

The Royal Society of Chemistry).
1.3 Design of Self-Sorting Binary Supramolecular Systems

Self-sorting is a fundamental process in biological systems, essential for the organized assembly
of molecules such as DNA and the precise folding of proteins.!%: 16 This mechanism ensures
that each molecule interacts selectively, guiding critical functions in living organisms. Self-

sorting events are essential in supramolecular assembly and have promoted the development of
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highly ordered functional materials with complex structures and functions.®* Artificial self-
sorting LMWG systems can be developed by precisely controlling their molecular structure and
selecting appropriate triggers.’!: 115 117 118 Thege approaches lead to materials with highly
ordered and complex functions, driving innovation and broadening the scope of applications in

functional material design.
1.3.1 Temperature-Induced Self-Sorting

In traditional self-sorting systems, materials are prepared by heating a solution containing two
types of gelators to temperatures above their solubility limits.5® 1123 As the solution cools, one
type of gelator starts to aggregate at a higher temperature, initiating the formation of a self-
sorting network.!?* However, designing these thermally induced self-sorting patterns is
challenging because there is no direct correlation between the molecular structure and the
assembly temperature. Wakabayashi et al. demonstrated that adding immiscible hydrophobic
substituents to peptide amphiphiles makes it possible to control the self-sorting and co-assembly
of molecular pairs.'?* Self-sorting is achieved through a standard heating-cooling process, while
co-assembly requires an additional high-temperature incubation. This is particularly effective
with longer hydrophobic tails, resulting in varied morphologies highlighting the tunable balance
between hydrophobic interactions and immiscibility. This method underscores the significance
of structural differences and dynamic behavior in achieving precise self-sorting using thermal
triggers. Despite the promising potential of these techniques, there are several challenges. These
include unpredictable gelation temperatures of LMWGs and the risk of irreversible chemical
changes in gelators at high temperatures.!?% 127 These issues make the development of materials

more complex, requiring continued research to refine and optimize these methods.
1.3.2 pH-Induced Self-Sorting

Gradual pH adjustments are crucial for precisely controlling the assembly dynamics of
dipeptide-based LMWGs. !4 1547, 87,105, 128-130 The effectiveness of this method stems from the
direct correlation between the pK. values of gelators and their hydrophobicity.*> 13!
Experimental findings suggest that optimal assembly occurs when there is approximately a one-
unit difference between the pK, values of the components.!> 4> 87 For example, in an alkaline

system with two different gelators, each characterized by distinct pKa values, the slow

hydrolysis of glucono-3-lactone (GdL) gradually lowers the pH.!® This change sequentially
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triggers the self-assembly of each gelator: the gelator with the higher pK. starts to aggregate

further decreases (Figure 1-9)."

(a) 0 o (b)
oM AN, 4R l
Becasavally L AL
A l

first, followed by the second gelator forming a distinct interpenetrating network as the pH
et

k g 2*
J\W % %

Figure 1-9. (a) Chemical structures of two gelators with distinct apparent pKa. (b) Schematic

illustration of the GdL-triggered sequential self-assembly process that forms a self-sorting

fibrous network. (Adapted with permission from Ref.!> Copyright 2013, Springer Nature).

This technique showcases how self-assembly can be precisely manipulated across different
scales, emphasizing the significant influence of molecular structure on assembly sequencing. It
highlights that even molecules with similar structures can have different behaviors due to slight
differences in pK, values.**’ By adjusting the amount of GdL or temperature, researchers can
finely control the assembly sequence, offering more flexibility and predictability than traditional
methods relying on controlled cooling rates.?”> 13 The Smith group further advanced this
approach by developing a multicomponent gel system that employed two distinct pH triggers-
GdL and diphenyliodonium nitrate (DPIN). This system controls the self-assembly of two
different gelators based on their pK. values, allowing for the formation of a sophisticated
secondary network structure through strategic pH adjustments.!3? This method significantly
improves over conventional heat-induced gelation techniques, facilitating the development of

more complex structures.
1.3.3 Self-Sorting Induced by Chiral Difference

Enantiomeric molecules are highly effective in creating self-sorting multicomponent systems
through stereoselective self-assembly.3! 86 115118, 122 Thege molecules, which are mirror images
of each other, selectively interact and assemble according to their specific configurations. This
capability facilitates the precise organization of components within a system. Racemic mixtures
often form aggregates that could hinder or disrupt the chiral structure and the gelation process. '
134 However, under certain conditions, these mixtures can form aggregates in a more controlled

way, illustrating how structural differences between chiral isomers directly influence their
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molecular stacking and facilitate the orderly assembly of enantiomers through targeted

supramolecular interactions.?!- 17

In systems composed of pure enantiomers, interactions foster self-sorting and enhance the
stacking of similar molecules.!3-138 Adhikari and colleagues demonstrated that the chirality of
Fmoc-protected amino acids-glutamic acid and lysine-affects the orientation of chiral helical
nanofibers formed in hydrogel systems (Figure 1-10a).!?? Their studies revealed that homochiral
combinations in two-component hydrogels produce either co-assembled left-handed or right-
handed fibers, a finding confirmed by circular dichroism and atomic force microscopy.
Additionally, experiments with racemic mixtures in four-component hydrogels showed that
each chiral form preferentially aligns with its identical counterpart, allowing for the coexistence
of distinct helical orientations (Figure 1-10b). Introducing helices of varying chirality can alter
stacking patterns, potentially initiating supramolecular self-sorting critical for creating
homochiral structures, which markedly influence the material’s macroscopic properties.!!® 137
In two-component gel systems, the non-covalent interactions between weak or reversible
enantiomers play a crucial role in maintaining structural stability.!!'”> 3 Through chiral
recognition, scientists can manipulate energy transfer and assembly processes in
multicomponent systems, achieving a higher level of structural precision in self-sorting
systems.'#" The chiral effects and self-sorting of enantiomers are vital for defining structure and
function. Chirality recognition between gelators can also be used to construct a self-sorting

system, 23 141

(a) (b)
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Figure 1-10. (a) Molecular structures of the gelators in binary hydrogels: (A) Fmoc-Glu and (B)
Lys. (b) AFM visualization of the mixed enantiomers in a complex (four-component) hydrogel
[Fmoc-(L+D)Glu + (L+D)Lys], showing both left- and right-handed helical structures.
(Adapted with permission from Ref.!?? Copyright 2011, The Royal Society of Chemistry).
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This approach utilizes the self-sorting of enantiomeric mixtures to facilitate supramolecular
assembly, helping to develop new materials with specific functionalities and organized
structures. However, managing interactions among various chiral components presents

challenges, with the instability of racemates introducing unpredictability in structural design.
1.3.4 Self-Sorting Induced by Structural Difference

The design of multicomponent gels benefits greatly from understanding the differences and
complementarity in molecular structures, particularly for achieving self-sorting or co-assembly
behavior.!7: 27-90- 142. 143 Regearch indicates that markedly different structural motifs encourage
self-sorting in these systems, whereas components with similar structures are likely to co-
assemble, !4 68 123,133, 144-146 For example, Onogi et al. developed self-sorting supramolecular
nanofibrillar hydrogels from peptide gelators and amphiphilic phosphates (Figure 1-11).
Employing novel fluorescent probes and advanced imaging techniques, they accomplished real-
time in situ imaging of two- and three-dimensional fibers. This approach revealed the orthogonal
interactions between fibers, showcasing the variations in formation rates and the stability of
their physical and chemical properties within the gel. Liu et al. developed two hydrogels with
opposite handedness of supramolecular structures by using gelators LPF and LPFEG, which
differ in peripheral substituents but share a chiral phenylalanine core.! These two gelators form
self-sorting double-network nanofibers with adjustable chiroptical activities by varying their
molar ratios. Although even minor variations in molecular structure can substantially affect the
assembly mode in multicomponent systems, they also add complexity and challenges to the
design process.!”- 144147 This necessitates careful consideration and precision in the architectural

design of these materials to ensure desired outcomes.
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Figure 1-11. (a) Molecular structures of the gelators: BPmoc-F3 and Phos-cycCs. (b) Three-
dimensional confocal laser scanning microscopy (CLSM) image of hydrogels, illustrating the
self-sorted supramolecular nanofibers. (Adapted with permission from Ref.!'* Copyright 2016,
Springer Nature).

1.4 Characterization Techniques for Multicomponent

Supramolecular Systems

The self-assembly of gelators spans multiple levels, from molecular to multi-micrometer scales.
At the nanoscale, interactions between native fibers, such as lateral connections, play a crucial
role in shaping their structure. As observations expand to the multi-micron scale, the
arrangement of these fibers may show uniform or varied patterns, leading to various
microstructures. Due to the hierarchical and complex nature of these systems, studying and
assessing their properties requires a range of characterization techniques. Particularly when
comparing single-component and multi-component systems, it's vital to analyze the differences
or similarities to understand how the two-component systems assemble. Multiple

complementary techniques are used for cross-validation to obtain accurate results.

1.4.1 Molecular-Level Characterization
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At the molecular level, several techniques such as ultraviolet-visible absorption spectroscopy,
fluorescence spectroscopy, circular dichroism, infrared spectroscopy, and nuclear magnetic
resonance are employed to analyze the molecular arrangement, non-covalent interactions, and

dynamic behaviors of gelators.

In self-sorting two-component systems, the ultraviolet-visible (UV-Vis) spectrum typically
mirrors the additive results of the individual components' spectra, showing no new peaks that
would suggest the formation of charge transfer complexes.!?® 148 149 Co-assembly between
molecules often results in the formation of new structures that adjust energy levels and
significantly alter the absorption spectrum.®® 3% These changes not only signal charge transfer
but also aid in identifying co-assembly behavior. By mixing molecules that function as electron
donors and acceptors, specific charge transfer complexes are formed.!>! These complexes are
crucial for promoting and sustaining the co-assembly state. Furthermore, the temperature-
dependent properties of UV/Vis spectroscopy allow for detailed studies of multicomponent
supramolecular systems. By tracking absorbance against temperature, researchers can identify
phase transition temperatures (Tg). For example, research by Sugiyasu et al. demonstrated that
the dissociation temperature in a self-sorting system corresponds with those of the individual
components, suggesting that each gelator self-assembles independently without affecting the
aggregation-dissociation processes of the others (Figure 1-12).!% Moreover, the spectra of the
two-component gel showed an overlap of the individual spectra of 4Thio and Pery without new
peaks, indicating no chemical interactions between them and reinforcing their self-sorting

behavior.
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Figure 1-12. (a) Chemical structures of 4Thio and Pery. (b) Schematic representation of self-
sorting binary gels, illustrating the formation of functional nanocables at the p—n heterojunction
points. Temperature-dependent UV-Vis spectra for (c) 4Thio gel, (d) Pery gel, (e¢)4Thio/Pery
self-sorting gel, and (f) absorbance as a function of temperature. The dissociation temperature
for the Pery gel is approximately 25 °C, whereas for the 4Thio gel, it is assumed to be around
95 °C due to its high stability under the experimental conditions. (Adapted with permission from

Ref. 149 Copyright 2008, American Chemical Society).

Fluorescence spectroscopy is a valuable tool for observing structural changes and studying
energy transfer effects, indicating molecules' proximity within a structure. For effective energy
transfer to occur, the donor and acceptor molecules must be close to each other, a condition
often met by thorough mixing or co-assembly of fibers. This proximity is crucial in
multicomponent supramolecular co-assembly and intertwined self-sorting systems.!®% 133
However, fluorescence spectroscopy alone cannot distinguish between these two types of
assembly due to similar energy transfer characteristics.

Chirality in gelator molecules can be converted into gel-phase assemblies, ranging in size from

20, 31, 62, 76 Circular

nanometres to micrometers, through hierarchical assembly processes.
dichroism (CD) spectroscopy is the primary method for examining the formation of nanoscale
chiral structures in these gelators molecules.?!> 1% CD spectroscopy generally shows a simple
overlap of the spectra from individual components in self-sorting systems.!!®- 4% In contrast, co-
assembly systems often produce spectra that deviate from the expected combinations of
components.?”> 47> 62 For accurate CD spectral analysis, it is essential to maintain high

tension (HT) voltage below a specific threshold and keep absorbance under 0.2.'3% 155 The HT
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(High Tension) voltage in a CD spectrometer controls the energy applied to the detector and the
photomultiplier tube. It influences the sensitivity and response of the detector to the signal,
which is critical for accurate measurements. If the HT voltage is too high, it can saturate the
detector, leading to distorted readings. The absorbance, which is directly related to sample
concentration, needs to stay below 0.2 to ensure linearity in measurements. Higher
concentrations increase absorbance, potentially causing detector saturation if the HT voltage is
not adjusted accordingly, impacting the signal-to-noise ratio. Furthermore, the thermal
sensitivity of self-assembled fibers makes temperature-dependent CD spectroscopy a useful
technique for understanding the assembly behaviors of nanoscale chiral aggregates in dual-

component systems. 88 106

Infrared spectroscopy (IR) is a powerful tool for verifying the presence of hydrogen bonds by
observing shifts in characteristic peaks between a gelator's hydrated and gel phases. It also
provides insights into the molecular organization of the gelator and identifies non-covalent
interactions essential for gel formation.!7- 3233 62. 156 I certain binary supramolecular systems
dominated by self-sorting, IR can detect subtle interactions with the second gelator to assess co-
assembly.!* "' In multicomponent systems, a clear divergence between the IR spectrum and the
linear sum of the individual components' spectra usually indicates co-assembly.!¢ In contrast,
spectral overlay suggests self-sorting.!” 137 It is important to note that the OH stretching peak of
water can mask other critical peaks, such as the NH stretching peak. To overcome this, IR
spectroscopy often uses dehydrated samples or deuterium water as a solvent, enhancing the

reliability of the results.

Nuclear magnetic resonance (NMR) spectroscopy is crucial for analyzing supramolecular
systems, particularly in observing gelation processes. In the gel state, the restricted mobility of
gelator molecules reduces their visibility in NMR scans. NMR is handy in slow gelation
processes, as it can distinguish between self-sorting, characterized by a sequential disappearance

15,27, 68, 148 In a self-sorting

of peaks, and co-assembly, where peaks vanish simultaneously.
system, the presence of one component may influence the assembly behavior of another.
Temperature-dependent NMR demonstrates that the stabilization of one of the gelators in a
binary gel at various temperatures mirrors its behavior when gelled alone, suggesting that the

presence of the second gelator does not impact its assembly process.®®

1.4.2 Nanometer-Scale Characterization
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1.4.2.1 Microscopy

Supramolecular gels consist of aggregate networks that self-assemble from molecular blocks,
with aggregate sizes ranging from a few nanometres to a few micrometers. Electron microscopy

and X-ray/neutron scattering are excellent tools for gaining insight into these structures.

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are
powerful techniques used to visualize the intricate details of supramolecular assemblies. SEM
scans the surface of a sample with a focused electron beam, capturing images that reveal the
morphology, structural details, and composition of these assemblies.!>* 138159 On the other hand,
TEM achieves visualization at the sub-nanometre level, clearly depicting the superstructures
formed by gelators through non-covalent interactions and providing insights into the gelation
process by analyzing the size and shape of the aggregates.!®-162 In the study of self-sorting
systems, it's common to observe structures of two distinct sizes, !4 68 106, 130,144,163, 164 Convyersely,
co-assembly systems often produce unique morphologies that are different from those observed
in single-component systems (Figure 1-13).52 62165 Electron microscope images of LMWGs can
show aggregates that are either uniform or vary significantly, highlighting the complex nature
of these assemblies.!> 27 1¢ However, both SEM and TEM typically require the sample to be
dried using methods like vacuum or freeze-drying to remove solvents, which results in a "dry
gel." This drying process can alter the non-covalent forces within the gel, potentially changing
the self-assembled structures or causing crystallization.!¢”- 168 Therefore, the images produced
may not fully represent the actual state of the aggregate structures, which is a significant

limitation of these techniques that must be considered when interpreting results.
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1L D-KYFIL

Figure 1-13. (a) Chemical structures of L- and D-KYFIL peptides. TEM images of (b) 0.75%
(w/v) and (c) 1.5% (w/v) L-, 1:1 volume ratio L:D- and D-KYFIL hydrogels in PBS at pH 7.4.
The pure L- and D-KYFIL hydrogels exhibit twisted nanofibers, whereas the 1:1 blend forms
micron-scale sheets. (Adapted with permission from Ref.>?> Copyright 2023, American

Chemical Society).

Atomic force microscopy (AFM) allows for the detailed observation of three-dimensional
surface topography of supramolecular systems ranging from the nanometre to the submillimetre
scale, without the need to dehydrate samples.5% 144 164, 169-171 A gjonificant limitation, however,
is that the probe tip can compress the nanostructures of soft materials. This compression can
distort the appearance of structures, making them seem wider and shallower than they truly are,
which can lead to measurement inaccuracies. It is crucial to consider this factor when analyzing

images from soft material samples using AFM.

Cryogenic transmission electron microscopy (cryo-TEM) is a favored technique for examining
thermally cured liquid or semi-liquid samples, providing high-resolution images that reveal both
the fundamental properties of structures and the coexistence of self-assembled structures in
supramolecular systems.®% 120 171-174 nlike indirect methods like scattering techniques, which
depend on theoretical models and can struggle with complex systems containing multiple
aggregates or a wide size range, cryo-TEM offers data that is more direct and easier to interpret,
making it crucial for analyzing intricate systems effectively. Cryo-TEM provides two major
advantages for studying supramolecular LMWGs. First, it maintains samples in their hydrated

state, avoiding the distortions caused by drying under a high vacuum and better preserving their

-32-



Chapter 1: Literature Review

original condition. Second, rapid freezing techniques within a cryogenic medium allow cryo-
TEM to quickly "freeze" gels, preventing nanoscale structural changes.!”> 7 However, cryo-
TEM has a drawback: the thin films required for this technique can limit the visualization of
entire gel networks, often only revealing isolated structural components instead of
comprehensive networks.®> 176 177 Additionally, the highly regular structures sometimes
observed may be artifacts resulting from shear forces during sample preparation, rather than true
representations of the network. These aspects must be meticulously considered when analyzing

cryo-TEM images.
1.4.2.2 Small-Angle Scattering

Small-angle scattering (SAS), encompassing small-angle X-ray scattering (SAXS) and small-
angle neutron scattering (SANS), is a technique for analyzing structures at the mesoscale,
ranging from 1 to 1000 nanometers.!”®1%9 One of the key advantages of SAS is its non-
destructive approach, allowing researchers to study samples in their natural, hydrated state
without the need for drying. This method is particularly useful for investigating primary

structures such as fibrils.% 8!

The basic mechanism of SAS involves a beam of X-rays or neutrons being directed at a sample.
As the beam interacts with the sample, it is deflected at small angles, typically between 0.1 to
10 degrees (Figure 1-14).3% 178 181 The scattered beams are then detected and analyzed. The
pattern and angle of scattering provide detailed insights into the size and shape of structures
within the sample; larger structures tend to scatter beams at narrower angles. A small fraction
of the beam is elastically scattered to a detector, and the intensity of this scattering, represented
as [(Q) where Q is the scattering vector correlated with the angle, reveals extensive information
about the size, shape, and distribution of scatterers. This effectively maps the spatial frequency

of the structure under observation. The scattering vector Q is calculated using Equation A1-1.

Q= 47” . sin (?) Equation A1-1

where A represents the wavelength of the neutrons, and 26 is the scattering angle.

In an isotropic scattering system, the scattering intensity detected at any point on the detector
remains uniform within expected statistical deviations.!®? By averaging this data over the
azimuthal angle ¢, a one-dimensional scattering pattern, I(Q), is derived. This pattern directly
reflects the scattering vector Q, offering a streamlined and straightforward depiction of

scattering behavior.
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Figure 1-14. Schematic illustration of small-angle scattering. This diagram shows the scattered
(ks) and transmitted (ki) X-rays/neutrons wave vector, momentum transfer vector (q, where
g=ks-ki), and the azimuthal angle (¢). (Reproduced with permission from Ref.!8? Copyright 2021,
Springer Nature)

Achieving adequate contrast is crucial for strong scattering and high-quality data in scattering
techniques.!”® 183 SANS often uses deuterated solvents to enhance this contrast, leveraging the
differences in scattering length densities between hydrogen and deuterium.!”® Similarly, in
SAXS, contrast is derived from variations in electron density.!®* Structural parameters of
materials are typically deduced by fitting the scattering data to appropriate models, which
facilitates detailed analysis of their microscopic structures.!” 4% 167- 178 Model fitting in SAS
analysis is not universally applicable and can be limited by the context of the analysis and
differences in how data fits various models, as evidenced by functionalized dipeptide data fitting

differently due to solvent contrast variations.®

SAS is critical for identifying the packing arrangement in multicomponent systems, particularly
when there are notable differences in the scattering profiles of the components or when a newly
formed network differs significantly from its individual components.'>17-47- 148 For instance, in
a self-sorting system, the scattering profile often reveals distinct peaks characteristic of each
gelator (Figure 1-15).!° The data are more accurately interpreted using a combination of models
based on each component. Conversely, if the scattering from a co-assembled system closely
aligns with that of a single component, it suggests that this component primarily dominates the
co-assembled structure.®® Additionally, selectively deuterating one of the gelators to match the
contrast can reduce its impact on the overall scattering of the system.®® 19 If the scattering
profile of a hybrid system closely resembles that of one of the gelators, it indicates a self-sorting
assembly mode.!> However, it is important to remember that scattering data may not always

provide detailed insights into the types or densities of cross-links within the network.

-34 -



Chapter 1: Literature Review

(a) (B) oot

01}
(0] H (0]
o\)J\ N\/U\ oot r
N ; OH
H :
o) = 0.001 |
2

Figure 1-15. (a) Chemical structures of gelators 1 and 2. (b) SANS data for gels 1 (circles), 2
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(diamonds), and the two-component systems of 1 and 2 (triangles). The scattering of the binary
gel shows characteristic peaks associated with pure 1 and pure 2: a slow decay at low Q
corresponding to 2; and a steep weak peak corresponding to 1 near Qmax = 0.1 A7 (63 A),
indicating the presence of a certain degree of core-shell structure. (Adapted with permission

from Ref.!> Copyright 2013, Springer Nature).
1.4.2.3 X-Ray Diffraction

X-ray diffraction (XRD) is a critical method for examining the morphologies and packing

86, 185187 Tn situations where electron

arrangement of supramolecular self-assemblies.?!:
microscopy does not provide sufficient resolution to distinguish assembly patterns in binary gels,
fiber X-ray diffraction (fXRD) serves as an effective alternative.!>*’ This technique assesses
whether the co-assembly process alters the original structure or results in a new, distinct form.?’
In multi-component gels that self-sort, fXRD can reveal overlapping diffraction signatures of

each individual components.'>: 13
1.4.3 Microscale Characterization

In the realm of microscopy, fluorescence confocal microscopy and polarized light microscopy
are invaluable for exploring the morphologies of supramolecular self-assemblies at the
microscopic scale.!%27-3%4 Polarized optical microscopy (POM), despite its resolution limit of
0.2 microns, effectively reveals the aggregate structure and uniformity of microstructures.!88: 189
Confocal microscopy, on the other hand, specializes in producing three-dimensional

reconstructions of objects with complex geometries. Unlike traditional microscopy, confocal
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microscopy yields clearer internal images by eliminating the overlap of information from
different depths, providing a more precise view of the internal architecture.!®*-1°2 It is beneficial
for examining the surface contours of opaque materials and the internal structures of transparent

OHCS.177’ 193 17,27

Confocal laser scanning microscopy (CLSM)!33 171193 and super-resolution microscopy!?% 14

177. 194 have significantly enhanced our ability to analyze microscopic structures. These advanced
imaging techniques enable the real-time monitoring of structural changes in gels under natural
conditions and can identify complex patterns of network formations. For instance, Kubota et al.
demonstrated the selective formation of interpenetrating and parallel self-sorting networks using
a method called dynamic covalent oxime chemistry, as verified through CLSM.!>> Their
observations indicated that upon the addition of O-benzylhydroxylamine, short peptide
nanofibers began to form and elongate both near and on Phos-MecycCs nanofibers, as well as
randomly in the surrounding water, creating an interpenetrating network (Figure 1-16b).
Additionally, in parallel networks, these fibers formed and extended along the lipid nanofibers
without merging, thus preserving their structural independence (Figure 1-16c). Although they
typically require the introduction of dyes, which might affect the assembly process, their

detailed visualization of fine fibrous textures is invaluable.
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Figure 1-16. (a) Molecular structures of Ald-F(F)F peptide and Phos-MecycCs lipid

hydrogelators. (b) Real-time high-resolution Airyscan CLSM imaging of the development of
the interpenetrating self-sorting network. (c) Real-time high-resolution Airyscan CLSM
imaging of the development of the parallel self-sorting network. Fluorescent markers NP-
Alexa647 and NBD-cycC6 were utilized to highlight peptide and lipid nanofibers, respectively.
(Adapted with permission from Ref.!> Copyright 2020, Springer Nature).

1.4.4 Macroscale Characterization
1.4.4.1 Rheology

Rheology examines how substances deform and flow under external forces. Shear viscosity
reveals information about the self-assembly of pre-gel solutions and helps differentiate between

solution types, such as Newtonian and non-Newtonian fluids. Shear thickening, or rheopectic
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behavior, suggests that at certain shear rates, the internal structure of the solution changes,
increasing resistance and raising the apparent viscosity. In contrast, shear thinning, or
pseudoplastic behavior, indicates that the self-assembled structures align perpendicularly to the

applied shear stress, reducing anisotropy and lowering the apparent viscosity.®®

Rheological measurements can also characterize the mechanical properties of gels, providing
insights into their network structures.!*® By analyzing the storage modulus (G') and loss modulus
(G") across variables like frequency, strain, temperature, and time, we can assess a material’s
response to stress and determine key mechanical properties such as the linear viscoelastic region
(LVE), yield point, and flow point.> *® 17 Additional parameters like reversibility,>* > the rate

47, 148, 198

and duration of self-assembly can also be extracted from these tests. Generally, gels

exhibit G' values that are approximately an order of magnitude higher than G", with frequency

200 and dimensions of the

sweeps showing frequency independence.!'® 1°° The surface chemistry
container®® used for gel preparation can also influence the final gel properties, making it
essential to specify both the container’s property (e.g. surface hydrophobicity and chemical

composition) and size.

Rheology is a crucial tool in studying supramolecular gels, providing insights into their
structural dimensions, cross-linking density, dynamics, and mechanical and self-healing

98, 197, 198, 201 For low molecular weight gels, various factors such as fiber size,

properties.
morphology, crosslink density, and spatial distribution of fibers influence their rheological
properties.?? 8 Kinetic factors like the rate of gelation also play a crucial role; faster gelation
typically results in more crosslinks but may reduce structural homogeneity, impacting the gel's
rheological behavior.!% % 139 In two-component systems, co-assembly can lead to new structures
with distinct rheological behaviors compared to single-component systems.”” *° Experiments
have shown that the modulus of two-component gels can increase, decrease, or stay the same,
indicating that their properties can vary significantly through self-sorting and co-assembly

processes.*’- 62 71,91, 166,202 Therefore, careful interpretation is needed when linking rheological

outcomes to specific assembly modes.

The rheological time sweep can be used to identify the assembly type for systems that undergo
slow pH-triggered gelation. As the pH gradually decreases, the self-sorting network forms step
by step, with G' and G" showing a multi-stage increase (Figure 1-17(b)).*7 148. 152

This process is often studied in conjunction with techniques like nuclear magnetic resonance

('H NMR spectroscopy), where components progressively become NMR-invisible during
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gelation.!* 15 The degree of self-assembly can be tracked by monitoring the decrease in the
integral values of characteristic '"H NMR peaks, which corresponds with an increase in modulus
(Figure 1-17b).47> 98 In cases of co-assembly, both gelators will become NMR-invisible

simultaneously, and the modulus increases accordingly.
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Figure 1-17. (a) The chemical structures of OPV3 (top) and PBI gelator (bottom). (b) The two-
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component gel network was monitored over time using various techniques. The top graph
depicts changes in pH (red) alongside the rheological moduli, G’ (black) and G” (blue). The
bottom graph presents pH (red), the variation in the integral of the '"H NMR signal for the CH
group of OPV3 gelator (black) and PBI gelator (blue), as well as the corresponding SAXS data
(hollow circles). Ethanol served as an internal standard (IS), and the normalized value was
determined by integrating the components against the internal standard at pD 11, before the

addition of GdL. (Adapted with permission from Ref.!'*® Copyright 2017, Springer Nature).
1.4.4.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a method used to study the thermal properties of
materials by measuring differences in heat flow between a sample and a reference. This
technique is particularly effective for analyzing the absorption or release of heat during
transitions from gel to sol phases.®® ! During these transitions, changes in heat content, or
enthalpy, are identified by specific peaks on the DSC curve. To achieve clear results, samples
are usually highly concentrated and display good crystallinity.?> Moreover, DSC allows for the
assessment of thermal reversibility in gels by cyclically heating and cooling the sample and

monitoring shifts in these peaks.
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DSC also plays a vital role in identifying packing preference in multi-component
supramolecular systems,?!> 68 86, 117. 186,202 Eor example, in a two-component mixture, DSC can
distinguish two separate temperature transitions, each corresponding to a different component.®
This provides definitive evidence of two distinct network structures existing simultaneously.
Additionally, researchers, such as Moffat, have shown that in two-component gels, the transition
temperature of one gelator remains stable despite the presence of another, confirming that each
component forms a thermally stable, independent network.'** These findings emphasize the
utility of DSC in analyzing the intricate interactions within multi-component systems, affirming

its significance in the field of advanced materials research.
1.5 Aims and Objectives

Multicomponent gels offer precise control at molecular and network levels, allowing for the
creation of advanced materials beyond the scope of single-component gels. These systems can
be customized for specific properties through co-assembly and self-sorting mechanisms, which
enhance functionality and stability. However, controlling the structural and functional
variability in dual-component systems, especially due to changes in molar ratios, poses
significant challenges. Current limitations in designing these gels for functions highlight the
need for extensive research into their assembly mechanisms and properties. Consequently,
developing innovative design strategies for multicomponent systems is crucial for further

technological progress and application diversification in this area.

In Chapter 2, we explored the interactions between the diastereoisomers (L,L)-2NapFF and
(L,D)-2NapFF upon mixing and their packing mode at different concentrations and pH levels,
employing multi-scale characterization across molecular, fibril, network, and material levels.
We anticipate three potential outcomes: either a mutual disruption leading to weak or no gel
formation, independent self-assembly into distinct nanostructures, or co-assembly into a more

robust gel system.

Chapter 3 builds on this analysis by testing the applicability of the methods used in Chapter 2
to other systems. It involves multi-scale characterization to determine if changes in the
molecular structure of 2NapFF-achieved through selective substitutions on the naphthalene
ring-align with established design principles. This could provide new insights into controlling

the properties of solutions and gels formed by LMWGs.
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In Chapter 4, we use Mueller matrix polarization methods and Synchrotron radiation circular
dichroism spectroscopic techniques to thoroughly analyze and compare the optical properties of
homochiral and heterochiral dipeptide systems involved in Chapters 2 and 3. This study focuses
on their molecular orientation and interactions, aiming to enhance our understanding of the role
of chiral materials in materials science and supramolecular chemistry. The findings are intended
to offer theoretical and practical insights that could influence the design and application of future

materials.
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2.1 Introduction

Gels can be formed by the self-assembly of small molecules into fibers that entangle to give a
network.!"> In most cases, such gels are formed from a single species. However, interesting and
useful materials can be prepared from multicomponent systems. When two molecules that can
self-assemble alone are mixed to form a gel, multiple possibilities are available.* > Assuming a
gel is still formed, first, the two molecules may mix in the self-assembled structures in either a
specific or a random manner. Second, the two molecules may prefer to assemble independently,
giving a self-sorted system (Figure 2-1). These possibilities refer to the primary self-assembled
structures, with significant added complexity arising from how these structures can go on to

further interact.®

Each of these systems has a potential use. For example, co-assembled systems can be used for
cell work, whereby one component provides the matrix and the second component provides
specific sites for cell adhesion or interaction.” ® Self-sorted systems have been used to form
optoelectronic systems®!! and for advanced systems that can change properties on demand.!?

Self-sorting can even be triggered to occur within cells.!

A key issue is the design of such systems.* > Limited methods exist that are known to drive a
system towards a certain type of assembly. Specific mixing can be driven by mixing electron-
rich and electron-poor gelators.!* Aside from this, there are examples where different types of

systems are formed, but little in the way of design rules.

Free’ . Self-assembly into 1D .
moleculesin  Apply trigger objects Entanglement to give a network
solution

Figure 2-1. Cartoon showing how two gelators (shown as orange and blue) when mixed can

form self-assembled fibers that (top) co-assemble and (bottom) self-sort.
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For self-sorted systems, many cases rely on the gelators having sufficiently different molecular
structures,'® with the aim that structural mismatch favors this assembly. An important point is
that most examples report a single set of conditions, which does not show that the design
elements work across different concentrations and ratios. Further, the proof of what has been
formed relies on spectroscopy at low concentrations or microscopy, which can only provide a
small snapshot of the structures formed. Some examples exist where gelators of different
chirality exist. Here, again, there are limited design rules with some mixtures giving more robust
gels than using a gelator of a single chirality,'® whilst other examples form mixtures where the
different enantiomers or diastereomers disrupt the gelation.!” There are examples where co-

assembly or self-sorting can be controlled by chirality.!8

One method we have used to form self-sorted hydrogels relies on controlling the kinetics of self-
assembly. Mixing two gelators with different apparent pK. values for their terminal carboxylic
acids combined with a slow decrease in pH is an effective method of forming self-sorted
systems.!” There is however further complexity; at the initial high pH in water, micellar
structures are formed, and we have found that in some cases there is evidence of mixing in the

micellar phases leading to some mixing in the gel state as the pH is decreased.?’

Here, we describe the systems prepared from two dipeptide-based gelators that differ only by
the chirality of one of the amino acids. We provide firm evidence for self-sorting in the micellar
and the gel phase using small-angle scattering and cryo-TEM, showing that complete self-

sorting occurs across a range of relative concentrations.

2.2 Results and Discussion

2.2.1 Self-Sorting in Pre-Gel Solutions at High pH

2NapFF is a robust gelator, forming micellar structures at high pH and gels at low pH.?!> Where
both phenylalanines are the L-enantiomer ((L,L)-2NapFF; Figure 2-2a), the small angle neutron
scattering (SANS) data show that at high pH nanotubes are formed with a core radius of 1.7 nm
and a wall thickness of 1.9 nm.?! This is corroborated by cryo-TEM.?! Gels are formed when
the pH is decreased, where the core of the nanotubes collapse and lateral aggregation of the
resulting cylindrical structures occurs.?> We have also shown that the (L,D)-2NapFF
diastereomer (Figure 2-2b) self-assembles into large, thin-walled rigid nanotubes at high pH

with a core radius of 13.4 nm and a wall thickness of 1.4 nm as shown by SANS and again
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corroborated by cryo-TEM.?! When the pH is decreased, gels form where these structures persist.
Considering the very different structures present in the single component systems at both high
and low pH, we hypothesized that mixing (L,L)-2NapFF and (L,D)-2NapFF might result in self-
sorted systems based on the morphology of self-assembled structure despite the similarity in

molecular structure.

High pH Low pH

(a) J;(Ej
SORAR % O — o

(b) PO 4 N\
O\AN/(? OH i

Figure 2-2. Chemical structures of (a) (L,L)-2NapFF and (b) (L,D)-2NapFF with to-scale
cartoon of cross-sectional view of the nanotubes formed by each and the transition in structure
on gelation. In the micellar state, (L,L)-2NapFF forms nanotubes with a core radius of 1.7 nm
and a wall thickness of 1.9 nm; (L,D)-2NapFF forms nanotubes with a core radius of 13.4 nm
and a wall thickness of 1.4 nm. On gelation, for (L,L)-2NapFF, the core collapses and lateral
aggregation occurs leading to the apparent formation of elliptical cylinders, whereas for (L,D)-

2NapFF large nanotubes persist as the pH decreases.
2.2.1.1 Microscopy, Rheology, and Spectroscopy

(L,L)-2NapFF and (L,D)-2NapFF were prepared as described previously.?! Solutions of each
were prepared at a concentration of 10 mg/mL and a pH of 10.5. At this concentration, both
(L,L)-2NapFF and (L,D)-2NapFF form liquid crystal phases as shown by polarized microscopy,
with (L,D)-2NapFF forming a more turbid solution by eye (Figure 2-3). The solutions of (L,L)-
2NapFF and (L,D)-2NapFF at high pH were mixed to give solutions at several different ratios
with a constant overall concentration of 2NapFF of 10 mg/mL. Visually, the turbidity decreased

as the composition of the (L,L)-2NapFF increased.
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Polarized light microscopy images (Figure 2-4) showed significant birefringence for ratios of
(L,L)-2NapFF:(L,D)-2NapFF of 5:5 to 0:10. Birefringent domains are also observed in solutions
for the other ratios excluded 9:1 and 6:4. The viscosity varied across the series, with the mixture
at 6:4 (L,L-)2NapFF:(L,D)-2NapFF being the most viscous (Figure 2-5). The turbidity of the

samples increased as the amount of (L,D)-2NapFF in the mixtures was increased (Figure 2-6).

The effect of the heat-cool cycle on the viscosity of the pre-gelled solution was examined. The
shear viscosity of the systems under investigation could be significantly modified by this simple
treatment, especially for those rich in (L,D)-2NapFF components, where the viscosity at 10 s
increased by at least two times when compared with the original sample (refer to Figure 2-5 and
Figure A2-19). This considerably extends the spectrum of sample properties. Hence, we stress

the crucial need for precise control over the experimental temperature.

10:0  9:1 8:2 7:3 6:4 9:5 4.6 3.7 2:8 1:9  0:10

Figure 2-3. (a) Photographs of solutions of (L,L)-2NapFF and (L,D)-2NapFF at different ratios

of an overall concentration at 10 mg/mL.
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Figure 2-4. Normal-light and cross-polarized optical microscopy images (5xmagnification) of
binary system solutions with various volume ratios of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF
stock solutions. Scale bars represent 500 um and the white crosses represent the polarizer

directions.
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Figure 2-5. (a) The viscosity of binary system solutions with various volume ratios of 10 mg/mL

(L,L)-2NapFF:(L,D)-2NapFF stock solutions. (b) Plot shows the viscosity data at a shear rate

of 10 s! against volume ratio.
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Figure 2-6. (a) UV-Vis absorption spectra of solutions containing 10 mg/mL of (L,L)- and

(L,D)-2NapFF at ratios ranging from 10:0 to 0:10 measured using a 2 mm path length quartz

cuvette at 25 °C. (b) Spectra depicted the enlarged regions of the graph (a) at a wavelength range

of 500-700 nm. (c) Change in turbidity over composition at 600 nm for binary solutions. The

absorbance values above 3 should be disregarded, as they represent noise caused by low
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transmittance detected at high absorbance levels, rather than meaningful data.

UV-Vis absorption and fluorescence spectroscopic techniques were employed to gather insights
into molecular-level interactions within the solution phase. To elucidate the specific roles of
naphthalene and phenylalanine in the absorption spectrum of micellar solutions, we collected
absorption data from compounds containing either of these chromophores. The observed noise
between 200 and approximately 235 nm arose from DMSO absorbance. Naphthalene solution
exhibits a maximum absorption peak at approximately 243 nm, a quadruple absorption peak at
250-300 nm, and multiple absorption peak at 300-350 nm. Phenylalanine demonstrates
absorption peak within the 240-275 nm range (Figure 2-7a). In contrast, the multiple peaks that
emerged within the 300-350 nm range in the 2NapFF binary system were tentatively attributed
to the molecular packing of the naphthalene ring, which was preliminarily deduced from self-
assembled aggregates (Figure 2-7b and c). As the volume fraction gradually rises, the absorption
impact of (L,L)-2NapFF diminishes gradually, leading to a blue shift in the absorption spectrum.
Concurrently, the influence of the second component becomes increasingly dominant,
indicating a potential self-sorting assembly pattern of the two gelators within the solution phase.
Besides, the absorption peak intensity here first decreased and then increased with increasing
volume ratio, presumably due to the weak m-m stacking between naphthalene and benzene

rings.?*

—
QD
~
—
(=}
~
—
(2]
~

el
o
I

0.7
D oherylaanine meth eser yrochorde | 10:0 —5:5
——2-Naphthoxyaceic acid i 0.64 . 1 Q—F
2.0 =M = —82 —37
S S 3 =
2 = 3 < 0.5 —73 —28
- ;; ;—; 64 —1:9
8 1.5 S © 044 ——0:10
= c c
s g2 203
S 1.0 5 2 0.
2 3 2.,
< < 1 Al —
0.5
0.1
0.0 r T T T r 0 T T t T —r 0.0 T T r T
200 250 300 350 400 450 500 200 250 300 350 400 450 500 300 310 320 330 340 350

Wavelength (nm) Wavelength (nm) Wavelength (nm)
Figure 2-7. (a) UV-Vis spectroscopy of L-phenylalanine methyl ester hydrochloride, D-
phenylalanine methyl ester hydrochloride, and 2-naphthoxyacetic acid with DMSO as solvent
at concentrations of 0.1 g/mL, 0.1 g/mL, and 0.01 g/mL, respectively. (b) UV-Vis absorption
spectra of solutions containing 10 mg/mL of (L,L)- and (L,D)-2NapFF at ratios ranging from
10:0 to 0:10 recorded with a 0.01 mm path length quartz demountable cuvette at 25 °C. (c)
Spectra depicted the enlarged regions of the graph (b) at wavelengths of 300-350 nm. The
absorbance values above 3 should be disregarded, as they represent noise caused by low

transmittance detected at high absorbance levels, rather than meaningful data.
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The observed intermolecular excimer emission Aem = 355 nm across all samples is attributed to
the m—m interactions of the naphthyl chromophores in the bicomponent assembly state (Figure
2-8a).?° In Figure 2-8b, the normalized fluorescence spectra were plotted versus different ratios.
The results confirmed that as the proportion of (L,L)-2NapFF component decreased, there was
a slight redshift in the emission maximum from Aem = 356 nm to 361 nm. The plot of emission
wavelength versus volume fraction illustrated a gradual increase in emission with wavelength,
peaking at a 6:4 ratio before stabilizing at 358 nm within the range of 5:5 to 1:9 (Figure 2-8c).
This suggests that alterations in the amount of a specific component can influence the stacking
arrangement of naphthalene rings within supramolecular self-assembled structures in the liquid
phase. Additionally, it is noteworthy that (L,D)-2NapFF exhibits the lowest emission intensity

compared to other systems (Figure 2-8c).
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Figure 2-8. (a) Fluorescence emission spectrum, (b) normalized spectrum of solutions
containing 10 mg/mL of (L,L)- and (L,D)-2NapFF at ratios ranging from 10:0 to 0:10. (c) Plots
illustrating the evolution of wavelength and fluorescence intensity relative to the ratios of the

peak at 356 nm.

2.2.1.2 Circular Dichroism

Circular dichroism (CD) spectra for solutions of (L,L)-2NapFF and (L,D)-2NapFF showed
different signals. The CD spectra of (L,D)-2NapFF were much weaker than the (L,L)-2NapFF.
In the mixtures, the CD signals became less intense as the ratio of (L,D)-2NapFF increased
(Figures 2-9, 2-10 and Tables A2-1, A2-2, A2-3). In all cases, the spectra primarily featured the
phenylalanine and naphthalene rings, showing signals between 200 and 230 nm with a
maximum at 223 nm, and wavelengths ranging from 240 to 290 nm.?% 2?7 The signal intensity at
223 nm declined almost linearly with the increasing addition of (L,D)-2NapFF (Figure 2-10b).

More information on the CD will be discussed in Chapter 4.
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Figure 2-9. (a) CD profile, (b-1) HT and CD data for binary system solutions with volume ratios
from 10:0 to 0:10 of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions.

(@) 250 (b) (©) 1500
400+
200 188 nm i 223 nm 1200
™ 2004 ®
150 _ . . 9004
i ' g g
1004 ¢ Loe 44 L) . $ 5004
E L] £ -200+ s £
= 504 - = . g
=] 3004
8 } S 4004 e 5
0 3 ]
. -600 R 0
504 LI I
-8004 i -300 ¢
-100 —— iy
\Q Q\ qu, ,\'b Q)v (,;o @ .’\ R 2 Q_»S \0 q\ Q;L «'b Qy (,;; u“’ ,5« q:b \q S
Volume ratlo Volume ratio

236 nm

\rpfbvbb.«.‘b%»@

\Q S @Y AT G GY w5t P KT
Volume ratio

Figure 2-10. Plot of CD signal intensity at (a) 188 nm, (b) 223 nm, and (c) 236 nm against ratio

at for binary system solutions with various volume ratios of 10 mg/mL (L,L)-2NapFF:(L,D)-

2NapFF stock solutions.
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2.2.1.3 SANS and Cryo-TEM

To understand these systems in more detail, we collected SANS data for mixtures of the (L,L)-
2NapFF and (L,D)-2NapFF (Figure 2-11). The data for the single component systems fitted well
to hollow cylinder models as previously described and summarized (Table 2-1).2! The data for
the mixtures were successfully fit to a combination of two hollow cylinders (Table 2-4). One of
these has parameters which are identical to those of the (L,D)-2NapFF alone across this range
of composition and concentration with a core radius of 13.4 nm and a wall thickness of 1.4 nm.
The parameters for the second hollow cylinder depend on the exact composition and
concentration (Table 2-4). It therefore appears that the (L,D)-2NapFF robustly forms the same
structures (Figure 2-11) whilst the structures formed by (L,L)-2NapFF are affected by
composition and concentration. We can rule out our changes in concentration leading to these
changes by comparing to data for the (L,L)-2NapFF alone (see Figure 2-12). At lower
concentrations, for example, 2 mg/mL, the SANS data fit best to a flexible cylinder model with
a radius of around 3.1 nm (see Figure 2-13). Hence, in the presence of the second component,
the micellar structures at low concentrations of (L,L)-2NapFF are different to those formed by
(L,L)-2NapFF alone, again exemplifying the complexity of these systems. Cryo-TEM images
corroborate the SANS data. Two populations of the structure are found in all mixtures examined
(Figure 2-14 and Table 2-2). Hence, at high pH, we have a self-sorted micellar system with two
co-existing populations. We highlight that this is not always the case; we have recently shown
that two structurally dissimilar functionalized dipeptides form mixed micelles at high pH.?® We
also note that due to operational issues, the cryo-TEM data were collected around 1 year after

sample formation, implying that there is no kinetic trapping occurring.

-63 -



Chapter 2: Self-Sorting in Diastereomeric Mixtures of Functionalized Dipeptides

(a) (b) .. ©)
10" 10"
EN 100 <
k=] E 0:10 2] o
101 102
e Q (/ﬁéi1 "~ o Q (/&1'5;; o
(d),. €) . ®)

10-2_
102 A191 10° 102 A’l%ﬂ 10° 102 A15)1 10°
Q@Y QAT QA
(9)102 (h) 102
e Ascale
¢ Bscale
101 10"
= = o
£ £ I
L 4004 £ 400
2 2> 4 .
i B .
G107 G 10
2 210
= = . .
1024 1024
102 10 e s o o o
) ST A2 P 2
Volume Ratio

-

Figure 2-11. (a) Experimental SANS curves, (b-h) SANS data (black circle) with fits (red line)
to a binary-cylinder model for two-component solutions with different volume ratios of 10
mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions. (i) Plots showing scales of the two models

obtained from fits against volume ratio.
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Table 2-1. Summary of SANS data fitting parameters of binary system solutions with volume

ratios from 10:0 to 0:10 of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions.

10:0 9:1 7:3 5:5 3.7 1:9 0:10
Scale 1 1 1 1 1
Backgnynui 5.22x10 5.97x10 5.60x10 7.44x10 7.83x10° 8.69x10 1.02x10°
(cm ) 1758x10° | £7.10x10° | *+8.589x107 | *+8.45x10” | *+7.50x10° | '+8.75x10° | *+5.76x10"
3.09x10 3.24x10 2.77x10 1.57x10 1.10x10 4.61x10
A Scale 3 5|3 5 3 5 3 s | 3 4 | 3 -4
+2.256x10 +2.25%10 +2.68%10 +5.04%10 +1.19%10 +7.40%10
A Radius (A)|  16.5+0.1 8.7+0.1 10.3+0.2 13.440.3 15.3+0.6 42.443 .8
A Thickness
(A) 19.3+£0.2 21.9+0.2 19.9+0.2 14.1+0.5 9.2+1.0 4.5+7.3
A Length (A) >1000 >1000 >1000 >1000 >1000 >1000
3.28%10 3.08x10 3.73x10 4.61x10
B Scale 4 3 3 5 3 5 3 5 3 5
5.00x10 + 1.50x10 % +1.29%10 +1.18%10 +1.00%10 +2.25%10
B Radius (A) 131.4 131.4 131.4 131.4 131.4 131.4+0.1
B Thickness
A) 17 17 17 17 17 17.0+0.1
B Length (A) 491 491 491 491 491 491.1+4.8
x 2.09 3.03 291 4.93 5.71 9.80 8.00
(@) 10004 () 1000
100 + R,aw data 100 o
10 4 i 104
= ~ 14
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K S 014
2 014 =
[ 2 0014
2 o001 2
- — 0.001
0.001 1E-4
1E-4 4 1E-5
1E-5 1E-6

0.01

Q (A"

Figure 2-12. SAXS data (black circle) and fit (red line) for a solution of (L,D)-2NapFF alone

Q (A"

at (a) a concentration of 5 mg/mL and (b) a concentration of 10 mg/mL. The fits are to a hollow

cylinder model. For (a), the fit implies the radius is 12.0 nm and the thickness 3.5 nm. For (b),

the fit implies the radius is 12.3 nm and the thickness 2.8 nm.
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Figure 2-13. SANS data (black circle) and fit (red line) for a solution of (L,L)-2NapFF alone at

a concentration of 2 mg/mL. The fit is to a flexible cylinder model with a radius of 3.2 nm
combined with a power law.
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Figure 2-14. (a-e¢) Cryo-TEM images, histogram of width distribution of nanofibers derived
from (f-1) (L,L)-2NapFF and (j-m) (L,D)-2NapFF component in binary system solutions with
various volume ratios of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions. Plots in the
histogram represent the nonlinear curve fits obtained from the Gaussian function. Image (d)
shows a cryo-TEM image for the 3:7 mixture showing the co-existence of large nanotubes (one
highlighted in a blue arrow) and thinner structures (one highlighted by a purple arrow). The

scale bar represents 500 nm. The larger features observed on the hundreds of nanometer scale
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are icing artifacts, not relevant to the actual sample structure, and should be considered as

experimental artifacts rather than true features.

Table 2-2. Summary of average diameters of structures in binary system solutions with various
volume ratios (10:0, 7:3, 5:5, 3:7, and 0:10) of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock

solutions through analysis of corresponding cryo-TEM images.

Volume ratio Diameter of (L,L)-2NapFF component (nm) Diameter of (L,D)-2NapFF component (nm)
10:0 6.60+1.57
7:3 6.12+1.70 29.14+£3.41
5:5 5.67£1.35 30.61£3.95
3.7 4.78+1.37 28.40+3.28
0:10 30.87+2.53

An interesting observation was made during the study of (L,D)-2NapFF, where the formation
of nanotubes was seen to occur through the wrapping of a tape-like structure, likely originating
from a bilayer, as seen in Figure 2-15. This suggests an early stage of the nanotube formation
process, where ribbon-like structures begin to curl, a phenomenon previously discussed in the
context of ribbon curling in similar systems.?® 3 The formation of nanotubes through the chiral
self-assembly of amphiphilic molecules, such as (L,D)-2NapFF, typically follows a multi-step
process. Initially, amphiphiles self-assemble into tape-like structures, often formed by bilayers.
These ribbons or tapes then curl into cylindrical shapes, transitioning into nanotubes. This
curling process is a key feature of the early stage of nanotube formation, where the amphiphilic
molecules' inherent chirality plays a crucial role in the alignment and stability of the assembled
structures. The chirality influences the direction and degree of curling, leading to the final

tubular form.

Figure 2-15. An expansion of a cryo-TEM image showing the formation of a nanotube. The

scale bar represents 500 nm.

It is worth noting that Adams’ group has worked with another example where co-assembly

20, 28

occurs — in this case, the molecules are very different, but the micellar structures are a

wormlike micelle and a spherical micelle. Since very different molecules can co-assemble at

H20, 28

high p and (in some cases also at low pH?’), the self-sorting here does not seem to be

driven simply by the small differences in molecular structure, but rather in the fact that both of
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these structures form robust nanotubes at high pH. However, further work is needed with other
systems to understand this. It may be that mixing pre-formed micellar solutions as is done here
also favors self-sorting and that it may be possible to drive more towards co-assembly by direct

dissolution of a mixture of the two solids.?!
2.2.2 Self-Sorting in Gels at Low pH

2.2.2.1 Rheology and Spectroscopy

Gels were then prepared from the solutions containing different ratios of (L,L)-, and (L,D)-
2NapFF by lowering the pH slowly and controllably using the hydrolysis of GdL to gluconic
acid to achieve reproducible and homogeneous kinetics of pH change and gelation.’ 3 Vial
inversion showed that all of the ratios formed self-supporting materials (Figure 2-14a).
Consistent with the previous reports from the Adams’ group, (L,L)-2NapFF started to gel earlier
than (L,D)-2NapFF (Figure 2-16b) based on the higher pK, of the terminal carboxylic acid.?!
Shifts in the apparent pK. in the assembled structures, such as those observed in the gelation of
(L,L)- and (L,D)-2NapFF, can occur due to the effects of self-assembly and the local
environment around the amphiphiles. In the case of gelation, the pKa values of the carboxylic
acids at the terminal end of the molecules may be altered by interactions within the assembled
structures (such as hydrogen bonding, hydrophobic effects, or electrostatic interactions). When
the molecules self-assemble into ordered structures like fibrils or bilayers, the local environment
becomes more constrained, which can influence the protonation state of the carboxylic groups.
This can result in a shift in the apparent pK,, making it either higher or lower compared to the
pK. observed for the isolated molecules in solution. The slower gelation observed for (L,D)-
2NapFF, for example, could be attributed to a difference in the local electrostatic environment
or hydrogen-bonding network within the assembled structure, which may delay the onset of
gelation compared to (L,L)-2NapFF with its higher pKa and faster gelation rate. Following the
gelation by rheology with time, both the storage modulus (G’) and loss modulus (G") gradually
increased as the assembly progressed and became essentially constant after about 5 hours
(Figure 2-17 and Table 2-3) except for ratios of 1:9 and 0:10 which took around 10 and 15 hours
respectively. The gradual conversion of the viscous solutions to a gel was associated with the
decrease in pH, with the resulting gels having a final pH of 3.1-3.4 (Table 2-2). A final gel was
confirmed by the linear viscoelastic region in the strain sweep of the final gels (Figure 2-16¢),

and both G’ and G" being frequency independent (Figure 2-16d). The final values of G" and G”
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varied slightly with the ratio of (L,L)-2NapFF and (L,D)-2NapFF. The turbidity of the gels

increased as the concentration of (L,D)-2NapFF in the mixture increased (Figure 2-18).
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Figure 2-16. (a) Photographs, (b) plots of gelation time and pH of gel versus volume ratio, (c)

strain, (d) frequency sweep, and (e) modulus at 10 rad/s of gels formed by solutions with various

volume ratios of (L,L)-, and (L,D)-2NapFF. For (c) and (d), full symbols represent G’ and open

symbols represent G". In all cases for (b)-(e), the data points represent the average value of the

experimental data of the three samples, and the error bar represents their standard deviation.
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Figure 2-17. Time sweep (green closed circle and blue open circle represent G’ and G”,
respectively.) and pH monitoring (purple triangle) of binary system solutions with volume ratios
from 10:0 to 0:10 of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions after the addition
of GdL.

-71 -



Chapter 2: Self-Sorting in Diastereomeric Mixtures of Functionalized Dipeptides

Table 2-3. Summary of gelation time and pH of gel of binary systems with volume ratios from
10:0 to 0:10 of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions after the addition of
GdL.

Volume ratio | Gelation time (min) | pH of gel
10:0 9.3 32
9:1 17.3 32
8:2 9.0 34
7:3 7.3 32
6:4 9.7 32
5:5 0 32
4:6 7.4 3.1
3:7 19.8 32
2:8 6.1 34
1:9 16.6 32

0:10 47.0 3.1
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Figure 2-18 (a) UV-Vis absorption spectra of gels containing 10 mg/mL of (L,L)- and (L,D)-
2NapFF at ratios ranging from 10:0 to 0:10 collected using a 2 mm path length quartz cuvette
at 25 °C. (b) Spectra depicted the enlarged regions of the graph (a) at wavelengths of 500-700

nm. (c¢) Change in turbidity over composition at 600 nm for gels.

Due to the significant increase in gel turbidity, we must acknowledge the impact of this factor
on the UV-Vis absorption spectrum, particularly the enhanced absorption peak intensity
observed in highly turbid gels with ratios of 2:8, 1:9, and 0:10, as depicted in Figure 2-19, in
contrast to the solution state counterpart. Consequently, the data is too intricate for direct

interpretation.
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Figure 2-19 (a) UV-Vis absorption spectra of gels containing 10 mg/mL of (L,L)- and (L,D)-
2NapFF at ratios ranging from 10:0 to 0:10 recorded with a 0.01 mm path length quartz
demountable cuvette at 25 °C. (b) Spectra depicted the enlarged regions of the graph (a) at
wavelengths of 300-350 nm.

2.2.2.2 SAXS

To understand the gel phase, we used SAXS to probe the underlying structures (Figure 2-20 and
Table 2-4). The data for the (L,L)-2NapFF alone agree with our previous data,?? showing that
the network is formed by structures that best fit to a flexible elliptical cylinder model. For (L,L)-
2NapFF, as the pH decreases, the core first collapses, followed by the lateral association of the
resulting cylinders.?? For the (L,D)-2NapFF, the structures best fit to a hollow cylinder model,?!
showing that the micellar structures template the structures in the gel state. The SAXS data for
the mixtures rich in (L,D)-2NapFF (5:5 and higher) can be fit to a mixture of a hollow cylinder
and flexible elliptical cylinder models, with the parameters for the hollow cylinder being close
to that for the pure (L,D)-2NapFF. At lower concentrations, the data best fit to a flexible
elliptical cylinder model alone. We interpret this as there being self-sorting in these systems,
but the scattering being dominated by the (L,L)-2NapFF as this becomes the highest

concentration species.
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Figure 2-20. (a) Experimental SAXS curves, (b-1) SAXS data (black circle) and fits (red line)
for binary system gels with volume ratios from 10:0 to 0:10 of 10 mg/mL (L,L)-2NapFF:(L,D)-

2NapFF stock solutions.
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Table 2-4. Summary of SAXS data fitting parameters for the binary system gels with volume
ratios from 10:0 to 0:10 of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions. The
abbreviations FEC, HC and PL represent flexible elliptical cylinder, hollow cylinder, and power

law, respectively.

10:0 9:1 8:2 73 6:4 5:5 4:6 3.7 2:8 1:9 0:10
FEC+H | FEC+H | FEC+H | FEC+H | FEC+H
Model FEC+PL | FEC | FEC+PL | FEC |[FEC+PL| C C C C C HC+PL
scale 1 1 1 1 1 1 1 1 1
3.85x10" |4.06x10" 4.03x107(3.95x10|3.89x10714.19%107{4.20%107(4.27x1073.95x10"
Background P4+4.26x107| 2+3.36x 2+3.49%1P4+3.29x124+3.56x 1P+3.94x12+3.70x 1P+3.77x1P+3.47x1|  3.84x10"
(cm™) 5 105 [4.05%x1072 05 05 05 05 05 05 05 243 43x10°5
2.35%107 |3.61x107| 3.22x10" [3.49%x107(4.26x107|2.94x107|2.02x1072.86x107(2.31x107|1.35x10"
*£2.90%107|*£0.61% [*+0.82x101*+0.67x1[*+0.19x1[*+0.81x1/+0.41x1|'+6.83x 1[*+0.59x 1[*+0.44x 1
A scale 6 106 6 0 0 0 0 0+ 0 0
A length
(A) 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000
A _kuhn_len 224.6+1. 209.0+£1. 172.8+1.(147.742.1196.6+1.{141.1+3.{500.0+8.
gth (A) 87.4+1.6 1 250.6+2.3 3 90.2 3 2 4 0 1
A radius 35.3+0.0 28.9+0.0 24.9+0.026.3+0.0|31.5+0.0{30.2+0.1{30.5+0.0
(A) 49.9+0.12 3 31.7+0.06 3 25.0 4 9 4 0 6

A axis ratio| 1.940.01 |2.7+0.01| 2.8+0.01 |3.2+0.01] 2.3  |3.0+0.01)3.5+0.01|2.7+0.01|2.7+0.02|4.8+0.02
0.22x10710.95%1076.51x1072.86x107(3.38x10"
4£5.21x1[46.16%145.61x1[46.35%1[*£6.48x1|  6.36x10"

B scale 07 07 0 07 07 | 4+£7.87x107
B_radius 124.8+4.63%1
(A) 124.8 | 124.8 124.8 | 124.8 124.8 02
B_thickness 51.452+8.03%
(A) 51.45 | 51.45 | 5145 | 5145 | 51.45 102
B length
(A) 5000 5000 5000 5000 5000 5000
2.43x10 1.11x10" 2.79x10
P+3.51x10] °+4.40%x10° +2.81x1 1.39x10"
scale 7 7 010 5+9.28x108
2.5+4.26% 2.6£7.11x
power 103 103 3.5 2.741.54x1073
2 1.31 5.77 1.87 8.39 9.67 2.85 6.27 3.96 11.00 19.02 22.15

2.3 Conclusions

Previous work examining multicomponent systems similar to those described here in water tend
to focus on the gel state, with little if any discussion of the importance (or not) of any structures
present before gelation.” 33 There seems to often be an assumption that there is complete
dissolution before gelation, which we and others have shown is often not the case for such
hydrophobic molecules that are charged at high pH.*!3° This is an interesting point — in most
organogel systems, gels are formed by heating to dissolve the gelator and then cooling to form
the gels. Similarly, for gelators such as those used in this work, gelation can often also be

achieved by dissolution in a good solvent such as DMSO followed by the addition of water.
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Indeed, mixed assemblies have been prepared by such methods.**# In this scenario there ought

to be molecular dissolution before water addition and gelation.

Here, this pre-formation of a micellar dispersion at high pH before gelation at low pH provides
different possibilities in self-sorting and co-assembly (and scenarios in between) compared to
direct dissolution. We show that the structures formed at high pH can persist into the gel state
and self-sorting can occur based on the chirality of one of the amino acids. Chirality has been
examined previously in low molecular weight gelling systems,*> ** but generally as single
components where the gelling efficiency of different enantiomers and diastereomers have been
compared.**7 Xu’s group has compared the L,L- and D,D- analogs of naphthalene dipeptides
from the perspective of in vivo hydrolysis.*® Here, we have shown that self-sorting can be driven
by the chirality of a single amino acid in these functionalized dipeptide systems, with two
distinct micellar structures being formed at high pH. The structures formed are affected to some
degree by the relative concentrations of each component showing the complexity of such an
approach. This aspect of relative concentration is rarely discussed as a possible means of tuning
the system in multicomponent systems. On lowering the pH, a gel is formed in all cases, with
self-sorting again occurring. Hence, the structures underpinning the gel network are predefined
by the micellar structures at high pH, and a change in the chirality of a single amino acid can

drive differences here. This work shows both the power and complexity of these systems.

2.4 Experimental Section

2.4.1 Sample Preparation Protocols

2.4.1.1 Preparation of Micellar Solutions

Stock solutions with a concentration of 10 mg/mL were prepared in a Falcon Tube by
suspending 200 mg of 2NapFF in deionized water (15.97 mL) and adding 0.1 M sodium
hydroxide solution (1 eq., 4.03 mL) so that the molar ratio of sodium hydroxide and 2NapFF
was kept as 1:1 and the total volume of the solution was 20 mL. Then, the solution was stirred
at 1000 rpm overnight to ensure complete dissolution. Afterward, the pH of the solution was
measured and adjusted to approximately 10.5 if needed with the addition of NaOH (2 M) or HCI
(2 M) aqueous using a pipette with a full scale of 20 pL. Multiple solutions were created by
combining portions of the previously mentioned stock solutions of (L,L)-2NapFF and (L,D)-

2NapFF in various volume ratios from 10:0 to 0:10, ensuring the total concentration of LMWGs
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remains at 10 mg/mL. The resultant blend was subsequently agitated at 1000 rpm for an hour.
Subsequently, the pH of the mixtures was measured and adjusted to 10.5 if needed with the
addition of NaOH (2 M) or HCI1 (2 M) aqueous using a pipette with a maximum scale of 20 pL.

2.4.1.2 Preparation of pH-Triggered Gels

pH-triggered gels were prepared using glucono-6-lactone (GdL), which hydrolyses in water to
produce gluconic acid (Scheme 2-1). This approach not only results in reproducible,
homogeneous, and controllable gels, but it also allows for tracking pH changes and rheology
during the gelation process. Gels were prepared in Sterilin vials (7 mL) by adding 2 mL of a
stock solution prepared as above to GdL (16 mg/mL, 32 mg). The vials were gently rotated by
hand to ensure the complete dissolution of GdL and left to stand overnight quiescently.

Rheology data were collected 18 hours after the addition of GdL.

OH

HOIIIlu--

“

HO OH

W

Glucono-d-lactone Gluconic acid

Scheme 2-1. Hydrolysis of GdL to gluconic acid.

2.4.2 Characterization

2.4.2.1 pH Measurement

An FC200 pH probe (HANNA instruments) with a 6 mm x 10 mm conical tip was employed

for all pH measurements. The precision of the pH measurements is stated as +0.1.

To keep track of pH fluctuations during the gelation process, 2 mL of gelator solution was
introduced into Sterilin vials (7 mL) containing previously weighed GdL (16 mg/mL, 32 mg).
The vial was then placed in a circulating water bath at 25°C. The pH was measured at 0.5-minute

intervals. It is important to refrain from stirring the sample during this process.

2.4.2.2 Apparent pK, Titration
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The titration process reaches equilibrium (horizontal region) where pH equals the pK, of the
weak acid, according to the Henderson-Hasselbalch equation (Equation 2-1). The titration was
performed by measuring the pH of the solution (2 mL) after slowly lowering the pH by adding
aliquots (2 puL) of 0.1 HCI in water. After adding each portion of HCI, the mixture was stirred
thoroughly for about 2 minutes to prevent gel formation and allow pH to equilibrate. A
circulating water bath was used to maintain the temperature of the sample solution at 25°C
during the titration process.

[A7]
H

pH = pK, + logy, HA] Equation 2-1

K, is the acid dissociation constant, [A™] represents the concentration of the conjugate base
(deprotonated fraction), and [HA] refers to the concentration of the weak acid (protonated

fraction). When [A"]=[HA], the pH of the solution is equal to the pK. of the acid.
2.4.2.3 Nuclear Magnetic Resonance Spectroscopy

'"H NMR spectra were recorded on a Bruker Avance III 400 MHz instrument. Spectra were
referenced to the residual 'H signal from the DMSO-ds at 2.50 ppm for integration. The

temperature of the samples was maintained at 298 + 0.5 K.
2.4.2.4 Optical Microscopy

Optical microscopy images (5*xmagnification) of solutions were obtained using a Nikon Eclipse
LV100 microscope with a Nikon Plan ELWD 50x/0.60 lens attached to an Infinity2-1C camera.
The images were acquired at 5x magnification and were captured with either no polarizers (NP)

or cross-polarizers (CP). Scale bars were indicated to the images using the ImagelJ.

For optical microscopic images of samples exposed to the magnetic field, 1 mL of micellar
solution prepared as above was pipetted into a 5 mm NMR tube and exposed to a magnetic field
for 30 minutes in the NMR spectrometer. Optical microscopy images were taken before and

after the exposure to the magnetic field for comparison.
2.4.2.5 Ultraviolet-Visible Spectroscopy

An Agilent Cary 60 UV-Vis spectrophotometer (Agilent Technology, Selangor, Malaysia) was
employed to record absorption spectra, using a 0.1 mm path length quartz demountable cuvette

at 25 °C. For gels, 200 pL of pre-gelation solution containing GdL was introduced into the
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cuvette while in its liquid state. The cuvette was then sealed with Parafilm, and the sample was

left to gel overnight before recording the spectrum.
2.4.2.6 Turbidity Measurements

Using an Agilent Cary 60 UV-Vis spectrophotometer (Agilent Technology, Selangor, Malaysia),
the turbidity of all samples was measured at a wavelength of 600 nm with a 2 mm path length
quartz cuvette at 25 °C. For gels, 1 mL of a pre-gelation solution containing GdL was placed
into the cuvette while still in its liquid form. The cuvette was then sealed with Parafilm, and the

sample was left to gel overnight before the spectrum was recorded.
2.4.2.7 Fluorescence Spectroscopy

Measurements were conducted using an Agilent Technologies Cary Eclipse fluorescence
spectrometer. A 4-clear side PMMA cuvette with a path length of 1 cm was utilized to capture
spectra within the 330—630 nm range. Throughout the experiments, the excitation wavelength
remained fixed at 320 nm, with both excitation and emission slit widths set to 5 nm. For gel
samples, 2 mL of pre-gelation solution containing GdL was added to the cuvette while
remaining liquid. Following this, the cuvette was sealed with Parafilm, and the sample was
allowed to gel overnight before spectral acquisition. Time-resolved data during the gelation
process were recorded at 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, 1 h, 1.5 h, 2 h, and

subsequently at hourly intervals until 16 h.
2.4.2.8 Shear Rheology

An Anton Paar Physica MCR301 rheometer was used for rheological performance measurement.

Viscosity measurement: The viscosity was collected using the cone (CP50-1 18237) and plate
system at 25°C. The experiment gap distance between the cone and plate was fixed at 0.1 mm.
Then the 5 mL pipette and tip were used to transfer 1.5 mL of the solution onto the rheometer
plate to minimize the shearing effect. The viscosity of each solution with the rotational shear

rate was recorded, varying from 1 to 1000 s™.

To prepare the heat-cool viscosity samples, 3 mL of binary system solutions with varying
volume ratios of 10 mg/mL (L,L)-2NapFF and (L,D)-2NapFF stock solutions were taken and

transferred into 14 mL glass vials. The vials were then placed in a preheated oven set at 50°C
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for 1 hour. After that, the solution was allowed to cool down to room temperature quiescently

for 2 hours. Finally, viscosity data of these samples after heat-cool treatment were collected.

Frequency and strain sweep: A vane (ST10-4V-8.8/97.5-SN42404) and cup system were used
to directly measure the gap in a 7 mL plastic Sterilin vial containing 2 mL of gel sample was set
to 1.8 mm during the entire test. Frequency sweep was measured from 1 rad s! to 100 rad s™! at
a fixed strain of 0.5%; strain sweep was measured from 0.1% to 1000% at a constant frequency
of 10 rad s! to guarantee that 0.5% strain was in the viscoelastic region required for the

frequency sweep.

Time sweep: A cone (PP50/S 17154) and plate system were employed with the experiment gap
at 0.8 mm. Then 2 mL of the solution was added into a Sterilin vial containing pre-weighed 32
mg of GdL, and the vial was gently rotated to ensure that the GdL was completely dissolved.
Subsequently, a 5 mL pipette tip was used to transfer the mixed solution onto the plate. To
prevent the sample from evaporating, the edge of the cone was sealed with a small amount of
mineral oil while avoiding the mineral oil from contacting the upper surface of the cone after
the measurement proceeded for 15 minutes. Time sweep was measured at a constant frequency

of 10 rad s™! and a strain of 0.5% at 25 °C for 16 hours.

2.4.2.9 Circular Dichroism

CD measurements were conducted using a detachable quartz cuvette (Hellma) with a path length
of 0.01 mm and a Chirascan VX spectrometer (Applied Photophysical Limited, UK) outfitted
with a Peltier temperature controller. The scanning parameters were configured as follows: a
scanning step of 1.0 nm, a scanning speed of 240 nm/min, a wavelength (1) scanning range
spanning from 180 to 300 nm, and a bandwidth of 1 nm. The recorded data are expressed in
millidegrees (mdeg) of ellipticity. During the scanning process, CD, absorption, and HT (High
Tension) data were simultaneously collected. To investigate the temperature-dependent
behaviour, CD evolution was tracked within a temperature range of 25 to 85 °C using 10 °C
intervals during a heating-cooling cycle. Except for the CD over temperature, the other data are

the average of 3 scans at 25 °C.
2.4.2.10 Cryogenic Transmission Electron Microscopy
Cryo-TEM imaging was performed either using FEI Tecnai 12 TWIN Transmission Electron

Microscope operated at 100kV or using FEI Talos 200SC FEG that was operated at 200 kV. In
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general, a drop of the studied sample solution, approximately 7 microliters, was placed on a
holey carbon film supported on a TEM copper grid (Electron Microscopy Services, Hatfield,
PA). Before TEM sample preparation, all the TEM grids used for cryo-TEM imaging were
treated with plasma air to render the lacey carbon film hydrophilic. A vitrified thin film of the
sample solution, typically less than 200 nm, was produced using the Vitrobot with a controlled
humidity chamber (FEI). The vitrified samples were then transferred to a cryo-holder and cryo-
transfer stage, cooled by liquid nitrogen. The cryo-holder temperature was maintained below -
170 °C during the imaging process to prevent the sublimation of vitreous water. All images were
recorded by an EMSIS Megaview G III wide-angle CCD camera or Thermo Scientific Ceta
(CMOS) camera.

2.4.2.11 Image Analysis

Cryo-TEM involved the assessment of fiber width through Imagel. The scale bar served as a
reference for width measurement. Histograms were generated based on approximately 30-50
fiber measurements. Multiple images of identical samples were analyzed to ensure accurate

width measurements.
2.4.2.12 Small-Angle Neutron Scattering

SANS measurements of the gelator solutions and gel samples were performed at either ISIS or
the ILL. At ISIS, measurements were carried out using the SANS2D time-of-flight
diffractometer (STFC ISIS Pulsed Neutron Source, Oxfordshire, UK). A simultaneous Q-range
of 0.005 to 1.0 A! was achieved using an incident wavelength (X) range of 1.75 to 16.5 A and
employing two 1 m? detectors. The small-angle detector was positioned 4 m from the sample
and offset vertically 80 mm and sideways 100 mm. The wide-angle detector was positioned 2.4
m from the sample, offset sideways by 980 mm, and rotated to face the sample. The incident
neutron beam was collimated to 8 mm diameter. Samples were housed in 2 mm pathlength
quartz cuvettes and measured for 60 minutes each. The ‘raw’ scattering data were normalized
to the incident neutron wavelength distribution, corrected for the linearity and efficiency of the
detector response and the measured neutron transmission (i.e., absorbance) using the Mantid
framework.*> > They were then placed on an absolute scale by comparison with the expected
scattering from a partially-deuterated polystyrene blend of known composition and molecular
weights following established procedures. The background scattering from a quartz cell

containing D>O was then subtracted.
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Measurements using the small angle neutron scattering instrument D11 at the Institut Laue —
Langevin (ILL; Grenoble, France) were performed using a neutron wavelength of 10 A, and
three samples to detector distances of 39 m, 8 m, and 1.2 m (with respective collimation
distances of 40.5m, 8m, and 5.5m). A MWPC 3He detector consisting of 128 x 128 pixels of
7.5x7.5 mm? size was used. The employed neutron beam was 13mm in diameter. The
thermostatic rack was kept at 20 °C. Data reduction was performed using the facility-provided
software LAMP. Data have been put on an absolute scale by measuring the secondary
calibration standard H>O (1mm thickness), cross-calibrated against h/d polymer blends, with the

known differential scattering cross-section of 1.245 1/cm for 10 A.
2.4.2.13 Small-Angle X-Ray Scattering

SAXS measurements were performed at Diamond Light Source (Oxfordshire, UK) on the B21
beamline.’! Samples were loaded into 1.5 mm diameter glass capillaries using a 1 mL syringe
and a 19G needle immediately after GdL addition, allowing gelation in the capillary. The
capillaries were sealed with parafilm, loaded into a 3D-printed cell, and then into the instrument
via the multipurpose sample (MPS) cell.>? 20 x 1 s frames were collected on the samples. The
X-ray beam possessed a wavelength of 0.9537 A and an energy of 13 keV. An EigerX 4M
(Dectris) detector was used at a sample-to-detector distance of 3712.7 mm, resulting in a Q
range of 0.0026-0.34 A-!. The data were processed in Dawn Science (version 2.25,
https://dawnsci.org/). The scattering from deionized water in a glass capillary was used as the

background. The 2D images were azimuthally integrated to produce the 1D I vs Q plots.

The analysis of small scattering data was conducted using SasView (version 5.0.6)>, which
entails fitting the data to an appropriate model. The NIST neutron activation and scattering
calculator’* was employed to compute the scattering length density (SLD) values. The derived

SLD values are provided in Table 2-5.

Table 2-5. SLD values of compound and solvent used in the fitting process.

Compound Density(g/cm3) SAXS scattering length densities (10-6/A2) SANS scattering length densities (IO_G/AZ)

H:0 1.00 9.469 -0.561

2NapFF 1.58 14.196 2.730
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3.1 Introduction

Low molecular weight gelators (LMWGs) are small molecules that spontaneously form three-
dimensional networks within solvents, creating gels that respond to specific stimuli.!** The
ability of these gels to dynamically reverse non-covalent interactions gives them a unique
responsiveness and broad functional diversity. This makes them particularly valuable in
applications such as drug delivery, catalysis, and tissue regeneration.>” Among these, dipeptides
featuring a hydrophobic aromatic group and hydrophilic ends are notable for their efficiency
and have been the focus of extensive research.®!° The main forces driving their self-assembly

include n-w stacking and hydrogen bonding, crucial for forming stable gel structures.!!- 2

Multicomponent systems mark a significant advancement in material science, enabling the
creation of novel materials by combining various gelators. These combinations can lead to either
co-assembled structures, where all components merge, or self-sorted structures, where each
component remains distinct.!> 4 Such self-sorting is crucial for applications in optoelectronics
and biomimetics.!> ' Self-sorting can be achieved through various methods, including
differences in size, shape, chirality, and binding motifs, even if the components share similar
basic properties, such as pKa.! 7 However, differences in the apparent pK, of two gelators do
not always guarantee self-sorting.!® In chiral self-sorting systems, pairs of enantiomers with
opposite chirality, but identical size and shape, are typically used.!* 2! In a detailed
investigation covered in Chapter 2, we examined the gelling behavior and performance of binary
systems composed of 2NapFF with opposite terminal amino acid chirality.?> This study is
particularly significant because the two gelator precursors differ only in the chirality of their
terminal amino acid, highlighting the subtle yet impactful role of molecular symmetry in gel

formation.

In this study, we explore a variety of naphthalene dipeptide diastereomers by introducing
different substitutions on the naphthalene ring. This strategy allows us to tailor the molecules'
structure, thereby altering their physical and chemical properties as well as their ability to form
gels. We assessed the rheological and structural properties of multi-component systems based
on the concentration ratio of the components. Furthermore, we observed that individual
components within two-component systems formed self-assembled nanostructures,
demonstrating self-sorting behavior at various scales. This behavior was verified through

detailed molecular, microscopic, and bulk-level analyses. Our findings enhance the
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understanding of self-sorting phenomena and pave the way for innovative designs of LMWGs,

opening new avenues for creating functional and more complex material systems.
3.2 Results and Discussion

Here, we investigated a library of naphthyl diphenylalanine (FF) dipeptides with reversed
chirality of the terminal amino acids, where the naphthalene rings were functionalized with
different groups (Scheme 3-1). Table 3-1 lists the properties of the one-component systems
formed by 5 pairs of diastereomers. All gelators except (L,D)-1NapFF formed self-supporting
gels at 10 mg/mL concentrations. We investigated the rheological properties, supramolecular
assembly patterns, and gelation behavior of binary mixtures containing naphthalene dipeptide
diastereomers across various length scales. We aimed to develop a controllable, reproducible,
and adaptable methodology for designing self-sorting, multicomponent LMWG systems.
Viscosity at 10 s™! is chosen because it represents a balanced shear rate, reflecting typical flow
behavior during processes like mixing or pumping. Low shear rates can overestimate viscosity,
while high shear rates can cause shear thinning. A shear rate of 10 s! avoids these extremes,
providing a more accurate measure for real-world applications. Storage Modulus at 10 rad s! is
selected to assess a gel’s viscoelasticity under moderate oscillatory shear. At low frequencies,
gels may appear too solid, while at high frequencies, they may behave like liquids. The 10 rad
s'! frequency offers a balanced measure of structural integrity, relevant for dynamic or cyclic

conditions commonly encountered in mechanical or biological settings.
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Table 3-1. Characteristics for solutions and gels formed from the gelators discussed in this
chapter as single components at 10 mg/mL concentrations. The symbol * indicates that the

compound cannot form a gel under the investigated experimental conditions.
Gelator Appearance of Viscosity at 10 Appearance of gel Storage modulus at tand=G"/G" | pKa
solution at pH 10.5 sT(Pas™) at pH 3-4 10 rad s™' (kPa)
(L,L)- Transparent 0.057 Opaque 45.7 0.17 7.6
7MeO2NapFF
(L,D)- Opaque 0.007 Turbid 17.1 0.14 6.7
7MeO2NapFF
(L,L)- Slightly turbid 0.041 Slightly turbid 279 0.14 7.8
6Br2NapFF
(L,D)- Turbid 0.025 Turbid 29.6 0.12 7.1
6Br2NapFF
(L,L)- Slightly turbid 0.0054 Slightly turbid 88.8 0.14 7.3
6CN2NapFF
(L,D)- Turbid 0.056 Turbid 31.6 0.12 8.5
6CN2NapFF
(L,L)-1NapFF Opaque 0.085 Opaque 61.8 0.14 8.8
(L,D)-1NapFF Turbid 0.0026 Turbid slurry* 1.1 0.12 7.7
(L,L)- Opaque 0.019 Opaque 38.9 0.22 8.2
4Cl1NapFF
(L,D)- Turbid 0.0084 Turbid 33.0 0.08 7.6
4Cl1NapFF

3.2.1 TMeO2NapFF

3.2.1.1 Self-Sorting in Multicomponent Solutions at Alkaline pH

Pure (L,L)-7MeO2NapFF and pure (L,D)-7MeO2NapFF formed transparent and turbid
solutions at pH 10.5 respectively. In comparison, the solution of (L,L)-7MeO2NapFF gradually
shifted from a translucent to a turbid state when diluted by (L,D)-7MeO2NapFF (Figure 3-1a).
Changes in absorption intensity at 600 nm are attributed to transmittance caused by scattering
rather than dipeptide absorption, providing an approach to assess variations in turbidity.?* 24

Figure 3-2 illustrates a progressive increase in absorbance at 600 nm with the increase in the

(L,D)-7MeO2NapFF component, reaching a peak at a 6:4 ratio before small fluctuations.

Polarized optical microscopy showed highly ordered and aligned birefringent arrangements in
samples, with enlarged domain sizes as the ratio of (L,D)-7MeO2NapFF increases. This
suggests the presence of anisotropic hierarchical structures within the system (Figure 3-1(b-1)).
Shear viscosity data indicated that (L,L)-7MeO2NapFF solution at pH 10.5 was more viscous
than the (L,D)-7MeO2NapFF. All solutions showed shear-thinning (or pseudoplastic flow) non-

Newtonian fluid behavior as shear rates increased (Figure 3-1m). This phenomenon arises as
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applied shear rates align long, anisotropic worm-like micelles/particles along the shear flow
direction, diminishing intermolecular interactions and increasing free space.? 26 At low shear
rates, the viscosity of the (L,D)-7MeO2NapFF solution remained stable, referred to as zero-
shear viscosity or Newtonian plateau, until the critical shear rate (0.02 s™!) is reached, signalling
the onset of the shear-thinning region. These findings indicate the existence of highly
anisotropic worm-like micelles in these high-viscosity systems. The viscosity at a shear rate of
10 s! exhibited a slight increase with rising ratios, reaching its peak value of 0.068 Pa s™! at 8:2,

before sharply declining with further increases in the ratio (Figure 3-1n).
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Figure 3-1. (a) Photographs of solutions at different ratios of (L,L)-7MeO2NapFF:(L,D)-
7MeO2NapFF, (b-1) optical microscopy images taken under normal light and cross-polarized
conditions (magnified at 5x; scale bars represent 500 pwm, with white crosses denoting polariser
orientations), (m) viscosity measurements of binary solutions at different volume ratios of 10
mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions. (n) A plot illustrating

viscosity data at a shear rate of 10 s! plotted against volume ratios. The data points on the graphs
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represent the average value of the experimental data of the three samples, and the error bar

represents their standard deviation.
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Figure 3-2. (a) UV-Vis absorption spectra of solutions containing 10 mg/mL of (L,L)-
TMeO2NapFF:(L,D)-7MeO2NapFF at ratios ranging from 10:0 to 0:10 measured using a 2 mm
path length quartz cuvette at 25 °C. (b) Spectra depicted the enlarged regions of the graph (a) at
the wavelength range of 500-700 nm. (¢) Change in turbidity over composition at 600 nm for

binary solutions.

The CD spectrum of 5 mg/mL (L,L)-7MeO2NapFF was notably distinct from that of (L,D)-
7MeO2NapFF, producing a unique and consistent signal for each system (Figure 3-3a). The CD
pattern of the combined system resembled the sum of the expected spectral characteristics of
individual components, suggesting self-sorting is occurring (Figure 3-3b). The changes in band
intensity indicated an overall change in the left- and right-handed structures. The naphthalene
chromophore exhibited absorbance in the ranges of 200-230 nm and 240-290 nm. The n-n*
transitions of the peptide chromophores are primarily around 195 nm, with a less intense n-m*
transition at 220 nm, where substituents typically cause transitions to shift towards longer
wavelengths.?” The signal from the peptide peak partially overlapped with the naphthalene peak,
and due to the weaker amplitude of peptide transition compared to the coupling transition of the
naphthalene moiety, the spectrum was predominantly dominated by exciton couplets (200-230
nm) originating from the naphthalene group (Figure 3-3c). The induced helicity of naphthalene
resulted from dipeptide stacking, potentially causing variations in the direction of the

naphthalene signal.?8

Moreover, the existent anisotropy (i.e., fibril arrangement) in the self-
assembly system may result in LD artifacts. These factors increase the complexity of CD
spectral interpretation. Further elaboration on the explanation of these CD data will be provided

in Chapter 4.
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Figure 3-3. (a) CD spectra of 5 mg/mL of (L,L)-7MeO2NapFF (labelled as 5:0), a mixture with
5:5 ratio of 10 mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions, and 5 mg/mL
(L,D)-7MeO2NapFF (labelled as 0:5) solutions at pH 10.5. (b) The spectra illustrate a
comparison between the 5:5 ratio of 10 mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock
solutions and the calculated theoretical self-sorted combination of the 5:0 and 0:5 spectra. (¢)
CD spectra of solutions containing 10 mg/mL of (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF at
ratios ranging from 10:0 to 0:10.

Temperature-sensitive CD studies are instrumental in understanding the thermodynamic
properties and structural stability of supramolecular assemblies. Such analyses are pivotal for
elucidating how variations in peptide stereochemistry influence the self-assembly process and
the stability of the structures formed, thereby providing insights critical to the design and
application of peptide-based materials. The evolution in the CD data with temperature was
recorded to explore the self-sorting behavior in hybrid systems. Within the specified
experimental temperature range, the high tension (HT) voltage was lower than 600 V and the
total absorbance signal was below the non-linear threshold of the photomultiplier (usually << 2
AU) with the HT voltage being proportional to absorbance (Figure 3-4(c-f), Figure 3-5(c-f), and
Figure 3-6(c-f)). These show the reliability of the CD data obtained within these conditions. The
temperature-dependent CD data obtained from the (L,L)-7MeO2NapFF solution revealed a

significant alteration in signal intensity and spectral shape following a heat-cooling cycle
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ranging from 25 to 85 to 25°C (Figure 3-4(a-b)). This divergence from the initial peak strongly
suggested that the self-assembled nanostructures formed by this compound could not withstand
elevated temperatures, with the observed change being irreversible. Conversely, the CD data
associated with (L,D)-7MeO2NapFF exhibited a similarity to the initial state (Figure 3-5(a-b)),

indicating structural integrity despite temperature changes.

Further investigation into binary mixtures with a 5:5 ratio demonstrated that the CD data post-
heat-cool cycle was very similar to that of pure (L,D)-7MeO2NapFF (Figure 3-6(a-b)), implying
the preservation of the self-assembled nanostructure generated by this component within the
two-component system. In the event of co-assembly, it is expected that the structures of
individual components would either disintegrate or give rise to novel, distinct architectures. We
thus propose that self-sorting prevails in these two-component systems, as evidenced by the

retention of structural integrity observed in the temperature-dependent CD spectra.
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Figure 3-4. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,L)-7MeO2NapFF solutions at pH 10.5. (a), (c), and (e) represent the heating process,
while (b), (d), and (f) correspond to the cooling process.
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Figure 3-5. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,D)-7MeO2NapFF solutions at pH 10.5. (a), (¢), and (e) represent the heating process,
while (b), (d), and (f) correspond to the cooling process.
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Figure 3-6. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for a mixture
with 5:5 ratio of 10 mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions at pH
10.5. (a), (c), and (e) represent the heating process, while (b), (d), and (f) correspond to the

cooling process.

Fluorescence spectroscopy was used to investigate molecular interactions within the solutions.
The asymmetry detected in the emission spectrum was linked to the existence of oligomeric
species (see Figure 3-7a).?° Notably, the individual solutions emitted strongly at 365 and 356
nm respectively indicating distinct molecular arrangements in each system (see Figure 3-7c).
The maximum emission peak was associated with the n—r stacking of the naphthalene ring, with
the wavelength gradually shifting towards shorter wavelengths and fluorescence intensity
increasing as the ratio rose. The normalized spectra show that the solutions with ratios between
10:0 and 4:6 displayed a broad shoulder around 435 nm, with intensity diminishing gradually
as the ratio increased (refer to Figure 3-7b). These findings suggest minimal alteration in the

local packing of the gelator within the mixed system, indicating that co-assembly is improbable.
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Figure 3-7. (a) Fluorescence emission spectrum, (b) normalized spectrum for solutions
comprising 10 mg/mL of (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF at ratios spanning from
10:0 to 0:10. (c) The plot depicts ratio-dependent wavelength and fluorescence intensity of the

maximum emission peak.

Small-angle X-ray Scattering (SAXS) was employed to extract information regarding the
supramolecular configuration. As shown in Figure 3-8 and Table 3-2, the fits to the scattering
data for (L,L)-7MeO2NapFF show that this dipeptide self-assembled into a cylinder with a
diameter of 35.4+0.1 A and a length of 381+10 A at pH 10.5, while (L,D)-7MeO2NapFF formed
a more ordered hollow cylindrical structure with a core radius of 221.6+0.2 A, a wall thickness

of 26.3+0.3 A, and a length of 892+10 A.

Molecular self-sorting represents the thermodynamically most favorable arrangement of a
supramolecular system consisting of two or more molecules.?® Due to differences in the self-
assembled nanostructure, the two micelles do not match during the self-assembly process
between chains. The fitting results of the SAXS data corresponding to the binary mixtures
support this inference (Figure 3-8 and Table 3-2). SAXS data of two-component solutions at all
ratios could be fitted by combining the two models derived from single components with small
variations in corresponding parameters except for the 8:2 and 7:3 binary systems. The core radii
of the hollow cylinders formed in the 8:2 and 7:3 systems expanded by 20.2 A and 17.2 A
respectively. Additionally, the wall thickness of the 8:2 binary system diminished by 12.1 A.
The cylinder radius of (L,L)-7MeO2NapFF self-assembly gradually reduced as the (L,D)
component increased, ultimately reaching 28.4 nm for the 1:9 complex system. This could be
ascribed to the altered fiber packing arrangement influenced by the presence of the second
compound. To ascertain whether these alterations resulted solely from dilution, the self-
assembled nanostructures of the lower-concentration counterparts were examined (Figure 3-11,
Figure 3-12, and Table 3-4). In contrast to the 5:5 binary system, the 5 mg/mL single-component

solution exhibited distinct parameters. Specifically, the cylinder radius was 0.9 A greater than
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the 5:5 two-component mixture and the thickness of the hollow cylinder wall was 19.3 A greater.
This implied that the micellar structure of each compound was delicately influenced by the other

components, rather than simply by dilution.

The self-assembled structures formed by (L,D)-7MeO2NapFF are expected to align due to their
aspect ratio, resulting in increased sample rigidity as the proportion of (L,D)-7MeO2NapFF
increases. The 2D-SAXS patterns of all collected data are depicted in Figure 3-9. As the amount
of (L,D)-7MeO2NapFF increased, the samples exhibited alignment parallel to the long axis of

the capillary during 2D-SAXS measurements, leading to enhanced anisotropy.
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Figure 3-8. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio

for clear comparison); (b-1) Experimental SAXS profiles (black circle) and corresponding fits

(red line) for pre-gelation binary solutions with volume ratios from 10:0 to 0:10 of 10 mg/mL

(L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions.
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Table 3-2. Summary of parameters employed for fitting SAXS data of binary solutions,

spanning volume ratios from 10:0 to 0:10, derived from 10 mg/mL stock solutions of (L,L)-

7MeO2NapFF:(L,D)-7MeO2NapFF. The abbreviations "C" and "HC" denote the cylinder and

hollow cylinder models, respectively.

Ratio 10:0 9:1 8:2 7:3 6:4 5:5 4:6 3:7 2:8 1:9 0:10
Model C C+HC | c+HC | ¢c+HC | ¢c+HC | c+HC | C+HC | C+HC | C+HC | C+HC | HC
Scale 1 1 1 1 1 1 1 1 1
Background 0.009 | 0.005 | 0.02 0.02 0.01 | 0.006 | 0.007 | 0.004 | 0.01 0.004 | 0.007
Background error 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002
A scale 2.9x10° | 9.6x10" | 0.0002 | 0.0003 | 0.0003 | 0.0004 | 0.0004 | 0.001 | 0.001 | 0.001
A scale error 8.8x10° |3.4x107 | 9.9x10° | 1.0x10” | 1.2x10” | 1.3x10” | 1.0x10” | 1.6x10” | 1.3x10” | 1.0x10”
A_radius (A) 2234 | 241.8 | 2388 | 2229 | 2237 | 2225 | 2225 | 2233 | 2234 | 2216
A radius_error (A) 5.2 2.9 0.9 0.7 0.7 0.4 0.4 0.2 0.2 0.2
A_thickness (A) 27.4 14.2 27.0 28.5 24.1 25.8 25.6 242 23.5 26.3
A thickness error (A) 9.1 5.6 1.4 1.2 1.0 0.8 0.7 0.4 0.4 0.3
A length (A) >1000 | >1000 | >1000 | >1000 | 7234 | 7562 | 7673 | 799.4 | 824.6 | 891.8
A length error (A) 24.6 19.2 12.9 9.7 9.9 9.9
B scale 0.001 | 0.0008 | 0.0009 | 0.001 | 0.0008 | 0.0005 | 0.0005 | 0.0003 | 0.0003 | 0.0001
B scale error 48%10" | 5.2x10° [ 5.5x10°| 6.8x10° | 6.4x10° | 5.3x10" | 6.0x10" | 4.4x10° | 6.8x10" | 5.0x10°
B radius (A) 35.4 34.5 34.0 34.1 343 33.3 33.3 33.3 30.1 28.4
B radius_error (A) 0.1 0.1 0.1 0.1 0.1 0.2 0.3 0.2 0.5 0.8
B length (A) 380.5 | 386.9 | 348.1 | 505.9 | >1000 | 468.7 | 479.2 | >1000 | 418.9 | >1000
B length error (A) 10.2 11.3 8.0 35.5 70.5 69.4 78.3
12 1.81 1.47 3.15 3.94 2.83 423 3.11 2.60 6.13 434 432
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Figure 3-9. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 10:0
to 0:10 of 10 mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions.
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Cryo-TEM, collected by Dr. Ravi Sonani (Virgina Tech, USA) corroborated the findings from
the SAXS data, indicating the coexistence of thinner structures and larger thin-walled nanotubes
within the hybrid systems (Figure 3-10 and Table 3-3). The mixtures were composed of self-
sorting micelles at all volume ratios as proved by the combination of SAXS and cryo-TEM. The
aggregate length derived from cryo-TEM images was much longer than that from SAXS fits. A
possible reason is that the entire q range of SAXS measurements tends to underestimate larger
micelle sizes, and shear-induced elongation may occur during the preparation of cryo-TEM
samples, indicating the existence of larger micelles in a medium state.?! Another possibility
might be the absence of a Kuhn length parameter in the hollow cylinder model. However, it is
important to note that this inference stems from the fitting process rather than representing an
absolute length. Thus, the length derived from the fits is probably a Kuhn length rather than an
absolute length and the q range used in SAXS measurements might not accurately capture larger

micelle sizes.
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Figure 3-10. (a-e) Cryo-TEM images, histogram of width distribution for nanotubes derived
from (f-i) (L,L)-7MeO2NapFF and (j-m) (L,D)-7MeO2NapFF component in pre-gelation
binary solutions, covering diverse volume ratios (10:0, 7:3, 5:5, 3:7, and 0:10) of 10 mg/mL
(L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions. The coexistence of multi-
component and multi-morphological aggregates was highlighted by triangles within the images.
The image features triangles that illustrate the coexistence of multi-morph aggregate
morphologies. Specifically, the yellow triangle labeled "1" identifies the self-assembled
nanofibers of (L,L)-7MeO2NapFF, while the light green triangle labeled "2" corresponds to the
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self-assembled nanofibers of (L,D)-7MeO2NapFF. Plots in the histogram represent the

nonlinear curve fits obtained from the Gaussian function.

Table 3-3. An overview of the average diameters of structures present in binary solutions with
different volume ratios (10:0, 7:3, 5:5, 3:7, and 0:10) of 10 mg/mL (L,L)-7MeO2NapFF:(L,D)-
7MeO2NapFF stock solutions, derived from an analysis of corresponding cryo-TEM images.

Volume ratio Nanotube width of (L,L)-7MeO2NapFF component Nanotube width of (L,D)-7MeO2NapFF component
10:0 6.2+0.6 nm
7:3 6.0+£0.6 nm 55.5+0.6 nm
5:5 5.7+£0.5 nm 48.0+1.1 nm
3:7 5.6+0.7 nm 48.0+0.8 nm
0:10 47.8£1.1 nm
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Figure 3-11. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison), (b-d) SAXS data (black circle) and fits (red line) for pre-gelation binary
solutions with varying volume ratios (5:5, 2.5:2.5, and 0:5) of 5 mg/mL (L,L)-
7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions.

Table 3-4. Overview of parameters used to fit SAXS data for pre-gelation binary solutions with
varying volume ratios (5:5, 2.5:2.5, and 0:5) of 5 mg/mL (L,L)-7MeO2NapFF:(L,D)-
7MeO2NapFF stock solutions. The abbreviations C and HC correspond to the cylinder and

hollow cylinder respectively.

Ratio 5:0 2.5:2.5 0:5
Model C C+HC HC
Scale 1.00E+00
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Background 0.2 0.08 0.05
Background error 0.0009 0.001 0.0008
A scale 0.0009 0.003
A scale error 5.8x10" 3.0x10°
A radius (A) 223.7 2233
A radius_error (A) 1.0 0.5
A thickness (A) 26.9 43.4
A _thickness_error (A) 1.8 0.6
A length (A) 679.2 80.9
A length_error (A) 31.2 1.0
B scale 0.004 0.002
B scale error 2.6%10° 2.6%x10°
B radius (A) 34.2 34.5
B radius_error (A) 0.2 0.3
B length (A) 373.0 4332
B length error (A) 11.4 47.5
¥ 1.52 1.36 1.70

(a)

Figure 3-12. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 5:0,
2.5:2.5 0:5 of 5 mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions.

3.2.1.2 Self-Sorting in Multicomponent Gels at Acidic pH

Glucono-d-lactone (GdL) was used to slowly decrease the pH in the systems described above
and trigger gelation which resulted in uniform and reproducible gels while allowing kinetic
monitoring such as rheology and pH variations over time.?® 32 Time-dependent rheology
revealed a progressive increase in moduli during gelation, reaching stability around 13 hours
(Figure A3-82). In certain cases, the initial storage modulus (G') value surpassed the loss
modulus (G"), suggesting gel formation before measurement. Tand (G"/G") values confirmed
the rise in gel stiffness with pH reduction.

Figure 3-13a demonstrates solutions with varying proportions that transformed into self-
supporting gels upon mixing with GdL. The turbidity of gels consistently increased with higher

portions of (L,D)-7MeO2NapFF components (Figure 3-14). Confocal microscopy (Figure 3-
13(b-f) illustrated the presence of uniformly distributed long and high-density fibers in the gels,
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the microstructures commonly observed in gels triggered by pH changes.’*-3* The findings
reveal that the worm-like micelle structures, first noted in the solution phase, have now formed
into large bundles of dense nanofibers through a hierarchical packing process.>® A strain sweep
was conducted to determine the linear viscoelastic region (LVE region) where testing could
occur without disrupting the sample structure.?” The data in Figure 3-13g show a plateau with
constant moduli, with G' continuously around one order of magnitude higher than G", indicating
a gel-like or viscoelastic solid behavior. (L,L)-7MeO2NapFF formed a stiffer yet less robust gel
at low pH, as evidenced by the higher G' and a narrower LVE region compared to (L,D)-
7MeO2NapFF. G' exhibited a steady decline post-LVE region, indicating uniform 3D-network
breakdown. This implies that the network originated from rigid fibers associated laterally,
capable of enduring a degree of strain before sustaining damage. The absence of robust cross-
links between these fibers led to the irreversible destruction of the network when subjected to

significant strains.

Subsequent oscillatory frequency measurements, performed at a 0.5% strain located at the LVE
region, demonstrated frequency-independent properties across all gels (Figure 3-13h). Figure 3-
131 highlights the superior mechanical characteristics of hybrid systems compared to (L,D)-
7MeO2NapFF, with gels ranging from 4:6 to 2:8 exhibiting even greater stiffness than that of
(L,L)-7MeO2NapFF. The enhanced strength of the two-component hydrogels is likely
attributed to the extensive and interpenetrating double network formed between the components,
which strengthens the overall structure.®® 3° This interpenetration significantly influences the

hydrogel's mechanical properties, confirming possible self-sorting behavior within the system.
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Figure 3-13. (a) Photographs, (b-f) confocal fluorescent microscopy images (scale bars indicate
50 um), (g) strain sweep, (h) frequency sweep of binary gels at different volume ratios of 10
mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF stock solutions. (i) A plot illustrating moduli
at an angular frequency of 10 rad/s plotted against volume ratios. The data points on the graphs
represent the average value of the experimental data of the three samples, and the error bar

represents their standard deviation.
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Figure 3-14. (a) UV-Vis absorption spectra of gels containing 10 mg/mL of (L,L)-
7MeO2NapFF:(L,D)-7MeO2NapFF at ratios ranging from 10:0 to 0:10 measured using a 2 mm
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path length quartz cuvette at 25 °C. (b) Spectra depicted the enlarged regions of the graph (a) at
the wavelength range of 500-700 nm. (c¢) Change in turbidity over composition at 600 nm for
binary gels.

The SAXS data of pH-induced individual component gels of (L,L)- and (L,D)-7MeO2NapFF
could be fitted well by a combined flexible elliptical cylinder plus power law model, with ellipse
minor radii of 19.0 A and 39.8 A, axial ratios (major radius/minor radius) of 2.3 and 2.4, and
Kuhn lengths of 57.3 A and 116.1 A, respectively (Figure 3-15 and Table 3-5). The transition
from cylindrical structures at pH 10.5 to elliptical structures at acidic pH is presumed to result
from the lateral association of cylindrical structures. We speculate that the disparity in apparent
pK. values between the interior and exterior of (L,D)-7MeO2NapFF nanotubes resulted in the
collapse of the hollow core during gelation as described for a related system.*’ This collapse
disrupted the molecular packing to form cylindrical structures that subsequently associated
laterally to form elliptical cylinders. The Kuhn lengths derived from these global fits indicated
that the (L,L)-7MeO2NapFF exhibited greater flexibility than the (L,D)-7MeO2NapF,
correlating with the anisotropic profile illustrated by 2D-SAXS images (Figure 3-16). For the
two-component gels, the scattering data exhibited good agreement with a combined model
comprising two distinct flexible elliptical cylinders derived from individual components (Figure
3-15 and Table 3-5). Notably, these cylinders shared identical parameters with those obtained
in the one-component gels, indicating the self-sorting in two gelling components across all
investigated compositions. Applying the same combined model to the SAXS data of the 9:1 gel
yielded a negative scale associated with (L,D)-7MeO2NapFF, despite the best fit being achieved
with parameters resembling those of (L,L)-7MeO2NapFF. This inconsistency may stem from
the minimal proportion of one component in the mixture, which might not have been detectable,

hence represented by a single model.
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Figure 3-15. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison); (b-1) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for binary gels with varying volume ratios, ranging from 10:0, 9:1, 7:3,
5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-7MeO2NapFF:(L,D)-
7MeO2NapFF.
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Table 3-5. Summary of parameters used to fit SAXS data for binary gels, encompassing
different volume ratios (10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10) derived from 10 mg/mL stock
solutions of (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF. The abbreviations "FEC" and "PL"

represent the flexible elliptical cylinder and power law models.

Ratio 10:0 9:1 7:3 5:5 3:7 1:9 0:10
Model FEC+PL FEC FEC+FEC FEC+FEC FEC+FEC FEC+FEC FEC+PL
Scale 1 1 1 1 1 1 1
Background 0.2 0.05 0.1 0.4 0.6 0.8 0.4
Background error 0.003 0.0003 0.001 0.001 0.001 0.001 0.001
Power law scale 0.0003 0.0004
Power 5 5
law scale error 8.6x10 3.1x10
Power 2.5 2.4
Power error 0.06 0.03
A scale 0.004 0.001 0.002 0.003 0.002 0.001
A_scale_error 2.6x10 2,610 3.1x10° 2.1x10° 2,010 1.9x10°
A radius (A) 19.0 19.0 19.0 19.0 19.0 19.0
A radius_error (A) 0.7 0.7 0.7 0.7 0.7 0.7
A kuhn length (A) 57.3 57.3 57.3 57.3 57.3 57.3
A _kuhn_length err
(A) 10.9 10.9 10.9 10.9 10.9 10.9
A axis ratio 2.3 2.3 2.3 2.3 2.3 2.3
A axis ratio error 0.08 0.08 0.08 0.08 0.08 0.08
A length (A) 572.4 >1000 >1000 >1000 >1000 >1000 >1000
A length error (A) 76.0
B scale 0.002 0.002 0.001 0.001 0.002
B scale_error 2.9x10° 13x10° L1x10 L1x10 6.4x10"
B radius (A) 39.8 39.8 39.8 39.8 39.8
B radius error (A) 0.6 0.6 0.6 0.6 0.6
B kuhn length (A) 116.1 116.1 116.1 116.1 116.1
B_kuhn_length_err
(A) 8.3 8.3 8.3 8.3 8.3
B axis ratio 2.4 2.4 2.4 2.4 2.4
B axis ratio error 0.04 0.04 0.04 0.04 0.04
B length (A) >1000 >1000 >1000 >1000 >1000
B length error (A)
¥ 1.09 1.64 2.41 2.86 3.58 6.63 1.29
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Figure 3-16. (a) 2D-SAXS profiles for binary gels with varying volume ratios, ranging from
10:0, 9:1, 7:3, 5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
TMeO2NapFF:(L,D)-7MeO2NapFF.

The fluorescence emission peak of the single-component gels exhibited distinct shifts from the
solutions (365 to 356 nm for (L,L)-7MeO2NapFF and 356 to 358 nm for (L,L)-7MeO2NapFF),
suggesting alterations in molecular interactions during gelation, which was consistent with the
SAXS data (Figure 3-17a and b). An increase in the fluorescence intensity of the maximum
emission peak correlated with the ratio, suggesting co-assembly was impossible among the

mixed components (Figure 3-17¢). Moreover, the maximum emission peak of the resulting gels
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fluctuated between 355 and 358 nm, suggesting the potential absence of a specific order within

the aggregates forming the gel network.
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Figure 3-17. (a) Fluorescence emission spectrum, (b) normalized spectrum for gels comprising
10 mg/mL of (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF at ratios spanning from 10:0 to 0:10.
(c) Spectra depicted the expanded regions of the graph (b) at the wavelength range of 340-385

nm.

3.2.2 6Br2NapFF

At a concentration of 10 mg/mL and a pH of 10.5, (L,L)-6Br2NapFF and (L,D)-6Br2NapFF
formed a turbid, viscous solution (Figure 3-18a). The turbidity of the binary solutions increased
almost linearly upon dilution with (L,D)-6Br2NapFF (Figure A3-84). Optical microscopy
images reveal highly aligned birefringent domains in all solutions, with the ordered area
gradually diminishing as the portion of (L,D)-6Br2NapFF increases (Figures 3-18(b-1)),
indicating the presence of aligned fibres or worm-like micelles. Additionally, flow sweep
analysis demonstrated that a shear rate of 2.5 s! was necessary to induce flow for (L,L)-
6Br2NapFF solutions (Figure 3-18m). All the solutions exhibited shear-thinning behavior. The
combination of (L,L)-6Br2NapFF and (L,D)-6Br2NapFF resulted in more viscous two-
component solutions across all ratios compared to the individual counterparts, as evidenced by
a slight increase in viscosity at a shear rate of 10 s*' (Figure 3-18n). Moreover, the similar

viscosity observed in binary solutions suggests comparable underlying structures.
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Figure 3-18. (a) Photographs of solutions, (b-1) optical microscopy images taken under normal
light and cross-polarized conditions (magnified at 5%; scale bars indicated 500 pm, with white
crosses denoting polariser orientations), (m) viscosity measurements of binary solutions at
different volume ratios of 10 mg/mL (L,L)-6Br2NapFF:(L,D)-6Br2NapFF stock solutions. (n)
A plot illustrating viscosity data at a shear rate of 10 s™! plotted against volume ratios. The data
points on the graphs represent the average value of the experimental data of the three samples,

and the error bar represents their standard deviation.
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CD data were collected to evaluate how combining the diastereomers impacts the secondary
structure of the self-assembled aggregates. The CD spectra obtained from the 5:5 mixed solution
revealed absorbance signals at approximately 188 nm, 230 nm, and 242 nm, consistent with
theoretical calculations derived from two single components (refer to Figure 3-19b). The notable
distinction was observed in the 200-220 nm region: the 5:0 solution exhibited a single negative
absorption peak at 208 nm, whereas the 5:5 mixture displayed a double peak at 205 nm and 218
nm, resembling the characteristics seen in the 10:0 solution (see Figure 3-19¢). This indicates
that a single component within the mixed system is not fully diluted by the other component,
instead tending to retain its self-assembled structure at higher concentrations. Furthermore,
Figure 3-19¢ demonstrates that the CD signal representing the chiral self-assembled aggregates
decreases with higher proportions of (L,D)-6Br2NapFF across all ratios. This strongly suggests

the occurrence of self-sorting in this binary system.
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Figure 3-19. (a) CD spectra of 5 mg/mL of (L,L)-6Br2NapFF (labeled as 5:0), a mixture with
5:5 ratio of 10 mg/mL (L,L)-6Br2NapFF:(L,D)-6Br2NapFF stock solutions, and 5 mg/mL
(L,D)-6Br2NapFF (labeled as 0:5) solutions at pH 10.5. (b) The spectra illustrate a comparison

between the 5:5 ratio of 10 mg/mL (L,L)-6Br2NapFF:(L,D)-6Br2NapFF stock solutions and the

calculated theoretical self-sorted combination of the 5:0 and 0:5 spectra. (c) CD spectra of
solutions containing 10 mg/mL of (L,L)-6Br2NapFF:(L,D)-6Br2NapFF at ratios ranging from
10:0 to 0:10.
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The temperature-dependent CD data for the (L,L)-6Br2NapFF solution were similar to the initial
state (Figure 3-20(a-b)), suggesting that its self-assembled structure remains stable at elevated
temperatures. In contrast, the CD data of the (L,D)-6Br2NapFF solution changed between 180—
220 nm during heating (Figure 3-21(a-b)), with no recovery observed upon cooling. These
results indicate that the self-assembled structures formed by this compound undergo irreversible
alterations at high temperatures. Regarding the 5:5 binary mixture, the CD characteristics
throughout the heat-cooling cycle consistently matched those of the initial state (Figure 3-22(a-
b)). This finding implies that the presence of the second component enhances the thermal

stability of the supramolecular structure formed by another component the mixed system.
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Figure 3-20. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,L)-6Br2NapFF solutions at pH 10.5. (a), (¢), and (e) represent the heating process,
while (b), (d), and (f) correspond to the cooling process.
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Figure 3-22. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for a
mixture with a 5:5 ratio of 10 mg/mL (L,L)-6Br2NapFF:(L,D)-6Br2NapFF stock solutions at
high pH. (a), (c), and (e) represent the heating process, while (b), (d), and (f) correspond to the

cooling process.

SAXS was again used to study nanofiber structures. The SAXS data for (L,D)-6Br2NpFF at pH
10.5 reveals a prominent Bragg peak at Q =0.189 A-! (d = 33.2 A), suggesting the formation of
large crystalline-like aggregates with extended molecular order, that is, the accumulation of
individual self-assembled fibers into larger bundles with crystalline-like ordering and periodic
arrangement (Figure 3-23a).*!" 4? (L,L)-6Br2NapFF formed cylindrical nanofibers (diameter:
35.2+0.1 A, length: 385.7+7.8 A) under alkaline pH, while (L,D)-6Br2NapFF self-assembled
into elliptical cylinders (minor radius: 141.6+0.3 A, axis ratio: 2.1£0.01, length: 203.2+0.3 A)
(Figure 3-23 and Table 3-6). The scattering at low Q was well-fitted by a power law model.
Analysis of the SAXS data for the binary mixture revealed that the assembly mode of the two
components is self-sorting, as evidenced by the combination of two models derived from the

individual components, consistent with the CD data. 2D-SAXS patterns revealed intensity
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modulations denoting higher anisotropy in (L,L)-6Br2NapFF fibers compared to (L,D)-
6Br2NapFF. Decreasing (L,L)-6Br2NapFF content resulted in reduced orientation, suggesting
increased isotropy (Figure 3-24).

The SAXS data of half-concentration counterparts were examined (Figure 3-25, Figure 3-26,
and Table 3-7). Compared to the 5:5 binary system, the cylinder radius in the 5:0 ratio solution
increased by 5.0 A, and the ellipse cylinder radius and axis ratio in the 0:5 ratio solution
decreased by 5.7 A and 1.8, respectively. This suggests mutual influence between components,

beyond simple dilution.
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Figure 3-23. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio

102

for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios, ranging
from 10:0, 7:3, 5:5, 3:7, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
6Br2NapFF:(L,D)-6Br2NapFF.

Table 3-6. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (10:0, 7:3, 5:5, 3:7, and 0:10) derived from 10 mg/mL stock solutions of
(L,L)-6Br2NapFF:(L,D)-6Br2NapFF before gelation. The abbreviations "C", "EC", and "PL"

represent the cylinder, elliptical cylinder, and power law models, respectively.

Ratio 10:0 7:3 5:5 3:7 0:10
Model C+PL C+EC C+EC C+EC EC+PL
Scale 1 1 1 1 1
Background 0.03 0.02 0.7 0.2 0.02
Background error 0.0004 0.002 0.001 0.0004
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Power law scale 1.5x10 1.4x10
Power law scale error]| 3.0><10-g 3.2><10-7
Power 3.9 3.1
Power error 0.04 0.006
A scale 0.001 0.003 0.008 0.003
A scale_error 3.5%10" 2.1x10" 23%10" 8.9x10"
A radius (A) 132.6 148.8 151.9 141.6
A radius_error (A) 0.7 0.8 0.4 0.3
A axis ratio 1.4 3.0 2.4 2.1
A axis ratio error 0.02 0.1 0.03 0.01
A length (A) 471.3 456.0 417.5 203.2
A length error (A) 2.4 3.3 1.4 0.3
B scale 0.003 0.008 0.008 0.009
B scale_error 8.0x10" 9.5x10" 6.6¥10" 43%10°
B radius (A) 35.2 33.3 27.7 34.4
B radius error (&) 0.07 0.03 0.2 0.1
B length (A) 385.7 238.7 414.4 380.8
B _length error (&) 7.8 2.2 36.2 21.6
¥ 2.73 <1 6.43 2.57 2.84

Figure 3-24. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 10:0,

7:3,5:5,3:7,t0 0:10 of 10 mg/mL (L,L)-6Br2NapFF:(L,D)-6Br2NapFF stock solutions.
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Figure 3-25. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio

for clear comparison); (b-d) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios including
5:0, 2.5:2.5 and 0:5 prepared from 5 mg/mL stock solutions of (L,L)-6Br2NapFF and (L,D)-
6Br2NapFF.

Table 3-7. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (5:0, 2.5:2.5, and 0:5) derived from 5 mg/mL stock solutions of (L,L)-
6Br2NapFF and (L,D)-6Br2NapFF before gelation. The abbreviations "C", "EC", and "PL"

represent the cylinder, elliptical cylinder, and power law models, respectively.

Ratio 5:0 2.5:2.5 0:5
Model C C+EC EC+PL
Scale 1 1
Background 0.07 0.05 0.3
Background error 0.0007 0.0007 0.001
Power law scale 4.2X10-6
Power law scale error 2.4X10-7
Power 3.6
Power error 0.02
A scale 0.002 0.005
A scale_error 1.2x10° 7.2x10"
A radius (A) 151.0 143.1
A radius error (A) 1.2 0.5
A axis ratio 1.5 1.5
A axis ratio error 0.03 0.01
A length (A) 962.3 >1000
A length error (A) 16.1
B scale 0.008 0.005
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B scale error 3.0x10 2.8x10
B_radius (A) 38.7 35.1

B radius error (A) 0.1 0.2
B length (A) 326.6 491.7

B length error (A) 4.9 39.0

¥ 1.21 1.46 2.50

Figure 3-26. 2D-SAXS profiles for pre-gelation binary solutio with volume ratios from 5:0,
2.5:2.5 0:5 of 5 mg/mL (L,L)-6Br2NapFF:(L,D)-6Br2NapFF stock solutions.

Turning to hydrogels at acidic pH, both (L,L)- and (L,D)-6Br2NapFF can form self-supporting
gels with comparable moduli (see Figure 3-27a and Figure 3-27(g-1)). Consequently, the
resulting hybrid systems are classified as two-gelator systems. As the content of the (L,D)-
6Br2NapFF component increased, the turbidity of the gel continued to rise (see Figure A3-86).
Confocal microscopy (see Figure 3-27(b-f)) revealed the presence of densely and evenly
distributed long fibers within the gel. Figure 3-27g exhibits a plateau where G' is approximately
an order of magnitude higher than G", indicating a gel state across all ratios. Beyond the yield
point, the modulus steadily decreased with increasing strain, signifying uniform destruction of
the gel network. Oscillation frequency measurements confirmed the frequency-independent
characteristics of all gels (Figure 3-27h). Figure 3-271 shows that the stiffness of two-component
gels initially declined slightly and then increased after a 2:8 ratio as the percentage of (L,D)-

6Br2NapFF increased, compared to single-component gels at a frequency of 10 rad/s.
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Figure 3-27. (a) Photographs, (b-f) confocal fluorescent microscopy images (scale bars indicate
50 um), (g) strain sweep, (h) frequency sweep of binary gels at different volume ratios of 10
mg/mL (L,L)-6Br2NapFF:(L,D)-6Br2NapFF stock solutions. (i) A plot illustrating moduli at an
angular frequency of 10 rad/s plotted against volume ratios. The data points on the graphs
represent the average value of the experimental data of the three samples, and the error bar

represents their standard deviation.

The SAXS data of the gel with a 5:5 ratio showed a Bragg peak at Q = 0.194 A-' (d=32.4 A),
indicating the presence of crystalline-like ordering within the fibrillar networks of the gel state
(Figure 3-28a). As the proportion of (L,D)-6Br2NpFF increased, the Bragg peak sharpened,
suggesting a higher fraction of ordered and periodically arranged bundles of individual fibers.
The SAXS data of the pH-triggered (L,L)-6Br2NapFF hydrogel can be fitted to a flexible
cylinder model with a radius of 30.2+0.2 A and a Kuhn length of 43.8£2.9 A. In contrast, the
(L,D)-6Br2NapFF gel can be well described by an elliptical cylinder plus power law model,
where the ellipse minor radius is 176.5+£0.4 A, the axis ratio is 2.0+0.02, and the length is
431.6+1.0 A (see Figure 3-28 and Table 3-8). For two-component gels, the scattering data can
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be modeled by a combined model of two different cylinders derived from a single-component

gel with consistent parameters, indicating the self-sorting of the two gelators across all

compositions studied (Figure 3-28 and Table 3-8). 2D-SAXS patterns showed greater
directional alignment in (L,L)-6Br2NapFF fibers compared to (L,D)-6Br2NapFF. As the

amount of (L,L)-6Br2NapFF was decreased, the alignment decreased, indicating the shift

towards a more random orientation (refer to Figure 3-29).
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Figure 3-28. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio

for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for binary gels with varying volume ratios, ranging from 10:0, 9:1, 7:3,
5:5,3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-6Br2NapFF and (L,D)-
6Br2NapFF.
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Table 3-8. Summary of parameters used to fit SAXS data for binary gels, encompassing
different volume ratios (10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10) derived from 10 mg/mL stock
solutions of (L,L)-6Br2NapFF and (L,D)-6Br2NapFF. The abbreviations "FC", "EC", and "PL"

represent the flexible cylinder, elliptical cylinder, and power law models, respectively.

Ratio 10:0 9:1 7:3 5:5 3:7 1:9 0:10
Model FC FC FC+EC FC+EC FC+EC FC+EC EC+PL
Scale 1 1 1 1 1
Background 0.2 0.1 0.06 0.08 0.5 0.2 0.1
Background error 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Power law scale 9.3><10-5
Power P
law scale error 6.1x10
Power 2.9
Power error 0.02
A scale 0.01 0.01 0.01 0.01 0.006 0.004
A scale_error 0.0005 1.9x10° 2.5%10° 2.4x10° 2.2%10" 2.0x10"
A kuhn length (A) 43.8 43.8 43.8 43.8 43.8 43.8
A _kuhn_length erroq]
(A) 2.9
A length (A) >1000 >1000 >1000 >1000 >1000 >1000
A length error (A)
A radius (A) 30.2 30.2 30.2 30.2 30.2 30.2
A radius error (A) 0.2
B scale 0.002 0.005 0.008 0.01 0.01
B scale_error 1.5x10° 1.6x10° 1.8x10° 2.0x10" 9.4x10"
B radius (A) 176.5 176.5 176.5 176.5 176.5
B radius error (A) 0.4
B axis ratio 2.0 2.0 2.0 2.0 2.0
B axis ratio error 0.02
B length (A) 431.6 431.6 431.6 431.6 431.6
B length error (A) 1.0
x2 3.43 3.14 3.65 6.98 5.58 4.93 3.04
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Figure 3-29. (a) 2D-SAXS profiles for binary gels with varying volume ratios, ranging from
10:0, 9:1, 7:3, 5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
6Br2NapFF:(L,D)-6Br2NapFF.

3.2.3 1NapFF

Figure 3-30a shows the pre-gelled solutions of 1NapFF at an alkaline pH of 10.5. The 10:0 and
0:10 systems appeared translucent and turbid, respectively. The turbidity increased
progressively with more (L,D)-1NapFF, peaking at a 4:6 ratio before stabilizing (Figure A3-88).
Polarized optical microscopy revealed highly ordered birefringent arrangements in samples,

except at the 0:10 ratio, with smaller domains at higher ratios, suggesting the presence of
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anisotropic hierarchical structures (Figure 3-30(b-1). Shear viscosity data illustrated highly
viscous solutions from 10:0 to 3:7 ratios at pH 10.5, indicating the presence of worm-like
micelles. The rest of the solutions behaved like free-flowing liquids, signifying fewer assembled
aggregates. The significant difference in viscosity between (L,L)-1NapFF and (L,D)-1NapFF
implied disparate nanostructures in their solutions at pH 10.5.%3 Overall, the supramolecular
fluids displayed shear-thinning behavior as shear rates increased (see Figure 3-30m). The
viscosity at a shear rate of 10 s™! generally declined with increasing ratio, stabilizing around the

2:8 system, signalling minimal further viscosity alterations (Figure 3-30n).
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Figure 3-30. (a) Photographs of solutions, (b-1) optical microscopy images taken under normal
light and cross-polarized conditions (magnified at 5x; scale bars indicated 500 um, with white
crosses denoting polariser orientations), (m) viscosity measurements of binary solutions at
different volume ratios of 10 mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions. (n) A plot
illustrating viscosity data at a shear rate of 10 s™!' plotted against volume ratios. The data points
on the graphs represent the average value of the experimental data of the three samples, and the

error bar represents their standard deviation.
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To further examine the chiral characteristics of the two-component solution system, CD spectra
were collected. The CD signal intensity of (L,D)-1NapFF located at the monomer transition
range of naphthalene was significantly smaller, indicating that the naphthalene chromophore
was not efficiently stacked in the self-assembled structure (Figure 3-31a). The CD spectrum
from the 5:5 mixed solution exhibited absorbance signals at approximately 190 nm, 225 nm,
and 242 nm, separately, consistent with a linear combination of signals collected from (L,L)-
INapFF or (L,D)-1NapFF alone (Figure 3-31b). The broad shoulder observed at 222 nm
indicated the presence of disorder in the binary system. Figure 3-31c shows that in most binary
scenarios, the CD signal denoting the chiral self-assembled aggregates diminished with higher
proportions of (L,D)-1NapFF, except for the 9:1 and 8:2 systems where chirality amplifications
occurred. This behavior reflects the majority rules effect,** 4> where an abundance of one

component can dictate the dominant organization.
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Figure 3-31. (a) CD spectra of 5 mg/mL of (L,L)-1NapFF (labelled as 5:0), a mixture with a
5:5 ratio of 10 mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions, and 5 mg/mL (L,D)-
INapFF (labelled as 0:5) solutions at pH 10.5. (b) The spectra illustrate a comparison between
the 5:5 ratio of 10 mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions and the calculated
theoretical self-sorted combination of the 5:0 and 0:5 spectra. (c) CD spectra of solutions

containing 10 mg/mL of (L,L)-1NapFF:(L,D)-1NapFF at ratios ranging from 10:0 to 0:10.
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After heating to 55°C, the spectral shape of an individual (L,L)-1NapFF differed significantly
from its initial state (see Figure 3-32(a-b)). The signal recovered following heat-cooling cycles
between 25°C and 85°C, indicating that high temperatures lead to changes in the self-assembled
nanostructure formed by (L,L)-1NapFF, with this alteration being reversible. In contrast, no
notable variation in the CD spectra for (L,L)-1NapFF was observed after exposure to
temperature fluctuations (Figure 3-33(a-b)), indicating that its structural integrity remained
unaffected. In the case of the 5:5 ratio mixture, the CD data also exhibited changes after heating
to 55°C, suggesting a likelihood of self-sorting between these two components in the mixture
(Figure 3-34(a-b). Notably, during cooling, the signals at 205 nm and 222 nm vanished, while
a negative peak around 230 nm appeared. This is attributed to the (L,L)-1NapFF self-assembled
aggregate in the binary system.
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Figure 3-32. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,L)-1NapFF solutions at pH 10.5. (a), (¢), and (e) represent the heating process, while
(b), (d), and (f) correspond to the cooling process.
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Figure 3-33. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,D)-1NapFF solutions at pH 10.5. (a), (c), and (e) represent the heating process, while
(b), (d), and (f) correspond to the cooling process.
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Figure 3-34. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for a
mixture with a 5:5 ratio of 10 mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions at high pH.
(a), (c), and (e) represent the heating process, while (b), (d), and (f) correspond to the cooling

process.

The SAXS data of (L,L)-1NapFF solutions were best fitted to a cylinder model with a radius of
28.6+0.1 A and a length of 223.9+2.6 A (refer to Figure 3-35, Table 3-9). In contrast, (L,D)-
INapFF data were best described by a power law model, suggesting a deficiency in effective
self-assembly and the presence of heterogeneities. For multicomponent solutions, the scattering
patterns were modelled by cylinder plus power law, with a comparable radius ranging from 29.2
to 36.6 A and a power law exponent of 4.3-4.5. This suggests that the primary self-assembled
structures consist of individual components self-sorted from others. Furthermore, the fading
orientation in the 2D-scattering patterns indicated the improved isotropy of the binary systems
following the enlarged portion of (L,D)-1NapFF (Figure 3-36). The SAXS data of diluted (L,L)-
INapFF solution (5:0) could also be modelled by a cylinder, but with a radius approximately

134 -



Chapter 3: A Comprehensive Study on Self-Sorting in a Library of Naphthyl Diphenylalanine
Diastereomers

9.3 A smaller than the counterpart (5:5) in the mixture, indicating subtle interactions between

the two components rather than simple dilution (Figure 3-37, Figure 3-38, and Table 3-10).
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Figure 3-35. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios, ranging
from 10:0, 7:3, 5:5, 3:7, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
INapFF:(L,D)-1NapFF.

Table 3-9. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (10:0, 7:3, 5:5, 3:7, and 0:10) derived from 10 mg/mL stock solutions of
(L,L)-1NapFF:(L,D)-1NapFF before gelation. The abbreviations "C" and "PL" represent the

cylinder and power law models, respectively.

Ratio 10:0 7:3 5:5 3.7 0:10
Model C C+PL C+PL C+PL PL
Scale 1 1 1
Background 0.3 0.3 0.01 0.1 0.1
Background error 0.001 0.0008 0.0004 0.0008 0.0008
A scale 7.2x10° 9.1x10" 1.4x10" 4.1x10"
A_scale_error 2.3x10° 1310 L1x10" 1510
A power 4.5 4.3 4.3 4.1
A power error 0.07 0.03 0.02 0.01
B scale 0.01 0.006 0.002 0.001
B scale_error 4610 3.3x10° 5.9x10" 2.5%10"
B radius (A) 28.6 29.2 36.6 30.6
B radius error (A) 0.1 0.1 0.1 0.6
B length (A) 223.9 >1000 506.6 766.5
B length error (A) 2.6 13.0 364.9
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Figure 3-36. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 10:0,
7:3,5:5,3:7,t0 0:10 of 10 mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions.
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Figure 3-37. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison); (b-d) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios including

5:0,2.5:2.5 and 0:5 prepared from 5 mg/mL stock solutions of (L,L)-1NapFF and (L,D)-1NapFF.

Table 3-10. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (5:0, 2.5:2.5, and 0:5) derived from 5 mg/mL stock solutions of (L,L)-
INapFF and (L,D)-1NapFF before gelation. The abbreviations "C" and "PL" represent the

cylinder and power law models, respectively.

Ratio 5:0 2.5:2.5 0:5
Model C C+PL PL
scale 1
Background 0.1 0.007 0.4
Background error 0.0009 0.0004 0.001
A scale 2.7x10" 1.7x10
A scale_error 5.1x10° 8.8x10"
A power 4.0 4.2
A power error 0.04 0.01
B scale 0.002 0.0001
B scale error 3.0x10° 1.5x10°
B_radius (A) 27.3 23.9
B radius_error (A) 0.3 1.6
B leneth (A) 682.4 512.4
B length error (A) 118.6 367.1
% 1.16 <1 2.58
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Figure 3-38. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 5:0,
2.5:2.5 0:5 of 5 mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions.

(L,L)-1NapFF can form self-supported gels, but (L,D)-1NapFF cannot. When these two
components are combined, (L,L)-1NapFF acts as the gelator, and (L,D)-1NapFF serves as a
non-gelling additive (Figure 3-39a). Self-supporting gels were observed in all two-component
systems except at the 1:9 ratio. Interestingly, the gels with 8:2 and 7:3 ratios were notably more
transparent than those with only (L,L)-1NapFF or in the 9:1 mixture. Further increasing the
percentage of (L,D)-1NapFF increased the turbidity (Figure A3-92). Confocal microscopy
demonstrated prominent differences in the microstructure of (L,L)-1NapFF and (L,D)-1NapFF
under acidic conditions (Figure 3-39b and f). The (L,L)-1NapFF gel displayed a uniform
arrangement of fibers, whereas (L,D)-1NapFF exhibited randomly dispersed domains
resembling spherical aggregates. However, the image resolution was inadequate to fully
characterize these structures. The coexistence of spherulites and fibrous structures in the binary
systems suggested the potential self-sorting behavior between the two components (Figure 3-
39(c-e)). Rheological experiments were utilized to investigate the mechanical stability of the
gels. A strain-softening behavior for all gels was observed, manifested by a drop in G’ above a
certain strain amplitude, which was ascribed to the shear-induced disruption of the
supramolecular gelation network (Figure 3-39g). In all cases, the modulus was largely
independent of frequency (Figure 3-39h). The relatively large G’ values confirmed (L,L)-
INapFF formed the stiffest hydrogel (Figure 3-391). Binary systems with ratios from 9:1 to 6:4
possessed comparable moduli with pure (L,L)-1NapFF at 10 rad/s, and expanding the (L,D)-
INapFF portion resulted in a sharp decrease in moduli. Thus, the gelator plus non-gelator two-
component system composed of (L,L)-, and (L,D)-1NapFF contributed to the weakened

rheological properties.
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The storage modulus (G’) increases with concentration (C) according to power laws of G' «
C2%8, G' « C>?7, and G’ « C?>* for pH-triggered hydrogels composed of (L,L)-1NapFF, a 1:1
volume ratio mixture of (L,L)-1NapFF:(L,D)-1NapFF, and (L,D)-1NapFF (Figure A3-91),
suggesting a semi-flexible polymer network.*%-*® The G’ values were obtained from the plateau

moduli observed in the linear viscoelastic region during strain sweeps.
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Figure 3-39. (a) Photographs, (b-f) confocal fluorescent microscopy images (scale bars indicate
50 um), (g) strain sweep, (h) frequency sweep of binary gels at different volume ratios of 10
mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions. (i) A plot illustrating moduli at an angular
frequency of 10 rad/s plotted against volume ratios. The data points on the graphs represent the
average value of the experimental data of the three samples, and the error bar represents their

standard deviation.

SAXS was performed to investigate self-sorting at the nanoscale in hydrogels. The data analysis
revealed that the best fit for the (L,L)-1NapFF hydrogel was an elliptical cylinder characterized
by an ellipse minor radius of 31.7+0.2 A and an axis ratio of 2.5+0.02 (Figure 3-40 and Table
3-11). In contrast, (L,L)-1NapFF alone exhibited markedly different scattering patterns, fitting
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best to a power law model with a power law exponent of 4.1+0.01, suggesting a limited degree
of anisotropic self-assemblies, as the uniform intensities along concentric circles around the
incident exhibited in the 2D scattering pattern (Figure 3-41). The multicomponent gels were
effectively modelled by a combination of an elliptical cylinder and a power law, with
adjustments to specific parameters. These findings demonstrate that in gels containing both
(L,L)-1NapFF and (L,D)-1NapFF, fiber formation primarily resulted from self-sorting of (L,L)-
INapFF, while (L,D)-1NapFF acted as non-gelling additives.
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Figure 3-40. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for binary gels with varying volume ratios, ranging from 10:0, 9:1, 7:3,
5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-1NapFF and (L,D)-
INapFF.
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Table 3-11. Summary of parameters used to fit SAXS data for binary gels, encompassing
different volume ratios (10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10) derived from 10 mg/mL stock
solutions of (L,L)-1NapFF and (L,D)-1NapFF. The abbreviations "EC" and "PL" represent the

elliptical cylinder and power law models, respectively.

Ratio 10:0 9:1 7:3 5:5 3:7 1:9 0:10
Model EC EC+PL EC+PL EC+PL EC+PL EC+PL PL
Scale 1 1 1 1 1
Background 0.3 0.2 0.2 0.2 0.1 0.1 0.5
Background error 0.001 0.001 0.001 0.001 0.001 0.001 0.001
A scale 0.0001 9.1x10" 47x10° 3410 1.0x10" 5.0x10
A scale error 2.0x10° 1.9x10° 7.5%10" 40x10" 6.0x10" 1.6x10"
A power 2.6 3.2 2.9 4.1 4.0 4.1
A power error 0.03 0.04 0.03 0.02 0.01 0.01
B scale 0.01 0.01 0.004 0.007 0.003 0.001
B scale error 3.0¢10° 9.5x10" 8.4x10" 0.00 4.1x10° 46x10°
B radius (A) 317 33.9 30.3 35.0 26.5 24.7
B radius error (A) 0.2 0.3 0.4 0.4 0.4 1.2
B axis ratio 2.5 1.9 1.8 1.6 2.1 1.7
B axis ratio error 0.02 0.03 0.06 0.03 0.07 0.2
B length (A) >1000 391.6 622.1 220.6 398.3 456.7
B length error (A) 9.0 46.2 3.6 28.4 99.1
12 2.86 121 2.42 1.18 1.66 1.32 3.61
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Figure 3-41. (a) 2D-SAXS profiles for binary gels with varying volume ratios, ranging from
10:0, 9:1, 7:3, 5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
INapFF:(L,D)-1NapFF.

The self-sorting assembly behavior of 1NapFF and 2NapFF systems shows both similarities and
differences, particularly influenced by chirality and pH. At high pH, 2NapFF forms stable,
distinct nanotube structures for (L,L)-2NapFF and (L,D)-2NapFF, leading to a robust self-sorted
system with two co-existing populations, while 1NapFF forms less rigid worm-like micelles,
with (L,D)-1NapFF acting as a non-gelator. At low pH, both systems form gels, but 2NapFF
maintains a strong self-sorted gel network driven by chirality, whereas 1NapFF relies on (L,L)-

INapFF to form the gel network, with (L,D)-1NapFF altering the gel structure. Spectroscopic
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and structural data support the self-sorting behavior, with 2NapFF showing distinct molecular
stacking and CD shifts, while 1NapFF exhibits less pronounced sorting, influenced by
concentration ratios. Overall, 2NapFF demonstrates a more robust self-sorting mechanism,
while 1NapFF shows a more subtle behavior, where the non-gelating (L,D)-1NapFF impacts

the system without contributing to gel formation.

3.2.4 6CN2NapFF

Both (L,L)-6CN2NapFF and (L,D)-6CN2NapFF form cloudy solutions under alkaline pH
conditions (refer to Figure 3-42a). When diluted with the (L,D)-6CN2NapFF component, the
turbidity of the mixed solution increased (refer to Figure A3-94). Analysis using polarized light
microscopy revealed the presence of worm-like micelles in the samples, with highly organized
and aligned birefringent patterns observed in solutions with ratios ranging from 3:7 to 0:10,
indicating an anisotropic hierarchical structure within the system (refer to Figure 3-42(b-1)).
Shear viscosity measurements showed that (L,D)-6CN2NapFF solutions were more viscous
than (L,L)-6CN2NapFF solutions under alkaline pH conditions (refer to Figure 3-42m).
Additionally, all solutions displayed shear-thinning non-Newtonian behavior as the shear rate
increased. The viscosity at a shear rate of 10 s! gradually increased with higher ratios, reaching

a range of 0.053 to 0.065 Pa-s™! after a ratio of 5:5 (refer to Figure 3-42n).
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Figure 3-42. (a) Photographs of solutions, (b-1) optical microscopy images taken under normal
light and cross-polarized conditions (magnified at 5%; scale bars indicated 500 pm, with white
crosses denoting polariser orientations), (m) viscosity measurements of binary solutions at
different volume ratios of 10 mg/mL (L,L)-6CN2NapFF:(L,D)-6CN2NapFF stock solutions. (n)
A plot illustrating viscosity data at a shear rate of 10 s™! plotted against volume ratios. The data
points on the graphs represent the average value of the experimental data of the three samples,

and the error bar represents their standard deviation.
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The CD was used to explore supramolecular chirality. The CD spectrum obtained from the 5:5
mixed solution showed absorbance peaks around 188 nm and 250 nm, consistent with
theoretical calculations based on the two individual components (see Figure 3-43b). A distinct
difference was observed in the 200-240 nm region: the 5:5 mixture exhibited a negative broad
shoulder around 223 nm, resembling that of the 10:0 solution (see Figure 3-43c). In contrast,
the linear combination of CD spectra from 5:0 and 0:5 solutions displayed negative absorption
peaks at approximately 210 nm and 230 nm. This indicates that the (L,L)-6CN2NapFF
component in the hybrid system maintains its self-assembled aggregates at higher
concentrations rather than being completely diluted by the other component. Figure 3-43c
illustrates that the CD signal representing chiral self-assembled aggregates progressively
resembles that of the 0:10 solution as the proportion of (L,D)-6CN2NapFF increases across all

ratios, suggesting the occurrence of self-sorting within this binary system.
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Figure 3-43. (a) CD spectra of 5 mg/mL of (L,L)-6CN2NapFF (labeled as 5:0), a mixture with

5:5 ratio of 10 mg/mL (L,L)-6CN2NapFF:(L,D)-6CN2NapFF stock solutions, and 5 mg/mL
(L,D)-6CN2NapFF (labeled as 0:5) solutions at pH 10.5. (b) The spectra illustrate a comparison
between the 5:5 ratio of 10 mg/mL (L,L)-6CN2NapFF:(L,D)-6CN2NapFF stock solutions and
the calculated theoretical self-sorted combination of the 5:0 and 0:5 spectra. (¢) CD spectra of
solutions containing 10 mg/mL of (L,L)-6CN2NapFF:(L,D)-6CN2NapFF at ratios ranging from

10:0 to 0:10.
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The temperature-dependent CD data of (L,L)-6CN2NapFF exhibited significant similarity to
the initial state (refer to Figure 3-44(a-b)), indicating that its structural integrity was maintained
despite temperature changes. In contrast, the corresponding CD data obtained from (L,D)-
6CN2NapFF solutions showed irreversible and substantial changes in spectral shape in the 180-
230 nm range after the heat-cooling cycle from 25°C to 85°C and back to 25°C (refer to Figure
3-45(a-b)), suggesting a change in the self-assembled nanostructure. For the 5:5 binary mixture,
the temperature-dependent CD data closely resembled those of pure (L,D)-6CN2NapFF (refer
to Figure 3-46(a-b)), indicating the preservation of the self-assembled nanostructures formed by
this component within the two-component system. Self-sorting thus occurred in these two-

component systems.
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Figure 3-44. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,L)-6CN2NapFF solutions at pH 10.5. (a), (c), and (e) represent the heating process,
while (b), (d), and (f) correspond to the cooling process.
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Figure 3-45. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,D)-6CN2NapFF solutions at pH 10.5. (a), (c), and (e) represent the heating process,
while (b), (d), and (f) correspond to the cooling process.
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Figure 3-46. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for a
mixture with a 5:5 ratio of 10 mg/mL (L,L)-6CN2NapFF:(L,D)-6CN2NapFF stock solutions at
high pH. (a), (c), and (e) represent the heating process, while (b), (d), and (f) correspond to the

cooling process.

The SAXS data of the (L,L)-6CN2NapFF solution were fitted using a power law model with an
elliptical cylinder having a minor radius of 114.5+0.2 A and an axis ratio of 2.2+0.01, along
with an elliptical cylinder of length 624.1+2.2 A and a power law exponent of 2.6+0.01 (see
Figure 3-47, Table 3-12). In contrast, the (L,D)-6CN2NapFF data were best modeled by a
combination of a cylinder with a radius of 32.0£0.1 A and a length of 543.6+13.5 A, along with
a power law model having a power law exponent of 3.1+0.01. For multicomponent solutions,
the scattering pattern was modeled using a combination of elliptical cylinders with an ellipse
minor radius ranging from 100.8 to 104.9 A and a cylinder radius ranging from 38.1 to 38.3 A.
This suggests that the primary self-assembled structure consists of individual components that
exhibit self-sorting behavior from other components. Furthermore, the loss of directionality in

the two-dimensional scattering pattern indicate increased isotropy of the two-component system
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after the addition of (L,D)-6CN2NapFF (refer to Figure 3-48). Fits the SAXS data for dilute
(L,L)-6CN2NapFF and (L,D)-6CN2NapFF solutions (5:0 and 0:5 ratios) were comparable to
their higher concentration counterparts (10:0 and 0:10 ratios) but not as similar as the 5:5 binary
mixture. The minor radius of the ellipse was 12.7 A larger, and the cylinder radius was 5.9 A
smaller compared to the model parameters corresponding to each component in the 5:5 solution
fits, indicating a subtle interaction between the two components in the mixture. (refer to Figure

3-49, Figure 3-50, and Table 3-13).
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Figure 3-47. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios, ranging
from 10:0, 7:3, 5:5, 3:7, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
6CN2NapFF:(L,D)-6CN2NapFF.

Table 3-12. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (10:0, 7:3, 5:5, 3:7, and 0:10) derived from 10 mg/mL stock solutions of
(L,L)-6CN2NapFF:(L,D)-6CN2NapFF before gelation. The abbreviations "C", "EC", and "PL"

represent the cylinder, elliptical cylinder, and power law models, respectively.

Ratio 10:0 7:3 5:5 3:7 0:10
Model EC+PL EC+C EC+C EC+C C+PL
Scale 1 1 1 1 1
Background 0.03 0.01 0.005 0.004 0.04
Background error 0.0004 0.0001 0.0001 0.0001 0.0004
-5 -6
Power law scale 7.6x10 9.7x10
-6 -7
Power law scale error]| 2.5x10 3.9x10
Power 2.6 3.1
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Power error 0.01 0.01
A scale 0.001 0.0005 0.0004 0.0004
-5 -6 -6 -6
A scale error l.l><10J 2.6x10 2.3x10 2.4x10
A radius (A) 114.5 100.8 104.9 103.1
A radius error (A) 0.2 0.6 0.7 0.7
A axis ratio 2.2 2.5 2.4 2.6
A axis ratio error 0.01 0.03 0.04 0.04
A length (A) 624.1 655.6 698.6 708.1
A length error (A) 2.2 7.0 9.0 9.8
B scale 0.0003 0.0003 0.0005 0.003
-6 -6 -6 -6
B scale error 3.6x10 3.4x10 3.6x10 9.7x10
B radius (A) 38.3 38.2 38.1 32.0
B radius error (A) 0.3 0.3 0.2 0.1
B length (A) 564.0 605.5 601.5 543.6
B length error (A) 90.3 91.8 64.8 13.5
x2 2.10 1.96 1.51 1.56 <1
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Figure 3-48. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 10:0,
7:3,5:5,3:7,t0 0:10 of 10 mg/mL (L,L)-6CN2NapFF:(L,D)-6CN2NapFF stock solutions.
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Figure 3-49. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio

for clear comparison); (b-d) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios including
5:0, 2.5:2.5 and 0:5 prepared from 5 mg/mL stock solutions of (L,L)-6CN2NapFF and (L,D)-
6CN2NapFF.

Table 3-13. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (5:0, 2.5:2.5, and 0:5) derived from 5 mg/mL stock solutions of (L,L)-
6CN2NapFF and (L,D)-6CN2NapFF before gelation. The abbreviations "C", "EC", and "PL"

represent the cylinder, elliptical cylinder, and power law models, respectively.

Ratio 5:0 2.5:2.5 0:5
Model EC+PL EC+C C+PL
Scale 1 1 1
Background 0.4 0.08 0.009
Background error 0.002 0.0007 0.0004
Power law scale 0.0007 449><10-6
Power law scale error 845><10-5 246><10-6
Power 2.1 2.7
Power error 0.04 0.1
A scale 0.001 0.002
A scale_error 3.7x10° 3.8x10°
A radius (A) 117.6 110.72
A radius error (A) 1.2 1.3
A axis ratio 2.8 1.6
A axis ratio error 0.1 0.06
A length (A) 382.2 546.6
A length error (A) 4.3 15.4
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B scale 0.003 0.001
B_scale_error 2.5x10° 1.7x10°
B radius (A) 35.8 32.3
B radius error (A) 0.3 0.2
B length (A) >1000 >1000
B length error (A)
x2 2.00 1.24 <1

Figure 3-50. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 5:0,
2.5:2.5 0:5 of 5 mg/mL (L,L)-6CN2NapFF:(L,D)-6CN2NapFF stock solutions.

(L,L)- and (L,D)-6CN2NapFF can both form self-supporting gels under acidic pH (see Figure
3-51a). The turbidity of the binary gel increased with a higher percentage of (L,D)-6CN2NapFF
(see Figure A3-96). Confocal microscopy revealed a densely distributed fiber network within
the acidic gels (see Figure 3-51(b-f)). During strain sweep tests, a plateau with G' approximately
one order of magnitude higher than G" was observed in all gels, indicating a gel state across all
ratios. The steady strain-softening behavior was observed for all gels after exceeding the yield
point, suggesting the uniform distribution of the supramolecular gel network within the gel (see
Figure 3-51g). The moduli were found to be independent of frequency in all cases (see Figure
3-51h). (L,L)-6CN2NapFF formed the stiffest hydrogel (see Figure 3-51i). Generally, the
moduli of the binary gels exhibited a decreasing trend with increasing (L,D)-6CN2NapFF
fraction, suggesting that the fibrous structures composed of the individual components self-sort

within the two-component system.
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Figure 3-51. (a) Photographs, (b-f) confocal fluorescent microscopy images (scale bars indicate
50 um), (g) strain sweep, (h) frequency sweep of binary gels at different volume ratios of 10
mg/mL (L,L)-6CN2NapFF:(L,D)-6CN2NapFF stock solutions. (i) A plot illustrating moduli at
an angular frequency of 10 rad/s plotted against volume ratios. The data points on the graphs
represent the average value of the experimental data of the three samples, and the error bar

represents their standard deviation.

The SAXS analysis of (L,L)- and (L,D)-6CN2NapFF gels was conducted using an elliptical
cylinder plus a power law model, yielding ellipse minor radii of 110.3 A and 116.0 A, axial
ratios of 1.6 and 1.8, and lengths of 393.3 A and 986.5 A, respectively (refer to Figure 3-52 and
Table 3-14). In the case of multicomponent gels, the scattering patterns closely resembled and
were well-fitted by a combination of elliptical cylinder and power law models, with the ellipse
minor radii progressively increasing from 101.6 A in a 9:1 ratio to 120.9 A in a 1:9 ratio as the
proportion of (L,D)-6CN2NapFF increased. Attempts to use a combined model involving
identical elliptical cylinders with parameters consistent with those obtained in the one-

component gels resulted in a negative scale (scale factor or volume fraction of sample),
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indicating that SAXS cannot distinguish fibers with Angstrom-level differences in the mixed

system. The 2D-SAXS profile also exhibited similar intensity modulations (Figure 3-53).
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Figure 3-52. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio

for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits

(illustrated by red lines) for binary gels with varying volume ratios, ranging from 10:0, 9:1, 7:3,

5:5,3:7,1:9, t0 0:10, prepared from 10 mg/mL stock solutions of (L,L)-6CN2NapFF and (L,D)-

6CN2NapFF.

Table 3-14. Summary of parameters used to fit SAXS data for binary gels, encompassing

different volume ratios (10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10) derived from 10 mg/mL stock
solutions of (L,L)-6CN2NapFF and (L,D)-6CN2NapFF. The abbreviations "EC" and "PL"

represent the elliptical cylinder and power law models, respectively.

Ratio 10:0 9:1 7:3 5:5 3:7 1:9 0:10
Model EC+PL EC+PL EC+PL EC+PL EC+PL EC+PL EC+PL
Scale 1 1 1 1 1 1 1
Background 0.1 0.1 0.05 0.05 0.05 0.09 0.08
Background error 0.001 0.001 0.001 0.001 0.001 0.001 0.001
A scale 5.8%10° 7.6x10° 7.0x10° 7.6x10° 9.6x10" 1.6x10" 9.8x10"
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A scale error 2.0%10" 3.0%10° 3.0%10° 3.1x10° 33x10° 6.4x10" 3.5%10"
A power 3.1 2.9 3.0 3.0 3.0 2.8 3.0
A power error 0.01 0.01 0.01 0.01 0.01 0.01 0.01
B scale 0.006 0.004 0.004 0.004 0.003 0.003 0.004
B scale error 510" 46510 6.8%10° 7.4x10° 7.5%10° 6.8%10° 7.5%10°
B radius (A) 110.3 101.6 103.4 109.3 1127 120.9 116.0
B _radius_error
(A) 0.4 0.6 0.6 0.6 0.7 0.9 0.6
B axis ratio 1.6 1.8 2.4 2.4 2.3 2.1 1.8
B axis ratio error 0.01 0.02 0.06 0.06 0.06 0.06 0.03
B length (A) 393.3 390.1 305.2 312.2 326.5 353.1 986.5
B_length error
(A) 22 33 2.0 2.1 26 3.7 13.2
22 2.68 2.52 2.14 1.93 2.19 222 2.01

Figure 3-53. (a) 2D-SAXS profiles for binary gels with varying volume ratios, ranging from
10:0, 9:1, 7:3, 5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
6CN2NapFF:(L,D)-6CN2NapFF.
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3.2.5 4Cl1NapFF

(L,L)-4CI1NapFF and (L,D)-4Cl1NapFF form opaque and turbid solutions, respectively, under
alkaline pH conditions (refer to Figure 3-54a). Upon dilution with the (L,D)-4Cl1NapFF
component, the turbidity of the mixed solution gradually increased (Figure A3-98). Examination
under cross-polarized optical microscopy revealed the presence of worm-like micelles in the
samples (Figure 3-54(b-1)). Aligned fibrous structures with birefringent areas were observed in
solutions with ratios ranging from 6:4 to 0:10, indicating various levels of anisotropy hierarchies.
Shear viscosity measurements demonstrated that all solutions exhibited shear-thinning non-
Newtonian behavior with increasing shear rate (Figure 3-54m). Solutions ranging from 10:0 to
4:6 required a specific shear rate to induce fluid flow. At low shear rates, the (L,L)-4Cl1NapFF
solution exhibited a zero-shear viscosity plateau until reaching the critical shear rate (63.1 s).
The viscosity at a shear rate of 10 s! gradually increased with the enlarged ratio, peaking at
0.037 Pa s™! at 6:4, and then sharply decreased with further increases in the ratio (refer to Figure
3-54n).
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Figure 3-54. (a) Photographs of solutions, (b-1) optical microscopy images taken under normal
light and cross-polarized conditions (magnified at 5%; scale bars indicated 500 pm, with white
crosses denoting polariser orientations), (m) viscosity measurements of binary solutions at
different volume ratios of 10 mg/mL (L,L)-4Cl1NapFF:(L,D)-4Cl1NapFF stock solutions. (n)

A plot illustrating viscosity data at a shear rate of 10 s™! plotted against volume ratios. The data
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points on the graphs represent the average value of the experimental data of the three samples,

and the error bar represents their standard deviation.

The CD data obtained from a concentration of 5 mg/mL of (L,L)-4Cl11NapFF showed a notably
distinct profile compared to that of (L,D)-4Cl1NapFF, indicating unique and consistent signals
for each system (see Figure 3-55a). The CD pattern of 5:5 binary solutions resembled the sum
of the CD spectra of individual components, suggesting the presence of self-sorting (see Figure
3-55b). Furthermore, Figure 3-55¢ demonstrates that the CD signal representing the chiral self-
assembled aggregates diminished with higher proportions of (L,D)-4CI11NapFF across all ratios,

strongly indicating the existence of self-sorting in this binary system.
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Figure 3-55. (a) CD spectra of 5 mg/mL of (L,L)-4Cl1NapFF (labeled as 5:0), a mixture with
5:5 ratio of 10 mg/mL (L,L)-4Cl1NapFF:(L,D)-4Cl1NapFF stock solutions, and 5 mg/mL
(L,D)-4Cl11NapFF (labeled as 0:5) solutions at pH 10.5. (b) The spectra illustrate a comparison
between the 5:5 ratio of 10 mg/mL (L,L)-4Cl1NapFF:(L,D)-4Cl1NapFF stock solutions and the
calculated theoretical self-sorted combination of the 5:0 and 0:5 spectra. (c) CD spectra of
solutions containing 10 mg/mL of (L,L)-4Cl1NapFF:(L,D)-4Cl1NapFF at ratios ranging from

10:0 to 0:10.

The temperature-dependent CD data of the (L,L)-4C11NapFF solution remained comparable to
the initial state even at high temperatures, as shown in Figure 3-56(a-b), indicating that its self-

assembled structure was stable under elevated temperatures. The absorption peak intensity
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gradually recovered during the cooling process without reaching the initial level. In contrast, for
the (L,D)-4CI1NapFF solution (Figure 3-57(a-b)), the spectrum did not change significantly
during the heating cycle and the signal intensity dropped sharply and was unable to recover
during the cooling process. Regarding the 5:5 binary mixture, as depicted in Figure 3-58(a-b),

the CD signal at 228 nm gradually weakened during heating and recovered during cooling.
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Figure 3-56. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,L)-4C11NapFF solutions at pH 10.5. (a), (c), and (e) represent the heating process,
while (b), (d), and (f) correspond to the cooling process.
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Figure 3-57. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for 10
mg/mL (L,D)-4Cl11NapFF solutions at pH 10.5. (a), (c), and (e) represent the heating process,
while (b), (d), and (f) correspond to the cooling process.
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Figure 3-58. Temperature-dependent (a-b) CD, (c-d) absorbance, and (e-f) HT data for a
mixture with a 5:5 ratio of 10 mg/mL (L,L)-4Cl1NapFF:(L,D)-4CI1NapFF stock solutions at
high pH. (a), (c), and (e) represent the heating process, while (b), (d), and (f) correspond to the

cooling process.

SAXS was employed to probe the self-assembled structure in solutions. As shown in Figure 3-
59 and Table 3-15, (L,L)-4Cl1NapFF self-assembles into a flexible cylinder with a diameter of
28.0+£0.1 A, a Kuhn length of 83.9+4.4 A, and a length of 335.7+7.6 A; (L,D)-4C11NapFF
formed a flexible cylinder with a diameter of 29.7+0.1 A, a Kuhn length of 352.0+£30.9 A, and
a length exceeding 1000 A. The scattering at low Q was well-fitted by a power law model. The
Kuhn length (b) is proportional to the persistence length (I,), which represents the length of
segments that are locally stiff (b = 2*1,). Therefore, (L,D)-4C11NapFF self-assemblies have a
persistence length 4.2 times that of (L,L)-4Cl11NapFF, indicating higher stiffness in the fibers of
the former. Since the radii of the fibrous structures consisting of the diastereomers are too close
to be differentiated by SAXS, the hybrid system cannot be fitted by combining two-cylinder
models derived from individual components. The SAXS data of the binary solutions was

modelled by a flexible cylinder with a power law, where the radius and Kuhn length of the
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cylindrical micelles are between 29.9-30.9 A and 319.5-428.2 A, respectively. The diminishing
orientation in the 2D scattering pattern shows that the anisotropic structure in the binary system

decreases with increasing (L,D)-4Cl1NapFF fraction (see Figure 3-60).

The SAXS data of the dilute (L,L)-4Cl1NapFF solution (5:0) were modeled by a cylinder with
a radius of 31.0+0.1 A and a length of 364.5+8.3 A, whereas the dilute (L,D)-4C11NapFF
solution (0:5) fitted well by cylinder plus power law, with a cylinder radius and length of
147.4+4.3 A and 733.7£100.5 A, respectively. These parameters differ significantly from the
corresponding parameters in the 5:5 ratio mixture, indicating interactions between individual

components in the two-component systems (see Figure 3-61, Figure 3-62, and Table 3-16)
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Figure 3-59. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios, ranging
from 10:0, 7:3, 5:5, 3:7, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-

4Cl1NapFF:(L,D)-4Cl1NapFF.

Table 3-15. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (10:0, 7:3, 5:5, 3:7, and 0:10) derived from 10 mg/mL stock solutions of
(L,L)-4CI1NapFF:(L,D)-4Cl11NapFF before gelation. The abbreviations "FC" and "PL"

represent the flexible cylinder and power law models, respectively.

Ratio 10:0 7:3 5:5 3.7 0:10
Model FC FC+PL FC+PL FC+PL FC+PL
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Scale 1 1 1 1
Background 0.2 0.05 0.06 0.1 0.1
Background error 0.001 0.0007 0.0007 0.001 0.001
-7 -7 -7 -7
A scale 1.4x10 3.5x10 4.5%10 3.5x10
-9 -9 -9 -9
A scale error 1.3x10 2.8x10 1.7x10 1.1x10
A power 4.0 4.1 4.3 4.1
A power error 1.3 0.01 0.01 0.01
B scale 0.01 0.009 0.007 0.005 0.01
-4 -5 -5 -5 -5
B scale error 1.6x10 9.2x10 2.6x10 2.8x10 4.2x10
B radius (A) 28.0 30.9 30.4 29.9 29.7
B radius error (&) 0.1 0.1 0.1 0.1 0.1
B kuhn length (A) 83.9 428.2 345.1 319.5 352.0
B kuhn length error (A) 4.4 25.8 31.2 36.1 30.9
B length (A) 335.7 >1000 >1000 >1000 >1000
B length error (A) 7.6
1 2.50 1.68 3.63 9.40 3.45

Figure 3-60. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 10:0,

7:3,5:5,3:7,t0 0:10 of 10 mg/mL (L,L)-4Cl1NapFF:(L,D)-4Cl1NapFF stock solutions.
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Figure 3-61. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
for clear comparison); (b-d) SAXS data (depicted by black circles) and their respective fits
(illustrated by red lines) for pre-gelation binary solutions with varying volume ratios including

5:0, 2.5:2.5 and 0:5 prepared from 5 mg/mL stock solutions of (L,L)-4Cl1NapFF and (L,D)-
4Cl1NapFF.

Table 3-16. Summary of parameters used to fit SAXS data for binary solutions, encompassing
different volume ratios (5:0, 2.5:2.5, and 0:5) derived from 5 mg/mL stock solutions of (L,L)-
4Cl1NapFF and (L,D)-4Cl11NapFF before gelation. The abbreviations "C" and "PL" represent

the cylinder and power law models, respectively.

Ratio 5:0 2.5:2.5 0:5
Model C C+C C+PL
scale 1 1
Background 0.07 0.06 0.2
Background error 0.001 0.001 0.001
6
Power law scale 1.2x10
K]
Power law scale error 9.2x10
Power 3.8
Power error 0.02
A scale 0.0004 0.0002
-6 -5
A scale error 9.1x10 3.4x10
A radius (A) 144.5 147.4
A radius error (A) 1.9 43
A length (A) 436.6 733.7
A length error (A) 24.6 100.5
B scale 0.007 0.001
-5 -5
B scale error 3.8x10 1.0x10
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B_radius (A) 31.0 31.6
B radius error (A) 0.1 0.2
B length (A) 364.5 >1000
B length error (A) 8.3
x2 1.40 1.49 1.10

Figure 3-62. 2D-SAXS profiles for pre-gelation binary solutions with volume ratios from 5:0,
2.5:2.5 0:5 of 5 mg/mL (L,L)-4Cl1NapFF:(L,D)-4CI1NapFF stock solutions.

The vial inversion test demonstrated the formation of self-supporting supramolecular gels at all
ratios under acidic pH (refer to Figure 3-63a). Binary hydrogels underwent syneresis, involving
volume contraction and expulsion of entrapped solvent due to fibre-fibre interactions. Syneresis
is particularly driven by changes in gelator hydrophobicity triggered by pH, leading to increased
hydrophobicity of self-assembled fibers and water expulsion from the gel network.**: > The
turbidity of the binary gel increased with the increasing percentage of (L,D)-4Cl1NapFF,
remaining stable after the 2:8 ratio (refer to Figure A3-100). Confocal microscopy reveals an
evenly distributed fiber network in the acidic gels and syneresis leads to a denser network in the
mixed system (refer to Figure 3-63 (b-f)).

Strain sweep data for all gels exhibit a plateau with G' approximately one order of magnitude
higher than G", indicating gel-like behavior across all ratios under acidic conditions (refer to
Figure 3-63g). Smooth strain-softening behavior was observed for all gels after exceeding the
yield point, suggesting the uniform distribution of the supramolecular fiber network within the
gels. In all cases, the modulus was largely independent of frequency (see Figure 3-63h). (L,L)-
4Cl1NapFF formed a stiffer hydrogel than (L,D)-4CI11NapFF (refer to Figure 3-631). Generally,
the moduli of binary gels show a decreasing trend with decreasing (L,L)-4CI12NapFF fractions,
indicating that the self-assembled fibers consisting of single components are likely to self-sort

within the two-component system.

- 165 -



Chapter 3: A Comprehensive Study on Self-Sorting in a Library of Naphthyl Diphenylalanine
Diastereomers

10:0 9:1 8:2 73 6:4 5:5 4:6 BT 2:8 1:9 0:10

(g)

1051
8088888080680883320,
10 Thee =' '

N - 10 rad/s

sssss

Q
>
N

1o 1000 48
e 91 e 37

1) e 91 e 37

10" : ?g : ?g 1. 82 e 2:8
g H e 73 o 19
. ° 6i4 e 0:10 i e 6:4 e 0:10
10°4 & 55 | * 55
. . i : 10! r 1 10°4 S Q
10t 10° 10! 102 10° 10° 10! 102 O N @ A? PP g2 20
Strain (%) Angular frequency (rad/s) Ratio

Figure 3-63. (a) Photographs, (b-f) confocal fluorescent microscopy images (scale bars indicate
50 um), (g) strain sweep, (h) frequency sweep of binary gels at different volume ratios of 10
mg/mL (L,L)-4CI1NapFF:(L,D)-4Cl1NapFF stock solutions. (i) A plot illustrating moduli at an
angular frequency of 10 rad/s plotted against volume ratios. The data points on the graphs
represent the average value of the experimental data of the three samples, and the error bar

represents their standard deviation.

The experimental SAXS data for hydrogels with ratios ranging from 5:5 to 0:10 exhibited a
Bragg peak at Q = 0.199 A! (d = 31.6 A), indicating the presence of crystal-like order and
periodic arrangement within the fibrous network in the gel (Figure 3-64a). The SAXS data of
pH-triggered (L,L)-4CI11NapFF and (L,D)-4Cl1NapFF hydrogels could be fitted to ellipse minor
radii of 27.3 A and 19.1 A, axis ratios of 4.0 and 2.6, and lengths of 549.4 A and >1000 A for
elliptical cylinders (see Figure 3-64 and Table 3-17). The low-Q region could be described by a
power law model. For multicomponent gels, the scattering pattern was modelled as a
combination of elliptical cylinder and power law. As the ratio of (L,D)-4Cl1NapFF increased,
the ellipse minor radii gradually increased from 42.5 A at the 9:1 ratio to 12.2 A at the 1:9 ratio.
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The SAXS data are unable to distinguish fibers with Angstrom-scale differences in the mixture.

Attempting to use a combined model containing identical elliptical cylinders with parameters

consistent with those obtained in single-component gels resulted in a negative scale (scale factor

or the volume fraction of the sample). The orientation of the 2D-SAXS pattern revealed that
(L,L)-4Cl1NapFF fibers exhibited higher anisotropy compared to (L,D)-4Cl1NapFF.

Decreasing the (L,L)-4CI1NapFF content led to a decrease in orientation, indicating increased

isotropy (see Figure 3-65).
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Figure 3-64. (a) Experimental SAXS curves (The data were arranged vertically by volume ratio
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for clear comparison); (b-f) SAXS data (depicted by black circles) and their respective fits

(illustrated by red lines) for binary gels with varying volume ratios, ranging from 10:0, 9:1, 7:3,
5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-4CIl1NapFF and (L,D)-

4Cl1NapFF.
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Table 3-17. Summary of parameters used to fit SAXS data for binary gels, encompassing
different volume ratios (10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10) derived from 10 mg/mL stock
solutions of (L,L)-4ClINapFF and (L,D)-4Cl1NapFF. The abbreviations "EC" and "PL"

represent the elliptical cylinder and power law models, respectively.

Ratio 10:0 9:1 7:3 5:5 3.7 1:9 0:10
Model EC EC+PL EC+PL EC+PL EC+PL EC+PL EC+PL
Scale 1 1 1 1 1 1
Background 0.2 0.2 0.1 0.1 0.1 0.3 0.2
Background error 0.001 0.001 0.001 0.001 0.001 0.002
A scale 0.0007 0.0002 1.3x10°" 1.3x10" 4.4x10" 1.8x10
A scale_error 2.8x10" 1.7%10° 2.0x10" 8.0x10" 1.4x10" 3.3x10
A power 2.3 2.7 3.9 4.0 4.3 4.5
A power error 0.01 0.02 0.03 0.01 0.01
B scale 0.01 0.005 0.005 0.008 0.005 0.003 0.0008
B scale_error 3.9x10° 5.9x10° 0.0002 8.6x10° 6.4x10" 2.9x10" 2.1x10"
B radius (A) 27.3 42.5 28.4 22.3 22.0 12.2 19.1
B _radius_error
(A) 0.1 0.4 0.5 0.2 0.3 2.0
B axis ratio 4.0 2.2 2.7 3.4 2.6 2.1 2.6
B axis ratio error 0.03 0.04 0.09 0.06 0.08 0.5
B length (A) 549.4 234.5 573.4 518.5 481.6 441.2 >1000
B_length error
(A) 9.7 3.5 34.7 20.6 37.8 206.7
¥ 3.59 2.23 2.66 2.38 5.26 8.79 7.23
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Figure 3-65. (a) 2D-SAXS profiles for binary gels with varying volume ratios, ranging from
10:0, 9:1, 7:3, 5:5, 3:7, 1:9, to 0:10, prepared from 10 mg/mL stock solutions of (L,L)-
4Cl1NapFF:(L,D)-4Cl1NapFF.

3.3 Impact of the Mixing Approach on Multicomponent Systems

Different methods of combining water-soluble components can affect the resulting structures,
with solution mixing potentially locking in larger-scale structures before gelation, compared to
starting from powders, which could lead to co-assembly or different structures. Preparation
methods could even induce self-sorting or co-assembly in fibers of the gel network.>! We further

explored the effect of mixing methods on the resulting two-component systems.
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Liquid-phase mixing involves combining prepared gelator micellar solutions in specific volume
ratios to create two-component systems. In contrast, solid-phase mixing entails blending gelator
powders in defined mass ratios to form a micellar solution. The viscosity of the two-component
solutions obtained by solid-state mixing differed somewhat from their liquid-phase mixing
counterparts, especially for the 6Br2NapFF system (see Figure 3-66). This difference might be
caused by the discrepancy in the supramolecular aggregates and/or the assembly mode of
diastereomers in the binary system. SAXS was employed to confirm this conjecture. Figure 3-
67 illustrates that the SAXS profiles of the solutions at pH 10.5 obtained by the two methods
were somewhat different from the other. All these two-component solutions were best fit to
combined models, with variations in specific parameters and/or types of models for individual
components compared to the liquid-phase mixing counterparts (see Figure 3-68, Table 3-18,
and Table 3-19). This evidence suggested that self-sorting occurred in these systems despite
modifications to the self-assembled nanostructures formed by each component. Besides, solid-
phase mixed hydrogels were less stiff than those prepared by liquid-phase mixing (see Figure
3-69). This may be due to reduced structural order within the gel network in the system, i.e., a

lack of organization or random arrangement of molecules resulting in a weaker gel structure.
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Figure 3-66. Dynamic viscosity for two-component solutions prepared through solid mixing
approaches under equal percentages of diastereomers with a total concentration of 10 mg /mL,

pH of 10.5, and temperature of 25 °C.
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Figure 3-67. Combination of experimental SAXS curves for binary solutions prepared through
liquid and solid mixing approaches under a 1:1 proportion of diastereomers with a total gelator

concentration of 10 mg/mL, pH of 10.5, and temperature of 25 °C.
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Figure 3-68. SAXS profiles (black circle) and fits (red line) for two-component solutions
prepared through solid mixing approaches under a 1:1 proportion of diastereomers with a total

gelator concentration of 10 mg/mL, pH of 10.5, and temperature of 25 °C.
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Table 3-18. Summary of parameters employed for fitting SAXS data of binary solutions
prepared through solid mixing approaches under a 1:1 proportion of diastereomers with a total
gelator concentration of 10 mg/mL, pH of 10.5, and temperature of 25 °C. The abbreviations
"C", "HC", "FC", "EC", and "PL" denote the cylinder, hollow cylinder, flexible cylinder,

elliptical cylinder, and power law models, respectively.

Gelator 2NapFF 7MeO2NapFF 6Br2NapFF 1NapFF 6CN2NapFF 4Cl1NapFF
Model C+HC C+HC C+EC C+PL C+EC C+FC
Scale 1 1 1 1 1 1
Background 0.005 0.004 0.02 0.01 0.01 0.008
Background error 0.0003 0.0003 0.0003 0.0002 0.0003 0.0002
Power law scale 1.8><10-7
Power law scale error| 3.6><10-8
Power 3.8
Power error 0.04
A scale 1.7x10" 4.0x10” 6.9x10" 4.0x10" 1.7x10°"
A scale_error 1.9x10° 1.5x10° 2.8x10” 7.1x10° 5.0x10°
A radius (A) 123.8 223.9 42.7 39.7 153.0
A radius error (A) 1.9 0.6 12.6 5.3 0.7
A _kuhn_length (A) 87.3
A kuhn_length error
(A) 37.6
A thickness (A) 23.7 26.4
A thickness error (A) 3.8 1.1
A axis ratio 3.2 4.4
A axis ratio error 0.9 0.5
A length (A) 197.0 694.6 445.8 706.6 >1000
A length_error (A) 19.5 19.8 17.1 52.5
B scale 7.6x10" 6.5x10" 1.4x10° 4.6x10" 7.5x10" 1.0x10°
B scale_error 1.0x10° 7.8x10" 2.8x10” 9.1x10" 7.0x10° 9.9x10"
B radius (A) 42.4 34.0 439 40.1 30.0 30.8
B radius error (A) 0.2 0.2 1.6 0.4 0.6 0.2
B length >1000 >1000 366.9 172.9 490.6 >1000
B length error (A) 15.4 9.4 84.3
x2 1.80 2.23 1.98 1.98 2.64 3.36

Table 3-19. Summary of parameters employed for fitting SAS data of binary solutions prepared
through liquid mixing approaches under a 1:1 proportion of diastereomers with a total gelator
concentration of 10 mg/mL, pH of 10.5, and temperature of 25 °C. The abbreviations "C", "HC",
"FC","EC", and "PL" denote the cylinder, hollow cylinder, flexible cylinder, elliptical cylinder,

and power law models, respectively.

Gelator 2NapFF 7MeO2NapFF 6Br2NapFF 1NapFF 6CN2NapFF 4Cl1NapFF
SAS SANS SAXS SAXS SAXS SAXS SAXS
Model HC+HC C+HC C+EC C+PL C+EC FC+PL
Scale 1 1 1 1 1 1
Background 0.007 0.006 0.7 0.01 0.005 0.06
Background error 0.0001 0.0002 0.002 0.0004 0.0001 0.0007
Power law  scale 148><10-7 3.5x 10-7
Power law scale error 346><10-8 2.8><10-9
Power 3.8 4.1
Power error 0.04 0.01
A scale 0.003 0.0003 0.003 9.1x10” 0.0004 0.007
A_scale_error 1.3x10° 1.2x10° 2.1x10° 1.3x10” 23x10" 2.6x10°
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A radius (A) 131.4 223.7 148.8 4.3 104.9 30.4
A radius_error (A) 0.7 0.8 0.03 0.7 0.1
A kuhn length (A) 345.1
A kuhn length error (A) 31.2
A thickness (A) 17.0 24.1
A thickness error (A) 1.0
A axis_ratio 3.0 2.4
A axis ratio_error 0.1 0.04
A length (A) 491.0 723.4 456 698.6 1000
A length error (A) 24.6 3.3 9.0
B scale 0.002 0.0005 0.008 0.002 0.0003
B scale error 5.0x10° 5.3x10° 6.6x10° 5.9x10° 3.4x10°
B radius (A) 13.4 33.3 27.7 36.6 38.2
B radius_error (A) 0.3 0.2 0.2 0.1 0.3
B thickness (A) 14.1
B thickness error (A) 0.5
B length >1000 468.7 414.4 506.6 605.5
B _length error (A) 70.5 36.2 13 91.8
¥ 4.93 4.23 6.43 <1 1.51 3.63
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Figure 3-69. (a-b) Strain and (c-d) frequency sweep for binary gels prepared through liquid and
solid mixing approaches under 1:1 proportion of diastereomers with a total gelator concentration

of 10 mg/mL, pH of 10.5, and temperature of 25 °C.

3.4 Conclusions

This study examines the self-assembly behaviors of six diastereomer pairs (2NapFF, 1NapFF,
6Br2NapFF, 6CN2NapFF, 7MeO2NapFF, and 4C11NapFF), each of which exhibits unique and

shared properties linked to their molecular structures and the substituents on the naphthalene
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core. All six systems form organized micellar structures under acidic or alkaline conditions,
showing anisotropic properties and birefringence, indicating well-ordered assemblies. These
systems also demonstrate shear-thinning behavior, which is typical of supramolecular
assemblies that reorganize under applied stress. CD spectra confirm partial self-sorting in binary
mixtures, while SANS/AXS reveal that the self-assembled structures remain largely intact, with
minimal interaction between components in the mixtures. Additionally, the systems show
temperature-dependent behavior, with (L,L)-components forming more stable assemblies at

higher temperatures compared to the more thermally sensitive (L,D)-components.

Despite these common features, the systems differ in key aspects such as viscosity, gel
formation, and SAXS patterns. For instance, 2NapFF, INapFF, and 6Br2NapFF exhibit
moderate viscosity, which increases slightly as the proportion of (L,D)-components rises,
suggesting flexible but moderately strong self-assembled structures. In contrast, 6CN2NapFF,
7MeO2NapFF, and 4C11NapFF show more pronounced viscosity changes, with 6CN2NapFF
displaying the highest viscosity due to stronger intermolecular interactions from the CN group.
Gel formation varies: 2NapFF and 1NapFF form stable gels with resilient networks, while
6Br2NapFF and 7MeO2NapFF form weaker gels prone to syneresis. 6CN2NapFF and
4Cl1NapFF exhibit a decrease in gel modulus with increasing (L,D)-component fractions,
resulting in weaker gels and more pronounced syneresis. SAXS analysis shows that 2NapFF,
INapFF, and 6Br2NapFF form more uniform, flexible cylindrical micelles, while 6CN2NapFF,
7MeO2NapFF, and 4C11NapFF display more variability in fiber size and shape, with the Cl and

MeO substituents contributing to stiffer, more rigid assemblies.

The observed differences in self-assembly behavior are primarily driven by the nature of the
substituents on the naphthalene core. Electron-withdrawing groups like CN and Cl increase
rigidity and intermolecular interactions, leading to stronger, more stable networks and gels. In
contrast, electron-donating groups like MeO reduce intermolecular interactions, resulting in
more flexible assemblies and weaker gels. Bulky substituents like Br and Cl can hinder close
packing, leading to irregular fiber dimensions and less stable gels. Simpler derivatives such as
2NapFF and 1NapFF, with fewer or less bulky substituents, form more flexible and stable
assemblies, while more substituted derivatives, like 6Br2NapFF and 6CN2NapFF, tend to form

stiffer, more rigid structures.

In conclusion, while all six diastereomer pairs share the ability to form self-assembled micellar

structures, their varying behaviors in terms of viscosity, gelation, and structural integrity are
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influenced by a combination of electrostatic interactions, steric effects, and molecular flexibility.
The substituents on the naphthalene core play a key role in dictating these interactions, which
ultimately determine the stability and characteristics of the self-assembled structures. Our study
demonstrates that binary systems of naphthyl diphenylalanine diastereoisomers exhibit self-
sorting behaviors in both solution and gel phases, regardless of the mixing method. By adjusting
the component ratios, we can fine-tune the rheological properties and microstructure of the

material, paving the way for the development of tailored gels for specific applications.

This innovative approach using diastereoisomers instead of racemic mixtures provides distinct
structures, offering new possibilities for chiral recognition in complex systems. However, a
deeper understanding of the interactions between the self-sorting fibers is needed to fully
improve and optimize these systems. Furthermore, while our current research focuses on
naphthyl dipeptide derivatives, expanding this work to other diastereoisomers and peptides may

introduce new complexities and open exciting avenues for future research.

3.5 Experimental Section

3.5.1 Sample Preparation Protocols

Unless otherwise specified, the sample preparation and characterization techniques employed

in this chapter adhere to those detailed in Chapter 2.
3.5.1.1 Preparation of w/w=1/1 Micellar Solutions

Stock solutions with a gelator concentration of 10 mg/mL were prepared in a Falcon Tube by
suspending 100 mg each of (L,L)-1NapFF and (L,D)-1NapFF in deionized water (15.97 mL)
and adding 0.1 M sodium hydroxide solution (1 equivalent, 4.03 mL) so that the molar ratio of
sodium hydroxide to 1NapFF was maintained at 1:1, resulting in a total volume of 20 mL. The
solution was then stirred at 1000 rpm overnight to ensure complete dissolution. Subsequently,
the pH of the solution was measured and adjusted to 10.5 if necessary, using a pipette calibrated

to 20 uL with either 2 M NaOH or HCI aqueous solutions.
3.5.1.2 Preparation of pH-Triggered Gels from w/w=1/1 Micellar Solutions
pH-triggered gels were prepared using glucono-9-lactone (GdL), which hydrolysed in water to

produce gluconic acid. This method not only yields reproducible, homogeneous, and
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controllable gels but also facilitates monitoring of pH changes and rheological properties during
gelation. Gels were prepared in Sterilin vials (7 mL) by adding 2 mL of the stock solution to
GdL (16 mg/mL, 32 mg). The vials were gently rotated by hand to ensure complete dissolution
of GdL and left to stand overnight. Rheology data were collected 18 hours after the addition of
GdL.

Other w/w=1/1 two-component solutions and gels were prepared in the same manner.

3.5.2 Characterization

3.5.2.1 Circular Dichroism Spectroscopy

Circular Dichroism (CD) measurements were conducted using a detachable quartz cuvette
(Hellma) with a path length of 0.01 mm and a Chirascan VX spectrometer (Applied
Photophysical Limited, UK) outfitted with a Peltier temperature controller. The scanning
parameters were set as follows: a scanning step of 1.0 nm, a scanning speed of 240 nm/min, a
wavelength (A) scanning range spanning from 180 to 300 nm, and a bandwidth of 1 nm. The
recorded data were expressed in millidegree (mdeg) of ellipticity. CD, absorption, and High
Tension (HT) data were simultaneously collected throughout the scanning process. To
investigate the temperature-dependent behaviour, CD evolution was monitored over a
temperature range of 25 to 85 to 25 °C using 10 °C intervals during the heat-cooling cycle. Apart

from the CD over temperature, the other data represented the average of 3 scans at 25 °C.
3.5.2.2 Confocal Fluorescence Microscopy

A Zeiss LSM710 confocal microscope (Zeiss, Gottingen, Germany) equipped with an LD EC
Epiplan NEUFLUAR 50X, 0.55 DIC (Carl Zeiss, White Plains, NY, USA) objective and a Zeiss
N-Achroplan 10x was employed for imaging. Initially, 2 uL of aqueous Nile Blue A dye (0.1
wt%) was directly added to 1 mL of the alkaline pH aqueous solution before introducing 16 mg
GdL for pH-triggered gel. Subsequently, 400 puL of the pre-gelation solution containing Nile
Blue and GdL was introduced into CELLview culture dishes (35 mm diameter) while in its
liquid state. These dishes were then sealed with Parafilm, and the sample was allowed to gel
overnight before imaging. Excitation of all samples was achieved at 633 nm using a He-Ne laser,
with emission detection occurring between 650 and 710 nm. Image acquisition was performed

using Zeiss ZEN software (Zeiss, Jena, Germany).
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3.5.2.3 Small-Angle X-Ray Scattering

Small-angle X-ray scattering (SAXS) experiments were conducted using an Anton Paar SAXS
Point 2.0 instrument at the University of Bath. This beamline operates consistently at a fixed
energy of 8.04 keV. Wide- and small-angle X-ray scattering patterns were obtained with sample-
detector distances of 113 mm and 575 mm, respectively, employing Cu as the radiation source
with a wavelength of K, = 1.54A. Data were acquired in the Q range of 0.07— 3.3 nm’'. Each
sample underwent a single frame acquisition, lasting 10 minutes. The resulting 2D-scattering
patterns were captured using a Dectris Eiger detector and then processed through azimuthal
integration to generate 1D radial intensity profiles against the scattering vector (I vs. Q) using
the Anton Paar SAX Analysis software. Samples were introduced into borosilicate glass

capillary tubes with a diameter of 1.5 mm from Capillary Tube Supplies Ltd.

For solution systems with alkaline pH based on 7MeO2NapFF and 6CN2NapFF, SAXS data
were collected using a SAXSLAB Ganesha 300XL instrument (Xenocs) at the University of
Bristol. Following the prescribed preparation protocol, solutions were transferred into 1.5 mm
borosilicate glass capillaries (Capillary Tube Supplies Ltd.). The loading of samples into the
capillaries was facilitated using a wide-bore glass Pasteur pipette. Subsequently, capillaries were
sealed with UV curable epoxy for 30 minutes (Norland) before being measured for 3600 seconds

within a Q range of 0.007-0.25 A~! for SAXS measurements.

The scattering intensity (I(Q)) is typically presented as a function of the magnitude of the

scattering vector, Q, which is given by Equation 3-1:

Q= 47" . sin (?) Equation 3-1

Here, A represents the wavelength of the incident radiation, and 26 corresponds to the scattering

angle.

The distance between crystalline lattice planes (known as d-spacing) can be calculated using
Bragg’s law (Equation 3-2):

d=-"12 Equation 3-2

" 2sin @

Where A is the wavelength of the incident X-rays, 20 is the scattering angle, and n is the
diffraction order, typically assumed to be 1 (first order).

Substituting Equation 3-1 into Equation 3-2, the simplified Equation 3-3 was obtained:
d=2m/Q Equation 3-3
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In all cases, the acquired data underwent correction for capillary and solvent (deionized water)
backgrounds and were analyzed for fitting using SasView software (Version 5.0.6).>> When
experimental data exhibits a Bragg’s peak, it is excluded from the fitting process. Instead, the
relevant parameters are calculated using Equation 3-1 to 3-3. It's important to highlight that the
error estimation is derived solely from the fitting software and does not encompass other
potential sources of error. The NIST neutron activation and scattering calculator>® was employed
to compute the scattering length density (SLD) values. The derived SLD values are provided in
Table 3-20.

Table 3-20. SLD values of compound and solvent used in the fitting process.

Compound Density(g/cm3) SAXS scattering length densities (lOks/Az) SANS scattering length densities (10>6/A2)
H0 1.00 9.469 -0.561
D,0 1.11 9.455 6.393
INapFF 1.58 14.196 2.730
4CI1NapFF 1.58 14.102 2.791
6CN2NapFF 1.58 14.135 2.959
6Br2NapFF 1.58 13.803 2.530
7MeO2NapFF 1.58 14.205 2.664
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4.1 Introduction

Optical activity is a fundamental concept in stereochemistry that provides essential insights into
the behavior of chiral molecules. Recent advances in spectroscopic techniques have
significantly improved our ability to study these properties. For example, Synchrotron Radiation
Circular Dichroism (SRCD) has proven to be superior to traditional circular dichroism (CD)
spectroscopy. It enhances our understanding by efficiently managing data at low wavelengths,
enriching information content, and delivering better signal-to-noise ratios, thus becoming
increasingly important in structural and functional genomics.! However, as light travels
through materials, it undergoes continuous changes in polarization due to effects such as linear
retardation, diattenuation, and depolarization.* > These changes can lead to misinterpretations
when analyzing anisotropic media. Moreover, issues like circular birefringence, linear
dichroism, and linear birefringence can mask the actual optical activities. The Partially
Modulated Polarization (PMP) method provides an alternative way to measure CD with minimal
interference from other polarizations. Nonetheless, it does not account for additional
polarization effects and may simplify data too much, ignoring the complex interactions between
various polarization phenomena. This can limit its effectiveness in providing a comprehensive

understanding of molecular dynamics.®’

To effectively tackle these challenges, the use of the differential Mueller matrix method through
Mueller Matrix Polarimetry (MMP) is essential. MMP provides a detailed analysis of complex
media by quantitatively evaluating potential polarization effects such as circular dichroism,
circular birefringence, linear dichroism, and linear birefringence.®!° This technique assesses all
16 elements of the Mueller matrix, allowing for accurate identification of various optical
phenomena and offering a complete overview of a sample’s optical characteristics. MMP proves
especially useful in studying large, structured molecules like anisotropic supramolecular
aggregates, polymers, and thin films, where the configuration of chiral centers greatly influences

molecular interactions and functionality.!!-14

Furthermore, combining MMP with established spectroscopic methods deepens our
understanding of stereochemistry, thereby expanding its utility in fields such as drug design and
biomolecular engineering. Technological improvements at facilities like the Diamond Light
Source B23 beamline have significantly enhanced these measurements. The B23 SRCD setup
provides an outstanding photon flux and a highly collimated microbeam, making it ideal for

precise investigations in the vacuum ultraviolet (VUV) and far-ultraviolet (FUV) regions. These
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features surpass the capabilities of traditional benchtop circular dichroism instruments and other

SRCD beamlines, enabling more refined and accurate measurements.!% 1-18

In this study, we analyzed the optical properties of functionalized dipeptide pre-gel systems,
focusing on (L,L)-2NapFF, (L,D)-2NapFF, and their equimolar mixtures, using the B23 Mueller
Matrix Polarimetry (MMP). The MMP results revealed the presence of all polarization effects
in these systems, showing significant differences in molecular orientation and electronic
interactions between homochiral (same-handedness) and heterochiral (different-handedness)
systems. These differences suggest distinct assembly mechanisms and structural orientations,
which are influenced by the stereochemical composition of the dipeptides. The analysis
highlighted the profound impact of chiral interactions on the optical birefringence of the systems,
a phenomenon that significantly influences the optical and mechanical properties of the resulting
bulk gels. These insights demonstrate how chirality affects the self-assembly process and the
orientation behaviors of molecules, providing valuable guidance for the development of

materials with specific optical functionalities tailored to advanced applications.

4.2 Results and Discussion

4.2.1 SRCD Studies for 2NapFF Pre-Gel Solutions

The highly collimated microbeam of the B23 beamline is instrumental for detailed assessments
of chiral supramolecular structures via SRCD. This study explores the chiral properties of three
distinct systems: a 10 mg/mL (L,L)-2NapFF pre-gel solution (10:0), a 10 mg/mL (L,D)-2NapFF
pre-gel solution (0:10), and a binary mixture of (L,L)-2NapFF and (L,D)-2NapFF at 10 mg/mL
with a 1:1 volume ratio (5:5). The SRCD responses observed were consistent with those
recorded using a conventional benchtop spectrophotometer, as illustrated in Figures 4-1 and 2-
9. Notably, the SRCD profile of the pure (L,L)-2NapFF exhibits an inverse response compared
to that of (L,D)-2NapFF in the 235-220 nm range, with the binary mixture displaying spectral

characteristics similar to those of the latter in this region (Figure 4-1).
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Figure 4-1. SRCD spectra of (a) 10 mg/mL (L,L)-2NapFF pre-gel solution, (b) 10 mg/mL
(L,D)-2NapFF pre-gel solution, and (c) binary solution of (L,L)-2NapFF and (L,D)-2NapFF
each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C.
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The SRCD signal observed on a spectrometer does not represent a "pure" differential absorbance
of left- and right-handed circularly polarized light (apparent CD), as 2NapFF spontaneously
self-assembles into anisotropic cylindrical nanostructures at high pH.!>-?! As light traverses
these structures, its polarization may alter or even vanish due to phenomena such as linear
retardation. The Mueller matrix offers a comprehensive framework for analyzing the
polarization characteristics of a light wave interacting with an object. This matrix, consisting of
16 elements, encapsulates all polarization information of the sample. The B23 MMP beamline

was used to thoroughly evaluate the contributions of various chiroptical phenomena.
4.2.2 MMP Studies for 2NapFF Pre-Gel Solutions

The MMP facility, equipped with four photoelastic modulators (PEMs), enables simultaneous
measurements of all Mueller matrix elements, ' 22 facilitating the decomposition of the apparent

CD signal into LD, LB, CB, and true CD, and sample absorption.

The preliminary differential Mueller matrix of the 10 mg/mL (L,L)-2NapFF pre-gel solution at
pH 10.5, 25 °C, conducted using the B23 MMP tower, is presented in Figure 4-2. This analysis
confirms the presence of essential polarization components: LD, LB, CD, and CB. Despite the
similarities in shape and peaks between the two diagonal elements representing CD in the
differential Mueller matrix, depolarization causes discrepancies in their intensity magnitudes.?
The average of these two CD elements provides a more accurate representation of the sample's
circular dichroism properties. This approach helps mitigate the impact of depolarization on the
measured CD signal, allowing for a more reliable analysis of the sample's chiral characteristics.
Moreover, such discrepancies underline the complexity of depolarization effects within
anisotropic systems and highlight the need for precise polarimetric analysis to discern subtle

differences in optical behavior.
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In a homogeneous reciprocal medium wherein the emerging polarization state remains
consistent irrespective of which side of the differential sample is first encountered, due to the
uniform optical properties of the medium, reciprocal symmetry requires that the differential
Mueller matrix be symmetric.?* 2> However, the presence of depolarization within the system

under study introduces asymmetries into the matrix. Notably, the elements M02 and M20, both

representing -LD', exhibit discrepancy (Figure 4-2).
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Figure 4-2. Preliminary differential Mueller matrix plots of 10 mg/mL (L,L)-2NapFF pre-gel
solution at pH 10.5, 25 °C. The physical interpretations of elements are circular dichroism (CD),
circular birefringence (CB), horizontal linear dichroism (LD), horizontal linear birefringence
(LB), 45° linear dichroism (LD'), 45° linear birefringence (LB'), absorbance (A), and

depolarization (D, which is equal to zero for materials that exhibit no depolarization).

4.2.2.1 Analysis of True CD Spectra in MMP Data

The custom-developed processing software at B23 for the analysis of MMP data'%- 26

efficiently
extracts 9 critical polarimetric elements from the MMP data: circular dichroism (CD), circular
birefringence (CB), horizontal linear dichroism (LD), horizontal linear birefringence (LB), 45°
linear dichroism (LD'), 45° linear birefringence (LB'), absorbance (A), G-factor, and

transmittance. These measurements are essential for a detailed analysis of the sample's optical
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properties. Table 1 summarizes various optical effects, their definitions, and physical

implications as derived from the differential Mueller matrix analysis.

Table 4-1 Summary of basic optical properties involved in this study.

Symbol Effect Definition Physical implication

CD Circular dichroism The differential absorption of | The different refractive indices
left- and right-handed circularly | and  absorptions of chiral
polarized light as it passes | molecules for left- and right-
through optically active chiral | handed circularly polarized light
materials. cause the linearly polarized light

passing through these molecules
to differ in phase and amplitude,
resulting in elliptically polarized
light.;  indicates  chirality,
molecular structure, and
conformations.

CB Circular birefringence | Or optical rotatory dispersion | The rotation of the orientation of
(ORD), the differential | the plane of polarization around
refractive indices for left-handed | the optical axis of linearly
and right-handed circularly | polarized light as it passes
polarized light in chiral material. | through chiral materials.

LD Horizontal linear Or diattenuation, the differential | Influencing transmittance based

dichroism absorption of light linearly | on the orientation of incident
polarized parallel and | linearly polarized light; reveals
perpendicular to an orientation | molecular  orientation  and
axis in an anisotropic material. material anisotropy.

LB Horizontal linear The  differential  refractive | Affecting the phase of two

birefringence indices of linearly polarized | orthogonal polarization
light with orthogonal planes of | components of light; Indicates
polarization in an anisotropic | structural anisotropy.
material.

LD' 45° linear dichroism The differential absorption of | How light polarized at 45° and
linearly polarized light oriented | 135° is absorbed differently
at 45° and -45° to an orientation | compared to light polarized at
axis in an anisotropic material. other angles; study molecular

orientation and anisotropy in
materials with specific
alignment.

LB' 45° linear birefringence | The  differential  refractive | How the propagation speed of
indices of linearly polarized | light varies along 45° and 135°
light oriented at 45° and -45° to | within the medium; Indicates
an orientation axis in an | directional  dependence  of
anisotropic material. optical properties.

A Isotropic absorption The uniform absorption of light | How much light is absorbed by a
in all directions within a | sample at different wavelengths;
material, regardless of the | study molecular structure and
polarization or direction of the | concentration.
incident light; correlates to
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electronic transition within a
material.

Depolarization

The reduction in the degree of
polarization of the light as it
passes through a material.

The coupling of polarized light
into unpolarized light; Indicates
molecular interactions,

scattering  information, and

structural heterogeneity.

G-
factor

Anisotropy/dissymmetry
factor

the
asymmetry of

Quantifies degree  of

circular
polarization in light scattering
function in a material; equals the

ratio of CD to absorption.

How light is
scattered by particles within a
reveals electronic

directionally

medium;

transition and chiral

environment of material.

N/A

Transmittance

The proportion of light that

Indicates material transparency

passes through a sample without | and thickness.

being absorbed or reflected

compared to the incident light.

The transmittance plots, illustrated in Figure 4-3, aggregate results from four separate runs to
examine any potential diattenuation or depolarization effects that could obscure data
interpretation. The subtle discrepancy observed across these measurements confirms their
presence, thereby validating the reliability and reproducibility of the data. Such analysis
highlights MMP's capability to identify tiny variations in the sample's polarimetric properties,
providing deep insights into the system's molecular interactions and structural dynamics.
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Figure 4-3. Transmission spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-
gel solution, (b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-
2NapFF each at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C. The transmission graph
displays all four runs (M00, M11, M22, and M33) to check for deattenuation or depolarization
in the dataset, and the subtle discrepancy of the data for each sample indicates the existence of

these effects.

The comparison between the apparent and true CD spectra of (L,L)-2NapFF, (L,D)-2NapFF,
and their 1:1 mixture reveals notable differences in spectral patterns and peak intensities. The

true CD spectra (Figures 4-4) exhibit complex and nuanced profiles, with (L,L)-2NapFF
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showing multiple peaks, (L,D)-2NapFF showing a dominant peak, and the 1:1 mixture
displaying blended features from both diastereoisomers. These spectra suggest a more detailed
representation of the system's chiral interactions and self-assembly behaviors. In contrast, the
apparent CD spectra (Figures 2-9) display simpler and more exaggerated peaks. For example,
the (L,D)-2NapFF spectrum in the apparent CD shows a more pronounced peak, indicating an
amplification of chiral properties compared to the true CD spectra. The 1:1 mixture in the
apparent CD also shows combined features, but with differences in peak intensity and positions,
reflecting an altered representation of the self-sorting behavior. These discrepancies suggest that
the apparent CD spectra may overstate certain chiral properties or interactions due to limitations
in the measurement technique. The true CD spectra, on the other hand, provide a more accurate
and detailed picture of the molecular interactions and assembly behaviors, especially in complex
mixtures. The differences in peak intensities and spectral clarity highlight the importance of
using MMP for a more nuanced understanding of these systems. Overall, the apparent CD
spectra, while useful for preliminary analysis, may not fully capture the complexities of
molecular interactions and structural behavior. True CD spectra are essential for more precise

characterization.

The true CD spectrum (Figure 4-4a) of the 10 mg/mL (L,L)-2NapFF pre-gel solution at pH 10.5,
25 °C, exhibits pronounced peaks centred around 225-230 nm, attributed to the n—n stacking of
the aromatic naphthalene chromophore.?’” Additional spectral features likely arise from
interactions among aromatic N-terminal capping groups as they self-assemble into chiral
structures.”® These patterns reflect the distinctive electronic environment and spatial
arrangement of the naphthalene ring in this homochiral dipeptide, indicating that molecular
interactions or orientations may stabilize these transitions, potentially suggesting a specific

stacking pattern influenced by homochirality.?®- 3

Conversely, the true CD spectrum of 10 mg/mL (L,D)-2NapFF pre-gel solution at pH 10.5,
25 °C (Figure 4-4b) significantly diverges from its (L,L) counterpart, showcasing sharply
defined peaks between 220-235 nm. This variation suggests an alternate chromophore
arrangement that enhances electron transitions, with increased peak intensity denoting a more
structured or ordered molecular conformation in (L,D)-2NapFF, which influences its molecular
interactions and self-assembly dynamics. This organized arrangement optimally engages

chromophores with polarized light, amplifying the circular dichroism signal.
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In comparison, the true CD spectra of the 5:5 binary mixture (Figure 4-4c) exhibit substantial
spectral variations from the homochiral samples, marked by a noticeable decrease in peak
amplitude and intensity. Dominated by the chirality of (L,D)-2NapFF, the CD profiles closely
resemble those of the pure (L,D) samples in the 220-235 nm region. No new absorption peaks
were observed in the binary complex compared to the individual components, indicating that
the interactions between the chromophores and the chiral environment remained unchanged.
This observation demonstrates that the structural arrangement and ordering within the complex
were preserved. The stability of these spectral features emphasizes the robustness of chiral and
chromophoric interactions, even in the presence of mixed diastereomeric components. This

confirms the maintenance of molecular structure in the binary complex, as extensively discussed

in Chapter 2.
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Figure 4-4. CD spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-gel solution,
(b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-2NapFF each

at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.
4.2.2.2 Analysis of CB in MMP Data

Circular birefringence (CB) and circular dichroism (CD) are fundamental manifestations of
optical activity. The analysis of CB spectra reveals that optical activity varies with molecular
structure and chirality. Positive signals represent right-handed chirality due to clockwise
rotational polarization, while negative signals denote left-handed chirality with
counterclockwise rotation. The (L,L)-2NapFF spectra exhibit pronounced peaks at 213 nm and
230 nm, indicative of strong circular birefringence arising from specific intermolecular
interactions within ordered supramolecular structures. This pattern, similar to that observed in
homochiral peptides that form ordered helical aggregates, 2% 3! is illustrated in Figure 4-5a.
Conversely, the (L,D)-2NapFF spectra, with peaks at 230 nm and a more intense peak at 245

nm, suggest a greater degree of chiral ordering and stronger molecular interactions,
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characteristic of a unique supramolecular assembly different from systems with homochiral

amino acids, as shown in Figure 4-5b.32-34

Both dipeptide types display foundational stacking facilitated by aromatic rings bonded via
hydrogen bonds; however, their higher-order structural organization diverges.?’ In (L,L)
configurations, two outer chains align with an inner chain to form eight protofilaments that twist
right-handedly, creating narrow, hollow structures. In contrast, (L,D) configurations consist of
32 protofilaments, each initiated by an outer chain's alignment with an inner chain, twisting left-
handedly to form larger hollow structures. This demonstrates how molecular orientation

significantly influences the structural properties of peptide assemblies.?

CB analysis of the binary mixtures revealed a decreased intensity compared to the pure isomers,
with distinct peaks observed at 230 nm and 245 nm (Figure 4-5c¢). This reduction suggests that
the coexistence of two diastereoisomers may diminish overall chiral differentiation within the
system. The likely explanation is that the chiral contributions of each isomer may interfere with
each other, resulting in a reduced CB signal. Additionally, concentration effects may also play
a role; the concentration of overall chiral self-assembled aggregates in the mixed system might
be lower than in the 10 mg/mL solutions of individual isomers, even though the total

concentration of the gelators remained consistent across the systems.
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Figure 4-5. CB spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-gel solution,
(b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-2NapFF each
at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.

4.2.2.3 Analysis of LD in MMP Data

The linear dichroism (LD) spectra of the self-assembled systems at a concentration of 10 mg/mL
indicated some degree of preliminary molecular orientation, suggesting that smaller aggregates

begin aligning and assembling before forming the final macroscopic gel network. This
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observation aligns with the hierarchical self-assembly processes observed in LMWGs, where

pre-organized structures are evident before the establishment of a 3D gel network.!? 3% 37

For the homochiral (L,L)-2NapFF, the LD spectrum displays a distinct peak at approximately
190 nm, corresponding to the m-n* transitions of the peptide chromophore (see Figure 4-6a).
The decreasing trend in LD intensity across the spectrum suggests a reduction in structural order
within the solution. In contrast, the (L,D)-2NapFF spectrum exhibits robust signals within the
aromatic absorption range of 200-300 nm, particularly around 200 nm and 235 nm, consistent
with m-m stacking interactions of the naphthalene groups (see Figure 4-6b). These pronounced
LD signals indicate more highly oriented structures in (L,D)-2NapFF, potentially due to distinct

intermolecular interactions or molecular packing influenced by chirality.

In the 1:1 binary mixture of (L,L) and (L,D) isomers, the LD spectra reveal features
characteristic of the peptide bond at 190 nm alongside weaker signals in the naphthalene
chromophore region (200-250 nm), suggesting intricate interactions between the heterochiral
molecules (see Figure 4-6¢). This complex interaction landscape results in a more heterogeneous
molecular environment compared to the uniformity seen in homochiral solutions, possibly
leading to the attenuation of LD signals. Moreover, the presence of LD characteristics
corresponding to both gelators within the mixture suggests that the diastereomers undergo a

process of self-sorting, retaining structural features typical of their respective pure forms.
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Figure 4-6. LD spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-gel solution,
(b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-2NapFF each

at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.
4.2.2.4 Analysis of LB in MMP Data

Linear birefringence (LB) is an essential optical property that elucidates the impact of molecular
chirality on supramolecular self-assemblies, offering deep insights into molecular ordering and
structural anisotropy. In this study, all three samples demonstrated LB signals, indicative of the

presence of ordered structures within the pre-gel solutions. An upward trend in LB typically
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signifies increased anisotropy due to enhanced molecular alignment, whereas a downward trend

may suggest reduced anisotropy, likely arising from disordered molecular arrangements.

The (L,L)-2NapFF spectrum exhibited marked fluctuations in LB intensity with distinct peaks
at 195 nm, 207 nm, and 235 nm, indicative of a structured, directional molecular orientation
contributing to pronounced LB (see Figure 4-7a). Conversely, the LB signal for (L,D)-2NapFF
appeared more uniform and intense, reflecting a highly ordered supramolecular morphology,
corroborated by polarization microscopy (see Figure 2-4). The LB spectrum for (L,D)-2NapFF
showed a significant peak at approximately 243 nm and two troughs at 193 nm and 218 nm,
suggesting complex molecular orientations or interactions, potentially indicative of a unique

supramolecular assembly mechanism or enhanced birefringence effects (see Figure 4-7b).

Compared to the individual isomer samples, the binary mixtures exhibited diminished
birefringence, with notable peaks around 210 nm and 243 nm (see Figure 4-7¢). This attenuation
implies that interactions between different chiral forms may disrupt or alter molecular ordering,

leading to reduced structural anisotropy and birefringence.
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Figure 4-7. LB spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-gel solution,
(b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-2NapFF each
at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.

4.2.2.5 Analysis of LD' in MMP Data

The LD' spectrum of the 10 mg/mL (L,L)-2NapFF solution exhibits positive peaks at 190 nm
and 220 nm and a negative peak at 205 nm (Figure 4-8a). This pattern indicates the formation
of anisotropically oriented structures within the solution, likely fibers or elongated aggregates
aligned by the flow field during measurement. In contrast, the LD' spectrum of 10 mg/mL (L,D)-
2NapFF is characterized by greater variability, displaying a positive peak around 185 nm and
negative peaks at 200 nm and 235 nm (Figure 4-8b). This suggests a more uniform or stronger
molecular alignment, with the predominant orientation of aromatic groups more effectively

aligned with the direction of polarized light. The differences in signal intensity and spectral
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features between the (L,L)- and (L,D)-2NapFF samples indicate that stereochemistry-influenced
variations in the assembly process lead to structures that are more oriented and mechanically

robust, as corroborated by SANS data (Figure 2-11) and cryo-TEM images (Figure 2-14).

The LD' spectrum of the binary mixture closely mirrors that of the (L,D)-2NapFF, suggesting
the dominance of the (L,D) isomer in the mixture (Figure 4-8c). Chapter 2 outlines that both
components form distinct structures, with the fiber widths of the (L,D) component remaining
consistent, whereas those of the (L,L) component vary with proportion.*® This interaction
between the diastereoisomers likely results in less uniform orientation within the mixed
molecules, potentially leading to both constructive and destructive interference in polarized light
absorption. Such interactions can significantly influence the material’s structural attributes (e.g.,
orientation, rigidity, and overall structure of the aggregates) and functional properties, such as

the rheology of the bulk gel.
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Figure 4-8. LD' spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-gel
solution, (b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-

2NapFF each at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.
4.2.2.6 Analysis of LB' in MMP Data

LB' quantifies the phase delay differences in light polarized at +45° and -45° as it traverses a
material. In the data, peaks indicate areas of pronounced linear birefringence, suggesting highly
ordered molecular structures. An upward trend in LB' data signals increasing molecular order
and enhanced material anisotropy, whereas a downward trend implies a transition towards

isotropic or disordered states.

The LB' spectra of the three dipeptide samples ((L,L)-2NapFF, (L,D)-2NapFF, and their binary
mixture) exhibit a consistent trend with LD', with (L,L)-2NapFF showing the weakest signal
and (L,D)-2NapFF the strongest (Figure 4-9). The binary mixture displays intermediate intensity.
This pattern indicates a direct correlation between molecular configuration and spectral intensity,

suggesting that different molecular configurations contribute distinctly to the linear
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birefringence observed. Additionally, the spectral patterns and peak positions in the binary
system closely mirror those in the (L,D) configuration, suggesting similar molecular orientations
and interactions. This resemblance implies that the (L,D) configuration potentially exerts a
dominant influence over the spectral characteristics of the mixed system, even when combined

with the (L,L) configuration.
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Figure 4-9. LB' spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-gel solution,
(b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-2NapFF each
at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.
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4.2.2.7 Analysis of Absorption in MMP Data

The analysis of the absorption spectra for (L,L)-2NapFF, (L,D)-2NapFF, and their 1:1
diastereomeric mixtures reveals distinctive electronic interactions and environments. The
absorption spectrum of 10 mg/mL (L,L)-2NapFF features a pronounced peak at approximately
220 nm, indicative of the n-n* transitions associated with the aromatic naphthalene ring (Figure
4-10a). This peak reflects a robust and stable electronic environment, conducive to effective -

electron conjugation and delocalization.

In contrast, the absorption spectrum of (L,D)-2NapFF shows significant deviation from its (L,L)
counterpart, with an intensified and shifted peak around 230 nm (Figure 4-10b). This variation
suggests modifications in molecular arrangement and an elevated level of electron conjugation,
likely resulting from changes in chromophore orientation or denser molecular stacking, which

enhance electronic transitions.
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Figure 4-10. Absorption spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-
gel solution, (b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-
2NapFF each at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.

The spectrum of the equimolar multicomponent mixture exhibits peaks at 185 nm and 225 nm
with comparable intensity derived from the pure (L,L) and (L,D) form sample (Figure 4-10c),
reflecting no obvious interactive effects between the (L,L) and (L,D) forms. These findings
underline the complex dynamics between molecular structure and chromophore interactions

within diastereomeric systems.
4.2.2.8 Analysis of G-factor in MMP Data

The G-factor, or dissymmetry factor, is instrumental in quantifying the circular polarization of
light within a sample and sheds light on the relative contributions of magnetic and electric dipole
transitions in chiral molecules.’**! The G-factor values are pivotal in classifying electronic
transitions: values exceeding 102 suggest magnetic allowance with electrical prohibition, values
around 107 indicate both are permissible, and values below 1072 generally imply electrical
allowance and magnetic prohibition.** Consistently low G-factor values across a spectrum
suggest minimal magnetic dipole activity, whereas pronounced peaks may indicate specific
molecular interactions or anomalous dispersion at particular wavelengths. Both positive and
negative G-factor values typically represent contrasting molecular conformations or

configurations.*> 4

In regions lacking significant light scattering, the G-factor consistently
indicates transitions that are both electrically and magnetically permissible, with values reaching

up to orders of 102 (Figure 4-11).

- 196 -



Chapter 4: Mueller Matrix Polarimetry Study in Diastereomeric Mixtures of Functionalized
Dipeptides

—
Q
~
—_
(=)
~
—_
~

e

o
o
o
S

—0.05-

|
o
N

—0.10 -

|
=4
IS

—0.15-

= —0.20-

G-factor (CD/Abs)
S
S S
G-factor (CD/Abs)
G-factor (CD/Abs)

=0.25 4

Figure 4-11. G-factor spectra derived from MMP data of (a) 10 mg/mL (L,L)-2NapFF pre-gel
solution, (b) 10 mg/mL (L,D)-2NapFF pre-gel solution, and (c) (L,L)-2NapFF and (L,D)-
2NapFF each at 10 mg/mL with a 1:1 volume ratio at pH 10.5, 25 °C.

4.2.3 MMP Analysis of Other Diastereomeric Dipeptide Solutions

The transmission results from four experimental runs showed slight variations across each
sample, suggesting the presence of light deattenuation or depolarization effects, as depicted in
Figures 4-12i to 4-26i. Analysis of the pre-gel solutions for both (L,L) and (L,D)
diastereoisomers, as well as their binary mixtures with five naphthyl diphenylalanine derivatives,
confirmed the presence of inherent optical activity, as demonstrated in Figures 4-12a to 4-26a.
These findings underscore the significant impact of optical phenomena such as CB, LD, and LB
in these systems. It is crucial to consider the significant influence of linearly polarized light

when studying supramolecular aggregates, as it plays a pivotal role in LB measurements.

The CD spectra of most dipeptide amphiphiles showed distinct peaks between 225-230 nm,
aligning with n-n interactions among the aromatic phenylalanine residues. Notably, compounds
like (L,D)-1NapFF, 6CN2NapFF, and (L,D)-4C11NapFF did not exhibit these characteristics,
as indicated in Figures 4-19a, 4-21a, 4-22a, and 4-25a. A broad signal from 260-320 nm in
(L,L)-7MeO2NapFF (Figure 4-12a) suggested limited mobility of aromatic amino acid side
chains within the chiral environment of the supramolecular assemblies.***¢ Furthermore, a
comprehensive MMP analysis of a 10 mg/mL (L,D)-1NapFF solution showed minimal CD,
revealing that many molecules remained unassembled in the monomer state within the

absorption spectrum. (Figure 4-19).

The CD spectrum of (L,L)-7MeO2NapFF exhibited a distinctive negative peak near 200 nm
followed by a double positive peak around 225-250 nm (Figure 4-12a), indicative of specific
chiral molecular environments. This pattern suggests that the L-configuration amino acids in the
peptide backbone help form well-defined assemblies that exhibit supramolecular chirality,

affecting the differential absorption of left- and right-handedly polarized light. Conversely, the
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CD spectrum of (L,D)-7MeO2NapFF showed a pronounced sharp positive peak near 235 nm
and a deeper negative valley around 225 nm (Figure 4-13a), indicating stronger or distinct chiral
interactions compared to the (L,L) form. The intensity and profile of these peaks likely reflect a

more structured chiral molecular arrangement.

The CD spectra of the binary mixtures presented features intermediate between the individual
components, indicating that interactions between the (L,L) and (L,D) forms moderate the CD
signal (Figure 4-14a). The presence of both positive and negative peaks at lower intensities than
those seen in the pure (L,D) samples suggests that chiral interactions and molecular orientations
are influenced by the stereoisomer mixture. The observed spectrum, which closely approximates
the average of the two individual spectra, implies minimal significant interaction between the

(L,L) and (L,D) species.
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Figure 4-12. MMP data of 10 mg/mL (L,L)-7MeO2NapFF pre-gel solution at pH 10.5, 25 °C.
(a) circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-13. MMP data of 10 mg/mL (L,D)-7MeO2NapFF pre-gel solution at pH 10.5, 25 °C.
(a) circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-14. MMP data of binary solution composed of (L,L)-7MeO2NapFF and (L,D)-
7MeO2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C. (a) circular
dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-15. MMP data of 10 mg/mL (L,L)-6Br2NapFF pre-gel solution at pH 10.5, 25 °C. (a)
circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-16. MMP data of 10 mg/mL (L,D)-6Br2NapFF pre-gel solution at pH 10.5, 25 °C. (a)
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circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-17. MMP data of binary solution composed of (L,L)-6Br2NapFF and (L,D)-
6Br2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C. (a) circular
dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-18. MMP data of 10 mg/mL (L,L)-1NapFF pre-gel solution at pH 10.5, 25 °C. (a)

circular dichroism, (b) circular

birefringence, (c) absorption, (d) linear dichroism, (e) linear

birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.

The data presented are averages of four scans. The transmission graph displays all four runs

(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-19. MMP data of 10 mg/mL (L,D)-1NapFF pre-gel solution at pH 10.5, 25 °C. (a)
circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-20. MMP data of binary solution composed of (L,L)-1NapFF and (L,D)-1NapFF each
at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C. (a) circular dichroism, (b) circular
birefringence, (c) absorption, (d) linear dichroism, (e) linear birefringence, (f) G-factor, (g) 45°
linear dichroism, (h) 45° linear birefringence, (i) transmission. The data presented are averages
of four scans. The transmission graph displays all four runs (M00, M11, M22, and M33) to
check for deattenuation or depolarization in the dataset, and the subtle discrepancy of the data

for each sample indicates the existence of these effects.
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Figure 4-21. MMP data of 10 mg/mL (L,L)-6CN2NapFF pre-gel solution at pH 10.5, 25 °C. (a)
circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-22. MMP data of 10 mg/mL (L,D)-6CN2NapFF pre-gel solution at pH 10.5, 25 °C.

(a) circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear

birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.

The data presented are averages of four scans. The transmission graph displays all four runs

(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-23. MMP data of binary solution composed of (L,L)-6CN2NapFF and (L,D)-
6CN2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C. (a) circular
dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-24. MMP data of 10 mg/mL (L,L)-4C11NapFF pre-gel solution at pH 10.5, 25 °C. (a)
circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-25. MMP data of 10 mg/mL (L,D)-4C11NapFF pre-gel solution at pH 10.5, 25 °C. (a)
circular dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.
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Figure 4-26. MMP data of binary solution composed of (L,L)-4Cl1NapFF and (L,D)-
4ACl1NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C. (a) circular
dichroism, (b) circular birefringence, (c) absorption, (d) linear dichroism, (e) linear
birefringence, (f) G-factor, (g) 45° linear dichroism, (h) 45° linear birefringence, (i) transmission.
The data presented are averages of four scans. The transmission graph displays all four runs
(M00, M11, M22, and M33) to check for deattenuation or depolarization in the dataset, and the

subtle discrepancy of the data for each sample indicates the existence of these effects.

4.3 Conclusions

This study demonstrates the effectiveness of MMP in investigating molecular interactions
within diastereomeric mixtures of functionalized dipeptide-based pre-gel systems. The results
show that altering component ratios significantly impacts the optical properties of these systems,
enhancing our understanding of their self-assembly and behavior in various environments. By
adjusting molecular composition and chirality, researchers can precisely control molecular order
and orientation, thereby improving the functional properties of the materials. These insights are
crucial for understanding the complex interactions that govern self-assembly and functionality

in such materials, advancing the design of dynamic supramolecular systems that adapt to
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environmental changes. Ultimately, this work aims to refine these systems for applications in

biomaterials science and innovative therapeutic strategies based on diastereomer-specific

activities.

MMP offers significant advantages for characterizing complex, anisotropic, or chiral systems,
providing detailed insights into the optical behavior of self-assembled structures like dipeptide
hydrogels and supramolecular assemblies. MMP excels in analyzing systems with ordered
structures, where molecular alignment and chirality play a crucial role in optical properties. By
measuring multiple polarization states, MMP can capture features such as CD, LD, and
birefringence (LB), which conventional techniques like SRCD might overlook. This makes
MMP particularly useful for studying self-assembly processes, molecular interactions, and
depolarization effects, especially in systems with mixed components or structural heterogeneity.
MMP is also invaluable for studying highly structured assemblies, such as LMWGs, where
understanding molecular orientation and ordering is key to characterizing mechanical properties
and rheology. Additionally, MMP can detect subtle depolarization effects that may complicate
data interpretation in anisotropic or disordered systems. For binary mixtures, MMP helps
identify interactions between components and reveals structural heterogeneity that simpler

methods may not capture.

However, MMP is not always necessary. For isotropic systems or those lacking significant
chirality or anisotropy, traditional techniques like UV-vis or SRCD are often sufficient. MMP
is most beneficial for systems where polarization effects and structural order are critical to
understanding the sample. In cases where depolarization effects are minimal or when dealing
with simpler systems without complex molecular interactions, conventional methods may be

more efficient and less complex.

In summary, MMP is particularly well-suited for characterizing systems with high structural
order and complex chirality, especially at high concentrations where molecular self-assembly
leads to more pronounced polarization effects. The decision to use MMP should be based on the
specific research objectives and the level of detail needed to understand the sample's optical

properties and structure.

4.4 Experimental Section

4.4.1 Preparation of Solutions
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Sample preparation for the pH 10.5 pre-gel solutions investigated in this chapter follows the
methodology outlined in Chapter 2 and Chapter 3.

4.4.2 Basics of Mueller Matrix Analysis

Maxwell's electromagnetic theory identifies light waves as electromagnetic and transverse with
distinct polarization properties. When polarized light interacts with surfaces, it reflects and
scatters, conveying data about the surface's roughness, dielectric constant, and structural
characteristics.*’** The Stokes vector, as represented in Equation 4-1, quantifies the total and

the differential intensities of polarized light components.

I Iy + Iy
I, —1
s=|[9 =] oo Equation 4-1
U Iyse — I135° 1
V IR - IL

where [ represents the total light intensity, defined as the sum of the horizontally and vertically
polarized components; Q quantifies the difference between horizontally and vertically polarized
components; U denotes the difference between the 45° and 135° polarized components; and V

measures the differential between right-handed and left-handed circularly polarized components.

The Stokes vector was correlated with a 4x4 matrix to assess an optical system’s effect on
incident light polarization.>® Mueller expanded this concept by introducing the Mueller matrix
M and the Stokes-Mueller (SM) system,”! which facilitates comprehensive polarization
handling and quantitative analysis (Equation 4-2).

I MOO MOl MOZ M03 Ii

o

Qo — MlO Mll M12 M13 Qi
UO MZO M21 M22 M23 Ui
Vo M3O M31 M32 M33 Vl

S, =M§; & Equation 4-2
Here, S, represents the Stokes vector of the outgoing light; S; indicates the Stokes vector of the
incident light; and M denotes the Mueller matrix, which describes the transformation between

these two states.

For anisotropic and homogeneous media with light propagating along z, the Mueller matrix M
can be expressed exponentially in terms of the differential Mueller matrix m (m is independent
of z), and the optical path length [, providing a foundational equation?: 32 33

L=InM=ml Equation 4-3

The differential Mueller matrix m is effectively utilized to characterize anisotropic,

depolarizing, homogeneous media and is defined as follows?> >
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a f y 6
m=|, , Equation 4-4

' = -
Here, the parameters o and a4, a,, a; represent absorption, horizontal linear, 45° linear, and
circular depolarization, respectively; [3,¥, § denote horizontal linear, 45° linear, and circular
dichroism, correspondingly; 1, v, u describe horizontal linear, 45° linear, and circular retardance,
respectively. In homogeneous reciprocal media, the matrix must satisfy the following reciprocal

conditions: § =,y =y, 6 =6, u=p',v=v',andn =1’
To correlate the parameters of the differential Mueller matrix with various physical effects in

polarimetric analysis, the parametrization outlined below satisfies six critical conditions

previously established:?> 3334
A -LD  -LD’ D
L= ]
-LD’ —-CB A-LDP’ LB Equation 4-5
cb  -LB LB A-—CDP

Where LDP, LDP’, and CDP denote the horizontal linear, 45° linear, and circular depolarization,
respectively. Notably, for a non-depolarising sample, the values of LDP, LDP’, and CDP are all

equal to zero, indicating no depolarization effects.

4.4.3 SRCD and MMP Measurement

4.4.3.1 Instrumentation

Experiments involving SRCD, absorption spectroscopy, and MMP were conducted at the B23
beamline of Diamond Light Source Ltd. in Didcot, UK. These studies utilized a Mueller matrix
polarimeter tower, situated on module B of the B23 beamline, and incorporated an MMP system
from Hinds Instruments (USA), integrated with the Diamond B23 light source and a dual grating
subtractive monochromator from Olis Instruments (USA).% 12242 This configuration exploited
the highly collimated micro-beam produced by the B23 beamline, facilitating precise light
manipulation through an array of optical components and finally channelling the light through

the sample to a Photomultiplier Tube (PMT) detector.

The optical pathway within the B23 MMP vertical chamber!® 22 is intricately designed, starting
from the bottom with a dual grating subtractive monochromator covering 190-650 nm, followed

by a 45° MgF> coated aluminium planar mirror (M1), a linear polarizer prism (P1), and dual
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photoelastic modulators (PEM1 and PEM2) designed for generating polarization states. This
assembly continues with a UV-transparent 10x objective which directs the beam toward the
PMT detector, an X-Y electrically operated, temperature-controlled sample stage (Linkam
MDS600), and a motorized mirror (M2) for the UV camera. The polarization analysis system
includes additional photoelastic modulators (PEM3 and PEM4), and a linear polariser analyzer
prism (Al) positioned at the PMT detector. These four photoelastic modulators operate

simultaneously at various frequencies to enable comprehensive polarization analysis.
4.4.3.2 Sample Loading

For the SRCD and MMP experiments, 20 uL of pre-gel solutions were precisely pipetted into a
custom 14.6-um-pathlength CaF, demountable disc cuvette cell (Model 124.036, Hellma,
Miillheim, Germany) and carefully placed within the cell holder. It is crucial to prevent air
bubbles during loading to maintain the validity of the results. Consistent sample loading and
uniform application of procedures across all samples are essential to ensure data reliability and
reproducibility, and that variations in data are due to sample differences rather than experimental

inconsistencies.

The cell holder with cuvette was then centrally placed in the B23 MMP sample stage and
scanned using both CD and MMP modes at 25 °C, without needing to remove the sample,
ensuring consistent positioning throughout the experiment. SRCD spectra were initially
recorded, followed by MMP data collection for each sample using the same parameters for both
modes. MMP results were then averaged from four separate runs to maintain consistency in the

experimental data.
4.4.3.3 SRCD and Absorption Measurements

For robust MMP analysis, an SRCD signal of at least 50 millidegrees (mdeg) was necessary to
achieve a satisfactory signal-to-noise ratio for comprehensive deconvolution. The absorbance
intensity was required to be no more than 1.6 to ensure sufficient light reached the detector.
Measurements across the full spectrum for both SRCD and absorption involved the following
settings: the scanning range covered 180 to 350 nm, with 2 nm intervals; the integration time
was set at 0.03 seconds with 16 cycles of integration; single scan repeats were conducted; the
pathlength of cuvette cell was 14.6 um; the operating current was 200 mA; and the temperature

was controlled at 25°C.
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4.4.3.4 MMP Measurement

In the full deconvolution MMP analyses, the setup included a 4x4 matrix for point
measurements in MMP mode under conditions identical to those in the SRCD and absorption

spectroscopy measurements.
4.4.3.5 Data Processing

MMP output data processing utilized the Matrix logarithm method of the differential Mueller
matrix measurements.?® The CD elements of the differential Mueller matrix were analyzed
according to the established methodology.® > Both SRCD and MMP datasets underwent
analysis using an MMP converter and OriginPro® 2021b, employing scripts developed by

Gianga, T. M. to analyze individual matrix data.
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5.1 Conclusions

In this thesis, we conducted a comprehensive study of the assembly behaviors and gel properties
of a library of naphthyl diphenylalanine derivatives and their diastereoisomeric mixtures. A key
observation was that the chirality of the terminal amino acids primarily distinguishes these gel
precursors. Regardless of the mixing method, these isomers consistently self-sort in both
solution and gel phases. By adjusting the ratios of these components, we gained precise control

over the rheological characteristics and microstructure.

We applied a variety of spectroscopic methods, including small-angle scattering, cryogenic
transmission electron microscopy, and rheological assessments, along with UV-Vis,
fluorescence, and circular dichroism spectroscopy. Our results demonstrated that changes in the
component ratios significantly affect the material's physical and optical properties. This
highlights how minor alterations in molecular composition can significantly influence material

self-assembly and characteristics.

Additionally, we engineered multi-component systems that allow for the modification of self-
assembled nanostructures or gelation properties by selectively replacing hydrogen atoms on the
naphthalene rings. Systematic evaluation of these components’ concentration ratios revealed
diverse self-assembled nanostructures and ordering behaviors, enriching our understanding of
self-sorting phenomena and paving the way for innovative supramolecular multicomponent

system designs.

We also discovered that the specific method used to combine these components affects the final
structure of the gels. For example, gels formed from solution mixing exhibited different
properties than those from powder mixing. Advanced optical characterization techniques, such
as synchrotron-based circular dichroism and Mueller matrix polarimetry, enabled us to detect
significant differences in molecular orientation and electronic interactions among systems with
the same or differing chirality. These observations provide deeper insights into how chiral order

and molecular interactions shape the self-assembly process and material properties.

In summary, this research not only emphasizes the critical role of chirality and molecular
symmetry in the self-assembly and gelation processes but also demonstrates the potential for

molecular designs to create hydrogels with tailored functionalities. These findings furnish
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essential design principles and scientific insights for developing more adaptable and

functionally supramolecular systems.

5.2 Outlooks

Describing the complexity of multicomponent supramolecular gel systems presents significant
challenges. In these systems, components can self-assemble in the presence of other molecules,
where differences in assembly can be influenced not only by the self-assembled network itself
but also by additives. For example, a new network might expand upon an existing one through
epitaxial growth or intensive entanglement, or the networks might develop completely
independently. Additionally, it is crucial to consider the spatial distribution of these networks
at the microscopic scale, specifically whether fibers are uniformly distributed or localized.
Present characterization techniques struggle to fully resolve these complex structures and
interactions. To conduct in-depth studies of supramolecular gels, a careful selection and
integration of multiple experimental techniques is necessary to address various gelation
mechanisms and influencing factors. Furthermore, developing new and more efficient

characterization methods is essential to enhance their practical applications.

Although systematic design is generally advocated, most discoveries of self-assembling gels
have historically depended on modifying existing gelators or have been made by chance. Even
minor structural changes can result in significant behavioral differences, implying the
complexity of these materials and the challenges in controlling them. The current research
capable of accurately predicting gel properties is limited, presenting significant opportunities
for future studies. With advancements in understanding peptide design and functionalities,
leveraging artificial intelligence to predict gel capabilities and properties represents a crucial

technological breakthrough.
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A2 Appendix for Chapter 2
A2.1 Materials

N-(tert-Butoxycarbonyl)-L-phenylalanine, L-phenylalanine methyl ester hydrochloride, D-
phenylalanine methyl ester hydrochloride, 2-(naphthalen-2-yloxy)acetic acid, deuterium oxide,
sodium deuteroxide 40% in D20, deuterium chloride 35% in D>O were obtained from Sigma-
Aldrich; glucono-6-lactone, 1,4-dioxane, lithium hydroxide were purchased from Alfa Aesar;
diethyl ether, N-methylmorpholine, sodium hydroxide, hydrochloric acid were received from
Honeywell; acetonitrile, chloroform, tetrahydrofuran, sodium chloride were acquired from
Fisher Scientific; hydrogen chloride (ca. 4 mol/L in 1,4-dioxane) was obtained from Tokyo
Chemical Industry; magnesium sulfate, dichloromethane, trifluoroacetic acid, isobutyl
chloroformate were purchased from VWR International, Fluorochem, and Thermo Scientific,
respectively. All chemicals were used directly without further treatment. Deionized water was
used throughout this research. Table A2-1 details the specific hazards associated with each

reagent to guide safe handling practices in the laboratory

Table A2-1. Overview of primary health and safety risks associated with reagents used in

synthesis protocols.

Full Name Acronym |Primary Risks
N-(tert-Butoxycarbonyl)-L- Boc-L- Irritant; can cause skin and eye irritation
phenylalanine Phe

L-phenylalanine  methyl — ester Irritant; harmful if swallowed or in contact with skin

hydrochloride

D-phenylalgmne methyl ester Irritant; harmful if swallowed or in contact with skin

hydrochloride

i(—:ggaphthalen-2-y10xy)acet1c Corrosive; causes skin corrosion and serious eye damage

Deuterium oxide D,O Primarily non-toxic but can moderate chemical reactions
: differently due to isotopic effects

Sodium deuteroxide 40% in D20 Highly corrosive; can cause severe burns and eye damage

Deuterium chloride 35% in D20 Corr_os1ve; can cause respiratory irritation and damage to

respiratory tract
Glucono-5-lactone GdL Generally recognized as safe but can be mildly irritating to

skin and eyes

Carcinogenic; suspected of causing genetic defects and

1,4-dioxane damaging fertility or the unborn child

Lithium hydroxide LiOH C_orros1ve; causes severe skin burns and eye damage; reacts
violently with water
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Diethyl ether

Highly flammable; may form explosive peroxides

Corrosive; harmful if swallowed, inhaled, or in contact with

N-Methylmorpholine NMM skin

Sodium hydroxide NaOH Corrosive; causes severe skin burns and eye damage

Hydrochloric acid HCl Corrosive; causes severe skin burns and eye damage

o Toxic if inhaled or absorbed through skin; suspected of

Acetonitrile . .
causing genetic defects

Chloroform CHCI, (_iarcmogemc; central nervous system depressant; potential
liver and kidney damage

Tetrahydrofuran THF Highly flammable; forms explosive peroxides; inhalation
hazard

Sodium chloride NaCl G_enerally safe l?ut can irritate eyes and respiratory tract in
high concentrations

Hydrogen chloride 4M in 1,4- Corrosive; causes severe respiratory and mucous membrane

dioxane irritation

Magnesium sulfate MgSO. Ger}e?ally safe; used as a laxative and to treat magnesium
deficiency

Dichloromethane DCM Potential carcinogen; may cause organ damage through
prolonged or repeated exposure

Trifluoroacetic acid TFA _Coirrosw_e; can cause severe burns and is a respiratory
irritant, inhalation hazard

Isobutyl chloroformate IBCF Highly reactive and toxic; can cause severe skin burns and

eye damage; respiratory irritant
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A2.2 Synthesis of Dipeptides

(a)

H, N S IBCF, NMM

o~
o . CHC|3 H P TFA, CHCIy
)J\ OH 90% Crude H 96% Crude
07 N \© :
H \O
(¢]
N-Boc-L-phenylalanine L-phenylalanine methyl (S,S)-2Nap-001

ester hydrochloride

IBCF, NMM o
CHCl,

0 (0]

OQJ\ O\)J\
o+ R
(S,S)-2Nap-002 2-(naphthalen-2-yloxy) (S,S)-2Nap-003

acetic acid

LiOH, THF/H,O

88% Crude

H
(S,S)-2Nap-004 \©

Hsy N R IBCF, NMM
o~ CcHcl, HCI 4M in dioxane
e (R) &
" 62% Crude N'® 57% Crude
(S)

N-Boc-L-phenyIaIanlne D-phenylalanine methyl (S,R)-2Nap-001
ester hydrochloride

IBCF, NMM

(R) o\)kOH CHCly o\)J\ (R)
H e 83% Crude O N'@

2-(naphthalen-2-yloxy)
(S,R)-2Nap-002 acetic acid

LiOH, THF/H,O OQK "
89% Crude O N'®
(S,R)-2Nap-004

Scheme A2-1. Synthetic route of (a) (L,L)-2NapFF and (b) (L,D)-2NapFF.

(S,R)-2Nap-003

Chemical structures were named using MarvinSketch (Version 23.11, https://chemaxon.com/)

from ChemAxon. Mass spectra were recorded on a Bruker micrOTOFQ at the University of

Glasgow. '"H NMR spectra were recorded on a Bruker Avance III 400 MHz instrument at the
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University of Glasgow. Spectra were referenced to the residual 1H signal from the DMSO-ds at

2.50 ppm for integration. The temperature of the samples was maintained at 298 + 0.5 K.
A2.2.1 (L,L)-2NapFF

Methyl (25)-2-[(2.5)-2-{[(tert-butoxy)carbonyl]amino}-3-phenylpropanamido]-3-
phenylpropanoate ((S.S)-2Nap-001)

To a solution of N-Boc-L-phenylalanine (2.65 g, 10 mmol) in chloroform (30 mL) was added
N-methylmorpholine (2 eq., 2.20 mL) and isobutylchloroformate (1.1 eq., 1.43 mL), and the
mixture was stirred on ice for 10 min. Meanwhile, to a suspension of L-phenylalanine methyl
ester hydrochloride (2.92 g, 10 mmol) in chloroform (30 mL) was added N-methylmorpholine
(2 eq., 2.20 mL), and the mixture was stirred at room temperature for 10 minutes. Subsequently,
the latter mixture was added to the former and kept stirring overnight on ice. The resulting clear
solution was diluted with chloroform and washed in turn with 100 mL of 1M hydrochloric acid,
water, and brine (saturated), before being dried (magnesium sulfate), and the solvent was
removed under vacuum. (S,S)-2Nap-001 (3.85 g, 90%) was obtained as a white powder (Scheme
2-1a)

S (400 MHz, DMSO-ds, 25 °C) 8.38 (0.2H, d, J 6.68, Rot-1 NHCH*CO,Me), 8.31 (0.8H, d, J
7.59, Rot-2 NHCH"CO:Me), 7.30-7.16 (10.2H, m, Ha,), 6.83 (0.8H, d, J 8.76, Rot-2 NHBoc),
6.39 (0.2H, d, J 7.89, Rot-1 NHBoc), 4.51 (1H, dd, J 13.88, 7.92, CH'NHBoc), 4.20 (0.8H, td,
J 10.06, 4.23, Rot-2 CH*CO,Me), 4.08-4.02 (0.2H, Rot-1 CH*CO,Me), 3.58 (3H, s, OCH:),
3.32 (2.9H, br s, H,0), 3.08-2.94 (2.1H, m, PhC,H>), 2.89 (1H, dd, J 13.76, 4.12, PhC,H.Hy),
2.67 (1H, dd, J 13.71, 10.49, PhCoH,H), 2.50 (1.4H, quintet, residual DMSO-ds), 1.28 (7.6H,
s, Rot-2 C(CHa)3), 1.15 (1.5H, s, Rot-1 C(CHs)s). dc (100 MHz, DMSO-ds, 25 °C) 171.87,
171.83, and 155.12 (C=0), 138.03, 137.02, 129.18, 129.14, 128.28, 128.00, 126.60 and 126.18
(Cas), 78.05 (C(CHs)s), 55.53 (CH*'NHBoc), 53.53 (CH'CO:Me), 51.86 (CO,CHs), 39.52
(septet, DMSO-de), 37.45 (PhCyHa), 36.74 (PhC.Ha), 28.13 (Rot-2 C(CHs)3), 27.76 (Rot-1
C(CHs)3).
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Figure A2-1. 'H NMR spectrum of (S,S)-2Nap-001 in de-DMSO at 25 °C.
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Figure A2-2. 3C NMR spectrum of (S,S)-2Nap-001 in de-DMSO at 25 °C.
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Methyl (25)-2-[(25)-2-amino-3-phenylpropanamido]-3-phenvlpropanoate trifluoroacetate
salt ((S,S)-2Nap-002)

To a solution of (S,S)-2Nap-001 (3.85 g, 9.02 mmol) in chloroform (10 mL) was added
trifluoroacetic acid (5 mL), and the mixture was stirred at room temperature overnight. The
mixture was subsequently concentrated under reduced pressure to remove most of the excess
TFA, and the resulting viscous oil was then dissolved in ~30 mL of chloroform, transferred to
~200 mL of diethyl ether and stirred for 2 h to allow complete precipitation. The white solid
was collected by filtration. The solid was washed with a small amount of diethyl ether (~10 mL)
and dried under vacuum. (S,S)-2Nap-002 (3.81 g, 96%)) was collected as a white powder
(Scheme 2-1a).

ou (400 MHz, DMSO-ds, 25 °C) 9.07 (1H, d, J 7.48, NH), 8.23 (2.8H, br s, NH3"), 7.34-7.22
(9.8H, m, Har), 4.56 (1H, dd, J 14.15, 7.44, CH'NH3"), 4.09-4.06 (1H, m, CH'CO:Me), 3.60
(3H, s, OCHz3), 3.40 (5.7H, br s, H20), 3.14-3.04 (2.0H, m, PhC,H>), 3.00-2.93 (1.9H, m,
PhCyH>), 2.50 (0.7H, quintet, residual DMSO-ds). dc (100 MHz, DMSO-ds, 25 °C) 171.21 and
168.31 (CH-C=0), 158.26 (q, J 31.01, CF3-C=0), 136.76, 134.77, 129.61, 129.12, 128.55,
128.45,127.20, and 126.80 (Car), 117.80 (d, J 300.36, CF3), 53.92 (CH"CO>Me), 53.18 (OCH3),
52.07 (CH*NH3"), 39.52 (septet, DMSO-de), 36.92 (PhCaH>), 36.70 (PhCpH>).
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Figure A2-3. 'H NMR spectrum of (S,S)-2Nap-002 in de-DMSO at 25 °C.
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Figure A2-4. 3C NMR spectrum of (S,S)-2Nap-002 in de-DMSO at 25 °C.
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Methyl (25)-2-[(2.5)-2-[2-(naphthalen-2-yloxv)acetamido]-3-phenylpropanamido]-3-
phenylpropanoate ((S.S)-2Nap-003)

To a solution of (S,S)-2Nap-002 (3.81 g, 8.64 mmol) in chloroform (30 mL) was added N-
methylmorpholine (2 eq., 1.90 mL) and the mixture was stirred at room temperature for 10 min.
Meanwhile, to a solution of 2-(naphthalene-2- acyloxy) acetic acid (1.75 g, 8.64 mmol) in
chloroform (30 mL) was added N-methylmorpholine (2 eq., 1.90 mL) and
isobutylchloroformate (1.1 eq., 1.24 mL) and the mixture was stirred on ice for 10 min.
Subsequently, the former mixture was slowly added into the latter and kept stirring overnight
on ice. The resulting clear solution was diluted with chloroform and washed in turn with 100
mL of 1M hydrochloric acid, water, and brine (saturated), before being dried (magnesium
sulfate), and the solvent removed under vacuum. (S,S)-2Nap-003 (3.65 g, 83%) was obtained
as a light brown solid (Scheme 2-1a).

ou (400 MHz, DMSO-ds, 25 °C) 8.61 (1H, d, J 7.55, NH), 8.31 (0.7H, s, CH in chloroform),
8.14 (1H, d, J 8.56, NH), 7.85-7.82 (2H, m, Har), 7.73 (1H, d, J 7.74, Ha), 7.48-7.44 (1H, m,
Har), 7.38-7.34 (1.1H, m, Hay), 7.28-7.12 (12.2H, m, Ha), 4.67 (1H, td, J 9.16, 4.42, CH"), 4.55
(1.8H, s, OCH>), 4.54-4.50 (1.1H, m, CH"), 3.59 (3.1H, s, OCH3), 3.34 (4.9H, br s, H,0), 3.08-
2.93 (3.2H, m, PhC,H, and PhCy,H.Hy), 2.86 (1H, dd, J 13.83, 9.43, PhCyH.Hy), 2.50 (1.3H,
quintet, residual DMSO-ds). dc (100 MHz, DMSO-de, 25 °C) 171.75,171.01, and 167.30 (C=0),
155.52,137.46, 136.98, 134.06, 129.39, 129.24, 129.09, 128.78, 128.30, 128.04, 127.54, 126.82,
126.62, 126.46, 126.33, 123.90, 118.49, and 107.34 (Car), 66.69 (OCH>), 53.69 (CH"), 53.23
(CH"), 51.90 (OCH3), 39.52 (septet, DMSO-ds), 37.46 (PhCpH>), 36.65 (PhC,H>).
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Figure A2-5. 'H NMR spectrum of (S,S)-2Nap-003 in de-DMSO at 25 °C.
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Figure A2-6. °C NMR spectrum of (S,S)-2Nap-003 in de-DMSO at 25 °C.
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(25)-2-[(25)-2-]2-(naphthalen-2-yloxy)acetamido]-3-phenylpropanamido]-3-
phenylpropanoic acid ((S.S)-2Nap-004)

A solution of (S,S)-2Nap-003 (3.65 g, 7.15 mmol) in tetrahydrofuran (30 mL) was stirred at
room temperature for 10 min. Meanwhile, a solution of lithium hydroxide (685 mg, 28.59 mmol)
in water (30 mL) was prepared. The latter was slowly added to the former and the mixture stirred
at room temperature for 1.5 h. TLC confirmed the absence of starting materials. The clear
solution was poured into 200 mL 1 M hydrochloric acid and stirred overnight. The suspension
was collected by filtration, followed by washing with 200 mL of deionized water and a small
amount of acetonitrile to remove the brown color. After that, 30 mL of acetonitrile was added,
and the mixture stirred for 1 hour before the solvent was removed under vacuum. 30 mL of
diethyl ether was then added into the flask and then stirred overnight to help the bulk solids
break up into small fragments. Finally, (S,S)-2Nap-004 (3.14 g, 88%) was obtained as a white
powder by filtration (Scheme 2-1a).

S (400 MHz, DMSO-ds, 25 °C) 12.58 (0.4H, br s, COOH), 8.46 (1.0H, d, J 7.82, NH), 8.14
(1.0H, d, J 8.52, NH), 7.85-7.82 (1.9H, m, Ha,), 7.73 (1.0H, d, J 8.20, Hx,), 7.48-7.45 (1.0H, m,
Har), 7.38-7.34 (1.1H, m, Hay), 7.27-7.12 (11.8H, m, Ha,), 4.67 (1.0H, td, J 8.94, 3.72, CH"),
4.55 (1.8H, s, OCH,), 4.52-4.47 (1.1H, m, CH"), 3.43 (8.5H, br s, H,0), 3.11-3.02 (2.4H, m,
PhCH.), 2.97-2.84 (2.3H, m, PhCHy), 2.50 (0.9H, quintet, residual DMSO-ds). dc (100 MHz,
DMSO-ds, 25 °C) 172.79, 170.92, and 167.30 (C=0), 155.54, 137.55, 137.40, 134.08, 129.42,
129.31, 129.18, 128.81, 128.25, 128.04, 127.56, 126.85, 126.51, 126.49, 126.32, 123.92, 118.51,
and 107.38 (Car), 66.74 (OCH,), 53.57 (CH"), 53.30 (CH"), 39.52 (septet, DMSO-ds), 37.49
(PhCH,), 36.75 (PhCHp).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C30H2sN2HOs: 497.1998; Found:
497.2076.
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Figure A2-7. 'H NMR spectrum of (S,S)-2Nap-004 in de-DMSO at 25 °C.
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Figure A2-8. 3C NMR spectrum of (S,S)-2Nap-004 in de-DMSO at 25 °C.
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A2.2.2 (L,D)-2NapFF

Methyl (2R)-2-[(25)-2-{[(tert-butoxy)carbonyl]amino-3-phenylpropanamido]-3-
phenylpropanoate ((S.R)-2Nap-001)

“ ]
0 - o
><)k N.®
o~ NS o~
H
0

To a solution of N-Boc-L-phenylalanine (2.65 g, 10 mmol) in chloroform (30 mL) was added
N-methylmorpholine (2 eq., 2.20 mL) and isobutylchloroformate (1.1 eq., 1.43 mL) and the
mixture was stirred on ice for 10 min. Meanwhile, to a solution of D-phenylalanine methyl ester
hydrochloride (2.92 g, 10 mmol) in chloroform (30 mL) was added N-methylmorpholine (5 eq.,
5.50 mL) and the mixture was stirred at room temperature for 10 min. The latter mixture was
added to the former and stirred overnight on ice. The resulting clear solution was diluted with
chloroform and washed in turn with 100 mL of 1M hydrochloric acid, water, and brine
(saturated), before being dried (magnesium sulfate), and then the solvent was removed under
vacuum. Afterwards, the yellowish powder was purified using column chromatography ((1:9
ethyl acetate/dichloromethane, ca. 504 cm, wet-loaded) and (S,R)-2Nap-001 (2.64 g, 62%)

was obtained as a white solid (Scheme 2-1Db).

ou (400 MHz, DMSO-ds, 25 °C) 8.49 (0.2H, d, J 7.30, Rot-1 NHCH*CO,Me), 8.43 (0.8H, d, J
8.08, Rot-2 NHCH"CO:Me), 7.29-7.13 (9.8H, m, Har), 6.73 (0.8H, d, J 8.81, Rot-2 NHBoc),
6.31 (0.2H, d, J 8.16, Rot-1 NHBoc), 4.55-4.50 (1H, m, CH"CO:-Me), 4.18 (0.8H, td, J 9.82,
4.00, Rot-2 CH"NHBoc), approx. 4.07-4.02 (0.2H, m, Rot-1 CH'NHBoc), 3.63 (2.9H, s, OCH3),
3.33(8.3H, brs, H»0), 3.06 (1H, dd, J 13.68, 5.13, PhCH,H,CH"CO:Me), 2.88 (1H, dd, J 13.67,
9.48, PhCH,H,CH"CO2Me), 2.69 (0.8H, dd, J 13.76, 3.88, PhCH.H,CH*NHBoc), 2.61-2.39
(0.9H, m, PhCH,H,CH"NHBoc overlapped by residual DMSO-ds peak), 1.28 (7.1H, s, Rot-2
C(CHz3)3), 1.21 (1.6H, s, Rot-1 C(CH3)3)). dc (100 MHz, DMSO-dg, 25 °C) 171.86, 171.62, and
155.07 (C=0), 138.01, 137.05, 129.19, 129.15, 128.21, 127.90, 126.58, and 126.10 (Ca:), 77.93
(C(CH3)3), 55.30 (CH*NHBoc), 53.36 (CH*CO:Me), 51.92 (OCH3), 39.52 (septet, DMSO-ds),
37.52 (PhCH,CH"NHBoc), 36.96(PhCH>CH*CO:Me), 28.11 (Rot-2 C(CH3)3), 27.73 (Rot-1
C(CHs)3).
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Figure A2-9. 'H NMR spectrum of (S,R)-2Nap-001 in de-DMSO at 25 °C.
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Figure A2-10. *C NMR spectrum of (S,R)-2Nap-001 in d-DMSO at 25 °C.
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Methyl (2R)-2-[(2S5)-2-azaniumyl-3-phenvlpropanamido]-3-phenvlpropanoate
hvdrochloride ((S.R)-2Nap-002)

H
® N_(R)
H,N7(s) = o
@
Cl O | N
N

To a solution of (S,R)-2Nap-001 (2.64 g, 6.19 mmol) in 1,4-dioxane (15 mL) was added
hydrogen chloride 4M in 1,4-dioxane (30.96 mL, ca. 20 eq.) and the mixture stirred overnight
at room temperature. TLC confirmed the absence of starting materials. The resulted mixture was
evaporated in vacuo, redissolved in 30 mL acetonitrile, well-stirred and then the solvent
removed under vacuum. (S,R)-2Nap-002 (1.27 g, 57%) was collected as a white foam (Scheme
2-1b).

on (400 MHz, DMSO-ds, 25 °C) 9.30 (0.9H, d, J 8.07, Rot-2 NH), 9.11 (0.1H, d, J 8.08, Rot-1
NH), 8.27 (2.9H, br s, NH3"), 7.30-7.21 (8.0H, m, Ha,), 7.03-6.97 (2.0H, m, Ha), 4.56-4.50 (1H,
m, NHCH"), 4.10 (1H, t, J 6.38, CH'NH;"), 3.63 (2.7H, s, OCH3), 3.56 (0.3H, s, CH> in 1,4-
dioxane), 3.38 (6.5H, br s, H>0), 3.09-2.93 (2.0H, m, PhCH>), 2.88-2.72 (2H, m, PhCH>»), 2.50
(1.0H, quintet, residual DMSO-ds), 2.07 (0.3H, s, CH3 in acetonitrile). dc (100 MHz, DMSO-
ds, 25 °C), not all carbons resolved) 171.42 and 167.98 (C=0), 136.86, 134.60, 129.62, 129.25,
128.35, 127.02, and 126.78 (Car), 53.79 (NHCH"), 53.10 (CH'NH?"), 52.08 (OCH3), 39.52
(septet, DMSO-ds), 36.88 and 36.66 (PhCH>).
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Figure A2-11. '"H NMR spectrum of (S,R)-2Nap-002 in ds-DMSO at 25 °C.

o]

G- S 4 e

| 1 « L
| ‘ ‘| J ! “ ﬂ
T T T T T T T T T T T T T T T T T T )
190 180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 ppm

Figure A2-12. 3C NMR spectrum of (S,R)-2Nap-002 in d-DMSO at 25 °C.
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Methyl (2R)-2-[(25)-2-]2-(naphthalen-2-yloxy)acetamido]-3-phenvlpropanamido]-3-
phenylpropanoate ((S.R)-2Nap-003)

“ ]
o) - o
O\/[L N
H
0

To a solution of (S,R)-2Nap-002 (1.27 g, 4.61 mmol) in chloroform (30 mL) was added N-
methylmorpholine (2 eq., 1.90 mL) and the mixture was stirred at room temperature for 10 min.
To a solution of 2-(naphthalene-2-acyloxy) acetic acid (0.93 g, 4.61 mmol) in chloroform (30
mL) was added N-methylmorpholine (2 eq., 1.90 mL) and isobutylchloroformate (1.1 eq., 1.24
mL), and the mixture was stirred on ice for 10 min. Subsequently, the former mixture was slowly
added into the latter and stirred overnight on ice. The resulting clear solution was diluted with
chloroform and washed in turn with 100 mL of 1M hydrochloric acid, water, and brine
(saturated), dried (magnesium sulfate), and the solvent removed under vacuum. The resulting
yellowish powder was purified using column chromatography ((1:9 ethyl
acetate/dichloromethane, ca. 504 cm, wet-loaded) and (S,R)-2Nap-003 (1.94 g, 83%) was
obtained as a white powder (Scheme 2-1b).

Ju (400 MHz, DMSO-de) 8.74 (0.9H, d, J 8.14, NH), 8.11 (0.9H, d, J 8.59, NH), 7.83 (1.8H, d,
J 8.83, Har), 7.73 (1.0H, d, J 8.19, Hay), 7.47 (0.9H, t, J 7.64, Har), 7.37 (1.OH, t, J 7.92, Ha,),
7.30-7.00 (12.1H, m, Ha), 4.66 (1H, td, J 8.91, 4.43, CH"), 4.56 (1.8H, s, OCH,), 4.54-4.51
(0.9H, m, CH"), 3.62 (2.8H, s, OCHs), 3.41 (9.7H, br s, H,0), 3.09 (1.1H, dd, J 13.59, 4.88,
PhCHy), 2.87 (1H, dd, J 13.52, 10.14, PhCH,), 2.76 (0.9H, dd, J 13.56, 3.99, PhCHy), 2.66
(1.0H, dd, J 13.50, 9.33, PhCH.), 2.50 (0.9H, quintet, residual DMSO-ds). dc (100 MHz,
DMSO-ds, 25 °C) 171.95, 170.85, and 167.27 (C=0), 155.52, 137.33, 137.14, 134.08, 129.42,
129.30, 129.21, 128.79, 128.31, 128.00, 127.56, 126.83, 126.71, 126.49, 126.31, 123.92, 118.50,
and 107.33 (Car), 66.68 (OCH,), 53.59 (CH"), 53.30 (CH"), 52.05 (OCHs), 39.52 (septet,
DMSO-ds), 37.73 (PhCH>), 36.96 (PhCH.).
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Figure A2-13. '"H NMR spectrum of (S,R)-2Nap-003 in ds-DMSO at 25 °C.
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Figure A2-14. 3C NMR spectrum of (S,R)-2Nap-003 in d-DMSO at 25 °C.
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(2R)-2-[(25)-2-]2-(naphthalen-2-yloxy)acetamido]-3-phenylpropanamido]-3-
phenylpropanoic acid ((S.R)-2Nap-004)

o) o)
OA N
NN N(S)\[r OH

NP O

|

A solution of (S,R)-2Nap-003 (1.94 g, 3.81 mmol) in tetrahydrofuran (30 mL) was stirred at
room temperature for 10 minutes. A solution of lithium hydroxide (374 mg, 20 eq.) in water (30
mL) was slowly added into the former solution and kept stirring at room temperature for 1 h.
TLC confirmed the absence of starting materials. The resulting clear solution was poured into
200 mL of 1 M hydrochloric acid and stirred overnight to allow total precipitate. Then the
suspension was collected by filtration using a Buchner funnel, washed with 200 mL deionized
water and then a small amount of acetonitrile to remove the brown colour. The obtained solid
was further dried under vacuum. (S,R)-2Nap-004 (1.69 g, 89 %) was collected as a white solid
(Scheme 2-1b).

S (400 MHz, DMSO-de) 12.90 (0.8H, br s, COOH), 8.63 (1.0H, d, J 8.32, NH), 8.10 (1.0H, d,
J 8.56, NH), 7.83 (2.0H, d, J 8.72, Har), 7.74 (1.0H, d, J 8.20, Hay), 7.46 (1.1H, t, J 7.20, Hay),
7.36 (1.1H, t, J 7.28, Har), 7.29-6.99 (11.8H, m, Har), 4.69 (1H, td, J 8.88, 4.28, CH"), 4.57
(1.8H, s, OCHy), 4.54-4.49 (1.0H, m, CH"), 3.43 (1.4H, br s, H,0), 3.14 (1.1H, dd, J 13.62, 4.41,
Ph.CH.Hy), 2.87 (1.0H, dd, J 13.56, 10.19, Ph,CH,Hx), 2.78 (1.0H, dd, J 13.60, 3.94, PhyCH.Hs),
2.65 (1.0H, dd, J 13.57, 9.24, PhyCH.Hy), 2.50 (0.9H, quintet, residual DMSO-ds). dc (100 MHz,
DMSO-ds, 25 °C) 172.92, 170.65, and 167.18 (C=0), 155.52, 137.54, 137.35, 134.07, 129.41,
129.32, 129.22, 128.79, 128.23, 127.95, 127.54, 126.83, 126.57, 126.47, 126.24, 123.90, 118.47,
and 107.36 (Car), 66.72 (OCHy), 53.55 (CH"), 53.30 (CH"), 39.52 (septet, DMSO-ds), 37.81
(PhyCH), 37.07 (Ph.CHo).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C3oH2sN2HOs: 497.1998; Found:
497.2074.
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Figure A2-16. °C NMR spectrum of (S,R)-2Nap-004 in d-DMSO at 25 °C.

A2.3 Additional Figures and Tables
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Table A2-2. CD data at 188 nm for binary system solutions with volume ratios from 10:0 to
0:10 of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions.

Volume Error
Ratio 1 2 3 4 5 6 7 8 Average bar
10:0 77.5 66.2 102.2 59.6 23.7 261.0 153.2 119.2 107.8 68.7
9:1 163.7 162.2 49.0 91.5 206.5 82.5 189.7 111.8 132.1 52.7
8:2 175.9 178.8 153.9 111.1 90.6 143.7 87.7 131.5 134.2 332
7:3 85.3 69.6 108.9 86.9 97.1 192.2 74.7 81.3 99.5 36.9
6:4 89.5 133.0 87.0 723 121.4 92.0 124.6 40.7 95.1 28.7
5:5 523 66.1 147.1 113.6 88.2 132.6 62.3 101.0 954 322
4:6 54.0 53 1.9 8.6 21.4 9.1 27.0 39.6 20.9 17.3
3:7 -6.7 -2.4 3.6 -2.5 11.6 9.3 -5.7 -8.5 -2.5 6.6
2:8 -25.2 -29.9 -45.6 -34.7 -32.2 -39.5 -24.7 -41.0 -34.1 7.0
1:9 -34.3 -37.8 -41.2 -43.8 -32.6 -46.6 -40.2 -42.3 -39.9 44
0:10 -38.8 -43.2 -43.8 -47.6 -54.2 -45.9 -49.1 -56.0 -47.3 54

Table A2-3. CD data at 223 nm of binary system solutions with volume ratios from 10:0 to 0:10
of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions.

Volume Error
Ratio 1 2 3 4 5 6 7 8 Average bar
10:0 188.2 278.3 271.8 279.2 177.2 394.5 312.2 257.0 269.8 64.1
9:1 195.4 179.8 164.2 200.2 195.2 188.4 239.4 222.6 198.1 22.1
8:2 111.0 77.7 82.6 80.2 74.1 75.9 75.8 78.5 82.0 11.3
7:3 413 43.2 42.9 46.7 44.3 46.0 43.5 48.9 44.6 23
6:4 -81.5 -115.9 -91.2 -99.4 -99.9 -100.2 | -105.9 -79.5 -96.7 11.4
5:5 -194.8 | -188.7 | -223.7 | -213.0 | -195.1 -258.2 | -212.4 | -260.1 -218.3 26.0
4:6 -313.3 -2252 | -232.1 -231.5 | -306.0 | -264.8 | -433.1 -419.5 -303.2 77.7
3:7 -518.7 | -383.1 -310.5 | -469.1 -5752 | 477.6 | -603.0 | -414.5 -469.0 91.7
2:8 -507.9 | -446.1 -661.6 | -480.6 | -578.8 | -666.9 | -366.6 | -648.2 -544.6 104.5
1:9 -645.2 | -573.6 | -512.0 | -664.3 -458.7 | -611.9 | -5442 | -717.0 -590.9 79.7
0:10 -731.2 | -732.7 | -830.1 -7799 | -6384 | -6725 | -737.0 | -807.2 -741.1 60.4

Table A2-4. CD data at 226 nm of binary system solutions with volume ratios from 10:0 to 0:10
of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions.

Volume Error
Ratio 1 2 3 4 5 6 7 8 Average bar
10:0 -224.6 -277.4 -237.2 -248.7 -291.2 -351.4 -303.7 -281.5 -277.0 38.1
9:1 -220.3 -223.4 -222.4 -232.4 -222.3 -278.8 -296.1 -286.2 -247.8 30.9
8:2 -262.5 -213.8 -234.9 -231.5 -215.3 -231.7 -219.4 -233.1 -230.3 14.5
7:3 -210.5 -235.0 -233.4 -216.7 -226.9 -240.3 -237.2 -239.9 -230.0 10.4
6:4 20.2 59.1 55.1 6.2 17.8 8.3 8.7 114 234 20.0
5:5 172.2 148.7 179.7 174.2 142.7 214.9 238.4 205.6 184.5 30.8
4:6 333.2 567.8 464.2 5174 577.1 493.7 524.7 471.4 493.7 71.7
3:7 578.5 465.6 389.7 467.4 536.4 497.2 586.7 529.3 506.4 61.2
2:8 521.2 530.0 557.0 5743 745.6 680.2 651.3 641.4 612.6 74.4
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Figure A2-17. Normal-light and cross-polarized optical microscopy images (5xmagnification)
of binary system solutions with various volume ratios (10:0, 9:1, 8:2, 7:3, 6:4, 5:5) of 10 mg/mL
(L,L)-2NapFF:(L,D)-2NapFF stock solutions before and after inserting into the NMR
spectrometer. Scale bars represent 500 um and the white crosses represent the polariser

directions.
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Before NMR

After NMR

Before NMR

After NMR

Before NMR

—
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After NMR

Figure A2-18. Normal-light and cross-polarized optical microscopy images (5xmagnification)
of binary system solutions with various volume ratios (4:6, 3:7, 2:8, 1:9, 0:10) of 10 mg/mL
(L,L)-2NapFF:(L,D)-2NapFF stock solutions before and after inserting into the NMR
spectrometer. Scale bars represent 500 pm and the white crosses represent the polarizer

directions.
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Figure A2-19. (a) The viscosity of binary system solutions after heat-cool cycle at 50 °C with
various volume ratios of 10 mg/mL (L,L)-2NapFF:(L,D)-2NapFF stock solutions. (b) Plot

shows the viscosity data at a shear rate of 10 s! against volume ratio.
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Figure A2-20. (a) Histogram exhibiting the first pK, and (b-1) apparent pK, titration results of
micellar solutions with varying volume ratios of 10 mg/mL (L,L)-2NapFF: (L,L)-2NapFF.

- 246 -



10:0

350

400 450
Wavelength (nm)

IN
o
=]

w
o
o

200+

100+

Fluorescence intensity (a.u.)

350

400 450
Wavelength (nm)

350

400 450
Wavelength (nm)

0:10

Appendices

(b) (c)
"*500 |— 0 min ASOO
3 91 =m =

—5min [0}
< 4001 —om =400
2 omn 2
2 o 2
© 300+ 2 © 3004
£ —an S
® =) [}
2 200 —7n 2 2004
9] — o]
o =% o
g — 2
21004 —en 21004
S —i S
E |[——15h E
0 T T : " 0-
350 400 450 500

—~
)
~—"

Wavelength (nm)

)

u
S
o
o

300+

200+

100 4

Fluorescence intensity (a.

400 450
Wavelength (nm)

350

400 450
Wavelength (nm)

450
Wavelength (nm)

400

Figure A2-21. (a-g) Evolution of fluorescence spectra over time of micellar solutions containing

10 mg/mL of (L,L)- and (L,D)-2NapFF at ratios of 10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10.
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Figure A2-22. (a-g) Plots illustrating the evolution of wavelength and fluorescence intensity

relative to time of the peak at 356 nm for micellar solutions containing 10 mg/mL of (L,L)- and

(L,D)-2NapFF at ratios of 10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10.

(a) (b)
j —10:0 —~ —10:0
500 —o1| 3 — o1
s =8 S —8:2
5 400 —;:i >084 —73
& —6: D —— 64
2300 =50 3 — 55
g —4a £ 067 —
iy i - \ —37
E 200 /\ 2 8 04 —
—0:10 © \ ——0:10
100 €02/
o
)~ 5
0 T T 7 0.0 —
350 400 450 500 350 400 450 500

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

a0

e

500

400

300

200

100

wmub@«%%g@

'\
\Qq‘b«@@vrzm\

Time (h)

Fluorescence intensity (a.u.)

o

Figure 2-23. (a) Fluorescence emission spectrum, (b) normalized spectrum of gels containing

10 mg/mL of (L,L)- and (L,D)-2NapFF at ratios ranging from 10:0 to 0:10. (c) Plots illustrating

the evolution of wavelength and fluorescence intensity relative to the ratios of the peak at 356

nm.
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A3 Appendix for Chapter 3

A3.1 Materials

1-Naphthol, 4-chloro-1-naphthol, 6-bromo-2-naphthol, 6-cyano-2-naphthol, and 7-methoxy-2-
naphthol were purchased from Sigma-Aldrich. tert-butyl chloroacetate, L-phenylalanine methyl
ester hydrochloride, D-phenylalanine methyl ester hydrochloride, and trifluoroacetic acid were
purchased from Fluorochem Ltd. Potassium carbonate (anhydrous, 99.5%), acetone (AR,
>99.8%), chloroform (AR, >99.8%), hexanes (AR, >95%), and tetrahydrofuran (AR, >99.8%)
were obtained from Fisher Scientific International, Inc. Magnesium sulfate (anhydrous, 99.5%
min), N-methylmorpholine (99%), isobutyl chloroformate (98%), and lithium hydroxide
(anhydrous, 98%) were acquired from Thermo Fisher Scientific Inc. Diethyl ether (>99.8%)),
sodium hydroxide (98-100.5%), and hydrochloric acid (36.5-38%), were obtained from
Honeywell International, Inc. All chemicals were used in their original form without any
additional processing. Deionized water was used consistently. Table A3-1 provides an overview

of the chemicals and their associated risks to assist with safe handling and usage.

Table A3-1. Overview of Primary Health and Safety Risks Associated with Reagents Used in

Synthesis Protocols.

Full Name Acronym | Primary Risks

1-Naphthol Irritant; harmful if swallowed, causes skin and eye irritation

4-chloro-1-naphthol Toxic; harmful if swallowed, in contact with skin, or if inhaled

6-bromo-2-naphthol Irritant; harmful if swallowed, causes severe skin and eye irritation

6-cyano-2-naphthol Toxic; harmful if swallowed, inhaled, or in contact with skin

7-methoxy-2-naphthol Irritant; harmful if swallowed, causes skin and eye irritation

tert-butyl chloroacetate Highly reactive; causes severe skin burns and eye damage

ﬁ;}glrf?gllg?;;ne methyl ester Irritant; harmful if swallowed or in contact with skin

E};g?:;llﬂl:rligne methyl ester Irritant; harmful if swallowed or in contact with skin

Trifluoroacetic acid THF Corrosive; can cause severe burns and is a respiratory irritant

Potassium carbonate K>CO; |Irritant; causes eye, skin, and respiratory tract irritation

Acetone Highly flammable; irritant, may cause eye irritation and dizziness

Chloroform CHCl;  |Carcinogenic; central nervous system depressant

Hexanes Highly_ flammable; neurotoxin that can cause nerve damage from
inhalation

Tetrahydrofuran THF Highly flammable; forms explosive peroxides

Magnesium sulfate MgSOs4 | Generally safe; used as a laxative and to treat magnesium deficiency
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N-Methylmorpholine NMM  |Corrosive; harmful if swallowed, inhaled, or in contact with skin
Isobutyl chloroformate IBCF Highly reactive and toxic; can cause severe skin burns and eye damage
Lithium hydroxide LiOH Corrosive; causes severe skin burns and eye damage

Diethyl ether Highly flammable; may form explosive peroxides

Sodium hydroxide NaOH |Corrosive; causes severe skin burns and eye damage

Hydrochloric acid (36.5-38%) HCl Corrosive; causes severe skin burns and eye damage

A3.2 Synthesis of Dipeptides
A3.2.1 INapFF

) L S QL D
acetone, A )< TFA, CHCI
OH 4 \)k )< O\)J\O 3 O\)I\OH
(¢}

1-Naphthol tert-Butyl chloroacetate 1Nap-001 1Nap-002

[e]
HN IBCF, NMM
. o~ CHel o LIOH, THF/H,0 o
el o\)J\N o o\)LN OH
,m H O H

L-Phenylalanine methyl
ester hydrochloride
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Scheme A3-1. Synthetic route of 1NapFF.

Chemical structures were named using MarvinSketch (Version 23.11, https://chemaxon.com/)

from ChemAxon. Mass spectra were recorded on a Bruker micrOTOFQ at the University of
Glasgow."H NMR spectra were recorded on a Bruker Avance III 400 MHz instrument at the
University of Glasgow. Spectra were referenced to the residual 1H signal from the DMSO-ds at

2.50 ppm for integration. The temperature of the samples was maintained at 298 + 0.5 K.
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Tert-butyl 2-(naphthalen-1-yloxy)acetate (1Nap-001)

dok

Tert-butyl chloroacetate (5.5 mL, 1.1 eq., 38.1 mmol) was added to a stirred solution of 1-

Naphthol (5.0 g, 34.7 mmol) and potassium carbonate (24.0 g, 5 eq., 173.4 mmol) in acetone
(130 mL). After heating the solution to reflux at 70°C overnight, chloroform (200 mL) was
added, and the solution was washed with deionized water (2 X 200 mL). The organic phase was
dried over magnesium sulfate, and the solvent was removed in vacuo to obtain 1Nap-001 as an

off-white solid in 71 yield (Scheme A3-1).

ou (400 MHz, DMSO-dg, 25 °C) 8.33 (0.01H, s, CH in chloroform), 8.25-8.22 (1.0H, m, Har),
7.90-7.85 (1.0H, m, Ha), 7.56-7.49 (3.1H, m, Ha,), 7.41-7.40 (1.0H, m, Ha,), 6.87 (1.0H, d, J
7.28 Hz, Har), 4.86 (2.0H, s, OCH»), 3.37 (0.8H, br s, H>O), 2.50 (0.3H, quintet, residual
DMSO-ds), 1.44 (8.3H, s, Rot-2 C(CH3)3), 1.43 (0.7H, s, Rot-1 C(CHz3)3). 6c (100 MHz, DMSO-
ds, 25 °C) 167.67 (C=0), 153.14, 134.06, 127.42, 126.49, 125.93, 125.37, 124.89, 121.57,
120.55, 105.41 (Car), 81.42 (C(CHz3)3), 65.40 (OCH2>), 39.52 (septet, DMSO-ds), 27.68 (Rot-2
C(CHa)3), 27.52 (Rot-1 C(CH3)3).
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Figure A3-2. 3C NMR spectrum of 1Nap-001 in de-DMSO at 25 °C.
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2-(Naphthalen-1-vloxy)acetic acid (1Nap-002)

\)J\
l OH

To remove the tert-butyl protecting group, trifluoroacetic acid (11.2 mL, 6.1 eq., 151.0 mmol)

was added to a mixture of 1Nap-001 (6.4 g, 24.7 mmol) in chloroform (30 mL), and the solution
was stirred for 24 h. Subsequent evaporation under reduced pressure was performed to remove
the solvent and most of the excess trifluoroacetic acid from the reactants. Then, hexane (200
mL) was added and stirred for 1 h to allow complete precipitation. The resulting white
precipitate was collected by filtration, washed with hexane (10 mL), and vacuum dried to give

1Nap-002 in 86% yield (Scheme A3-1).

8x (400 MHz, DMSO-de, 25 °C) 13.09 (0.8H, br s, COOH), 8.26-8.23 (1.0H, m, Hay), 7.90-7.85
(1.0H, m, Hay), 7.56-7.49 (3.0H, m, Ha,), 7.42-7.38 (1.0H, m, Ha,), 6.89 (1.0H, d, J 7.56 Hz,
Has), 4.90 (2.0H, s, OCHa), 3.57 (0.4H, br s, H>0), 2.50 (0.3H, quintet, residual DMSO-ds). c
(100 MHz, DMSO-ds, 25 °C) 170.15 (C=0), 153.26, 134.14, 127.49, 126.57, 126.06, 125.43,
124.92, 121.68, 120.51, 105.37 (Car), 64.93 (OCH,), 39.52 (septet, DMSO-de).
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Figure A3-4. 3C NMR spectrum of 1Nap-002 in de-DMSO at 25 °C.
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Methyl (2S)-2-[2-(naphthalen-1-yloxy)acetamido]-3-phenvlpropanoate (1Nap-003)

A standard coupling method to combine methyl ester-protected phenylalanine with 1NapOH
was employed. N-Methylmorpholine (4.7 mL, 2 eq., 42.6 mmol) and isobutyl chloroformate
(3.0 mL, 1.1 eq., 23.4 mmol) were added to a stirred solution of 1Nap-002 (4.3 g, 21.3 mmol)
in chloroform (70 mL) in an ice bath and stirred for 5 min. A solution of L-phenylalanine methyl
ester hydrochloride (4.6 g, 1 eq., 21.3 mmol) and N-Methylmorpholine (4.7 mL, 2 eq., 42.6
mmol) in chloroform (70 mL) was added. The mixture was kept in an ice bath and stirred
overnight. The obtained solution was washed with deionized water (2 x 200 mL), hydrochloric
acid (2 x 200 mL, 1 M), aqueous potassium carbonate (200 mL, 0.1 M), deionized water (2 x
200 mL), dried using magnesium sulfate, and the solvent was removed in vacuo to give 1Nap-

003 in 97% yield (Scheme A3-1).

Su (400 MHz, DMSO-ds, 25 °C) 8.52 (1.1H, d, J 7.99 Hz, NH), 8.32 (0.02H, s, CH in
chloroform), 8.24-8.21 (1.1H, m, Har), 7.89-7.87 (1.1H, m, Har), 7.57-7.50 (3.2H, m, Har), 7.38-
7.36 (1.1H, m, Hay), 7.30-7.15 (6.0H, m, Ha), 6.78 (1.0H, d, J 7.59 Hz, Ha,), 4.74-4.63 (3.0H,
m, OCH, and CH"), 3.66 (3.0H, s, OCHz), 3.37 (3.4H, br s, H,0), 3.16 (1.0H, dd, J 13.80, 5.10
Hz, PhCH,Hs), 3.06 (1.1H, q, J9.37 Hz, PhCH,Hy), 2.50 (0.7H, quintet, residual DMSO-ds). ¢
(100 MHz, DMSO-ds, 25 °C) 171.68, 167.71 (C=0), 153.15, 137.15, 134.05, 129.16, 128.31,
127.43, 126.62, 126.56, 126.01, 125.35, 124.77, 121.88, 120.70 and 105.69 (Cas), 67.07 (OCH,),
53.14 (CH"), 52.06 (OCHs), 39.52 (septet, DMSO-ds), 36.33 (PhCH.).
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Figure A3-5. 'H NMR spectrum of 1Nap-003 in de-DMSO at 25 °C.
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Figure A3-6. °C NMR spectrum of 1Nap-003 in de-DMSO at 25 °C.
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(2S)-2-]2-(Naphthalen-1-vloxy)acetamido]-3-phenylpropanoic acid (1Nap-004)

o
O\/“\ OH
N
b

To deprotect the C-terminus, an aqueous solution of lithium hydroxide (2.0 g, 4 eq., 82.9 mmol)

in deionized water (20 mL) was added to 1Nap-003 (7.5 g, 20.7 mmol) in tetrahydrofuran (60
mL), and the mixture was stirred for 18 h. Subsequently, the resulting solution was transferred
to hydrochloric acid (200 mL, 1.0 M) and stirred for 1 h to ensure complete precipitation. The
resulting white precipitate was collected by filtration, washed thoroughly with deionized water
(200 mL) and diethyl ether (10 mL) and dried in vacuo to yield 1Nap-004 as a white powder
with a yield of 73% (Scheme A3-1).

8x (400 MHz, DMSO-ds, 25 °C) 12.96 (0.8H, br' s, COOH), 8.33 (1.0H, d, J 8.20 Hz, NH), 8.22-
8.19 (1.0H, m, Ha,), 7.90-7.86 (1.1H, m, Ha,), 7.57-7.49 (3.2H, m, Ha), 7.35 (1.1H, t, J 7.87
Hz, Has), 7.29-7.20 (5.3H, m, Har), 6.79 (1.0H, d, J 7.36 Hz, Hay), 4.72 (2.0H, q, J 14.68 Hz,
OCHy), 4.65-4.60 (1.2H, m, CH*), 3.41 (1.5H, br s, H,0), 3.18 (1.2H, dd, J 13.82, 4.72 Hz,
PhCH.Hy), 3.06 (1.1H, q, J 9.25 Hz, PhCH,Hy), 2.50 (0.6H, quintet, residual DMSO-ds). 8¢
(100 MHz, DMSO-ds, 25 °C) 172.69, 167.55 (C=0), 153.14, 137.47, 134.07, 129.22, 128.28,
127.46, 126.58, 126.55, 126.04, 125.38, 124.77, 121.84, 120.70 and 105.75 (Car), 67.13 (OCHa),
53.07 (CH"), 39.52 (septet, DMSO-de), 36.43 (PhCH,).

- 257 -



Appendices

12.96
34

! | I

2 1 ppm

T diss | e
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Figure A3-8. 3C NMR spectrum of 1Nap-004 in de-DMSO at 25 °C.

- 258 -



Appendices

Methyl (25)-2-[(25)-2-[2-(naphthalen-1-yloxy)acetamido]-3-phenylpropanamido]-3-

phenylpropanoate (1Nap-005)

©

The methyl ester-protected phenylalanine was coupled to 1Nap-004 using standard coupling

methods. N-Methylmorpholine (3.3 mL, 2 eq., 30.4 mmol) and isobutyl chloroformate (2.2 mL,
1.1 eq., 16.7 mmol) were added to a stirred solution of 1NapFOH (5.3 g, 15.2 mmol) in
chloroform (70 mL) in an ice bath. The mixture was stirred for 5 min. Subsequently, a solution
of L-phenylalanine methyl ester hydrochloride (3.3 g, 1 eq., 152 mmol) and N-
Methylmorpholine (3.3 mL, 2 eq., 30.4 mmol) in chloroform (70 mL) was added. The mixture
was kept in an ice bath and stirred overnight. The obtained solution was washed with deionized
water (2 x 200 mL), hydrochloric acid (2 x 200 mL, 1 M), aqueous potassium carbonate (200
mL, 0.1 M), deionized water (2 x 200 mL), dried using magnesium sulfate, and the solvent was

removed in vacuo to produce 1Nap-005 in 92% yield (Scheme A3-1).

on (400 MHz, DMSO-ds, 25 °C) 8.66 (0.7H, d, J 7.55 Hz, NH), 8.32 (0.2H, s, CH in chloroform),
8.18-8.13 (1.9H, m, NH and Ha,), 7.89-7.86 (1.0H, m, Har), 7.56-7.49 (3.2H, m, Har), 7.35-7.20
(10.9H, m, Har), 6.72 (0.8H, d, J 7.67 Hz, Ha), 4.77-4.70 (1.0H, m, CH"), 4.68-4.62 (1.5H, m,
OCH>), 4.60-4.55 (1.0H, m, CH"), 3.62 (3.3H, s, OCH3), 3.41 (4.2H, br s, H,0), 3.11-2.87 (4.1H,
m, PhCH>), 2.50 (0.6H, quintet, residual DMSO-ds), 2.08 (0.4H, s, CH3 in acetonitrile). 6c (100
MHz, DMSO-dg, 25 °C) 172.46, 170.91, and 167.70 (C=0), 156.23, 137.50, 136.92, 134.05,
129.30, 129.18, 129.06, 128.27, 128.21, 128.07, 126.61, 126.56, 126.49, 126.02, 125.37, 121.86,
121.69, 120.69, 120.63, 105.69 and 105.64 (Car), 69.92 (OCH>), 55.47 (CH"), 54.00 (CH"),
51.86 (OCH3), 39.52 (septet, DMSO-ds), 37.44 (PhCoHb>), 36.47 (PhC.H>).
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Figure A3-9. 'H NMR spectrum of 1Nap-005 in de-DMSO at 25 °C.
Figure A3-10. *C NMR spectrum of 1Nap-005 in de-DMSO at 25 °C.
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(25)-2-[(2S)-2-]2-(Naphthalen-1-yloxy)acetamido]-3-phenylpropanamido]-3-

phenylpropanoic acid (1Nap-006)

To deprotect the C-terminus, an aqueous solution of lithium hydroxide (1.4 g, 4 eq., 56.4 mmol)
in deionized water (20 mL) was added to 1Nap-005 (7.2 g, 14.1 mmol) in tetrahydrofuran (60
mL), and the mixture was stirred for 18 h. Subsequently, the obtained solution was transferred
to hydrochloric acid (200 mL, 1.0 M) and stirred for 1 h to allow complete precipitation. The
resulting white precipitate was collected by filtration, washed thoroughly using deionized water
(200 mL) and diethyl ether (10 mL), and dried in vacuo to give 1Nap-006 as a white powder in
a yield of 83% (Scheme A3-1).

8x (400 MHz, DMSO-ds, 25 °C) 12.86 (0.9H, br s, COOH), 8.49 (0.9H, d, J 7.90 Hz, NH), 8.16-
8.11 (1.9H, m, Ha), 7.89-7.86 (1.0H, m, NH), 7.56-7.48 (3.0H, m, Ha,), 7.35-7.17 (11.1H, m,
Hao), 6.71 (1.0H, d, J 7.44 Hz, NH), 4.73 (1.0H, td, J 9.04, 4.24 Hz, CH"), 4.62 (2.0H, dd, J
22.60, 14.68 Hz, OCH,), 4.55-4.50 (1.0H, m, CH"), 3.39 (1.0H, br s, H,0), 3.15-3.06 (2.0H, m,
PhCH,), 2.99-2.88 (2.0H, m, PhCH.), 2.50 (0.6H, quintet, residual DMSO-ds), 2.07 (0.02H, s,
CH; in acetone). 3¢ (100 MHz, DMSO-ds, 25 °C) 172.75, 170.78, and 167.10 (C=0), 153.07,
137.41, 137.39, 134.03, 129.35, 129.16, 128.21, 128.05, 127.44, 126.54, 126.49, 126.34, 126.03,
125.38, 124.72, 121.69, 120.64 and 105.65 (Car), 67.07 (OCHa,), 53.52 (CH"), 53.09 (CH"),
39.52 (septet, DMSO-ds), 37.50 (PhCH,), 36.74 (PhCHL).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C30H2sN2HOs: 497.1998; Found:
497.2071.
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Figure A3-11. '"H NMR spectrum of 1Nap-006 in de-DMSO at 25 °C.
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Figure A3-12. 3C NMR spectrum of 1Nap-006 in d-DMSO at 25 °C.
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An identical synthesis approach was adopted to synthesize other target dipeptides from 1-
naphthol, 4-chloro-1-naphthol, 6-bromo-2-naphthol, 6-cyano-2-naphthol, and 7-methoxy-2-
naphthol. For the (S,R) dipeptide, a similar standard coupling method was followed, except that
the second amino acid was substituted to D-phenylalanine methyl ester hydrochloride. The
NMR spectra and corresponding interpretation of the products obtained in each step during the

synthesis procedure are as follows.

Methyl (2R)-2-[(2S)-2-]2-(naphthalen-1-yloxv)acetamido]-3-phenylpropanamido]-3-

phenylpropanoate (1Nap-007)

SINEeYE
g

8x (400 MHz, DMSO-ds, 25 °C) 8.75 (0.9H, d, J 8.14 Hz, NH), 8.13 (0.9H, d, J 8.09, NH), 8.07

(0.9H, d, J 8.58 Hz, Ha,), 7.87 (1.0H, d, J 7.68 Hz, Har), 7.55-7.48 (3.0H, m, Ha,), 7.35-7.01

(11.2H, m, Hay), 6.73 (1.0H, d, J 7.68 Hz, Ha,), 4.74-4.68 (1.2H, m, CH"), 4.64 (1.5H, d, J 7.21

Hz, OCHy), 4.59-4.52 (1.1H, m, CH"), 3.65 (3.1H, s, OCHz), 3.38 (5.7H, br s, H,0), 3.11 (0.9H,

dd, J 13.66, 4.90 Hz, PhCpH,Hs), 2.91 (1.0H, g, J 10.12 Hz, PhCyH.Ho), 2.81 (0.9H, dd, J 13.70,

4.22 Hz, PhC,H.Hy), 2.70 (0.9H, q, J 8.96 Hz, PhC,H.Hs), 2.50 (0.8H, quintet, residual DMSO-

ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 171.94, 170.75, and 167.09 (C=0), 153.06, 137.16, 137.14,

134.04, 129.28, 129.25, 128.31, 128.02, 127.46, 126.70, 126.56, 126.33, 126.04, 125.39, 124.70,
121.66, 120.64, and 105.61 (Cas), 67.01 (OCHy), 53.59 (CH"), 53.07 (CH"), 52.04 (OCHs),

39.52 (septet, DMSO-ds), 37.76 (PhCoHs), 36.93 (PhC.H,).
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Figure A3-14. 3C NMR spectrum of 1Nap-007 in ds-DMSO at 25 °C.
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(2R)-2-[(2S)-2-]2-(Naphthalen-1-yloxy)acetamido]-3-phenvlpropanamido]-3-

phenylpropanoic acid (1Nap-008)

O O\)OJ\N/(E; OOH
g

8x (400 MHz, DMSO-ds, 25 °C) 12.83 (0.2H, br s, COOH), 8.63 (1.1H, d, J 8.36 Hz, NH), 8.13
(1.1H, d, J 8.48 Hz, NH), 8.05 (1.0H, d, J 8.60 Hz, Ha,), 7.87 (1.1H, d, J 7.64 Hz, Hay), 7.55-
7.48 (3.4H, m, Ha,), 7.35-7.15 (8.8H, m, Ha,), 7.00-6.98 (1.8H, m, Ha,), 6.73 (0.9H, d, .J 7.68
Hz, Hao), 4.74 (1.0H, td, J 8.68, 4.18 Hz, CH"), 4.64 (1.9H, q, J 14.74 Hz, OCH,), 4.55-4.49
(1.0H, m, CH"), 3.48 (2.9H, br s, H,0), 3.15 (1.1H, dd, J 13.67, 4.41 Hz, Ph,CH,Hy), 2.91-2.88
(0.8H, m, Ph,CH.Hy), 2.85-2.81 (1.1H, m, PhyCH.Hy), 2.68 (1.0H, q, J 8.89 Hz, PhyCH,H),
2.50 (0.6H, quintet, residual DMSO-ds). 8¢ (100 MHz, DMSO-d, 25 °C) 172.96, 170.62, and
167.07 (C=0), 153.08, 137.58, 137.21, 134.07, 129.35, 129.31, 128.28, 128.02, 127.49, 126.62,
126.59, 126.32, 126.07, 125.43, 124.73, 121.68, 120.68, and 105.65 (Ca), 67.06 (OCHa), 53.62
(CH"), 53.10 (CH"), 39.52 (septet, DMSO-ds), 37.87 (PhyCHs), 37.05 (Ph,CHb).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C30H2sN2HOs: 497.1998; Found:
497.2073.
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Figure A3-15. '"H NMR spectrum of 1Nap-008 in de-DMSO at 25 °C.
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Figure A3-16. °C NMR spectrum of 1Nap-008 in d-DMSO at 25 °C.
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A3.2.2 4C11NapFF
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Scheme A3-2. Synthetic route of 4C11NapFF.

Tert-butyl 2-[(4-chloronaphthalen-1-yDoxvy]acetate (4C1-001)

dx

on (400 MHz, DMSO-ds) 8.32 (0.1H, s, CH in chloroform), 8.30 (1.0H, d, J 8.40 Hz, NH), 8.11
(1.0H, d, J 8.32 Hz, NH), 7.72-7.68 (1.0H, m, Har), 7.65-7.61 (1.0H, m, Ha), 7.56 (1.0H, d, J
8.28 Hz, Har), 6.88 (1.0H, d, J 8.36 Hz, Har), 4.87 (2.0H, s, CH"), 3.39 (1.8H, br s, H>0), 2.50
(0.3H, quintet, residual DMSO-ds), 1.43 (7.3H, s, Rot-2 C(CHs)3), 1.42 (2.3H, s, Rot-1
C(CHsz)3)). dc (100 MHz, DMSO-ds, 25 °C) 167.39 (C=0), 152.51, 130.47, 128.02, 126.40,
126.03, 125.98, 123.57, 122.33, and 105.89 (Car), 81.58 (C(CH3)3), 79.18 (CH in chloroform),
65.57 (OCH2»), 39.52 (septet, DMSO-ds), 27.67 (Rot-2 C(CHs)3), 27.51 (Rot-1 C(CH3)3).
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Figure A3-17. 'H NMR spectrum of 4C1-001 in de-DMSO at 25 °C.
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Figure A3-18. *C NMR spectrum of 4C1-001 in de-DMSO at 25 °C.
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2-[(4-Chloronaphthalen-1-yl)oxy]acetic acid (4C1-002)

‘ o}

o%
O OH
]

dn (400 MHz, DMSO-de) 13.17 (0.8H, br s, COOH), 8.30 (1.1H, d, / 8.36 Hz, Ha,), 8,12 (1.0H,
d, J 8.40 Hz, Hay), 7.73-7,69 (1.1H, m, Ha,), 7.66-7.62 (1.1H, m, Ha:), 7.58 (1.0H, d, J 8.32 Hz,
Har), 6.90 (1.0H, d, J 8.36 Hz, Ha,), 4.92 (2.0H, s, OCH>), 3.41 (1.4H, br s, H>0), 2.50 (0.5H,
quintet, residual DMSO-ds). ¢ (100 MHz, DMSO-de, 25 °C) 169.85 (C=0), 152.62, 130.50,
128.08, 126.44, 126.12, 125.99, 123.61, 122.40, 122.25, 105.87 (Car), 65.12 (OCH>»), 39.52
(septet, DMSO-dg).
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Figure A3-19. 'H NMR spectrum of 4C1-002 in de-DMSO at 25 °C.
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Figure A3-20. *C NMR spectrum of 4C1-002 in ds-DMSO at 25 °C.

Methyl (2S)-2-{2-[(4-chloronaphthalen-1-yl)oxy]acetamido}-3-phenylpropanoate (4CIl-
003)

8
S

on (400 MHz, DMSO-ds) 8.56 (1.0H, d, J 8.00 Hz, NH), 8.30 (1.5H, d, J 7.28 Hz, NH,
overlapped by CH in chloroform), 8.12 (1.0H, d, J 8.36 Hz, Ha), 7.75-7.71 (1.0H, m, Ha,),
7.67-7.63 (1.0H, m, Har), 7.52 (0.9H, d, J 8.31 Hz, Ha:), 7.28-7.19 (4.9H, m, Ha,), 6.75 (1.0H,
d,J8.37 Hz, Ha), 4.76-4.72 (1.0H, m, CH"), 4.69-4.62 (1.9H, m, OCH>), 3.66 (2.9H, s, OCHj3),
3.37 (3.9H, br s, H>0), 3.15 (1.0H, dd, J 13.80, 5.08 Hz, PhCH.Hy), 3.04 (1.0H, dd, J 13.80,
9.52 Hz, PhCH,Hy), 2.50 (0.7H, quintet, residual DMSO-ds). ¢ (100 MHz, DMSO-dg, 25 °C)
171.66, 167.43 (C=0), 152.54,137.15, 130.44, 129.13, 128.28, 128.10, 126.57, 126.36, 126.05,
125.86, 123.54, 122.67, 122.41 and 106.02 (Ca), 79.19 (CH in chloroform), 67.24 (OCH>),
53.18 (CH"), 52.06 (OCH3), 39.52 (septet, DMSO-ds), 36.31 (PhCH>).
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Figure A3-21. '"H NMR spectrum of 4C1-003 in de-DMSO at 25 °C.
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Figure A3-22. 3C NMR spectrum of 4C1-003 in de-DMSO at 25 °C.
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(2S)-2-{2-[(4-Chloronaphthalen-1-yl)oxy]acetamidol-3-phenylpropanoic acid (4C1-004)

I
O ovu\ OH
N
H

Cl I

8x (400 MHz, DMSO-ds) 12.94 (0.8H, br s, COOH), 8.39 (1.0H, d, J 8.16 Hz, NH), 8.29 (1.1H,
d,J8.20 Hz, Ha,), 8.12 (1.0H, d, J 8.28 Hz, Ha,), 7.75-7.70 (1.1H, m, Ha,), 7.67-7.63 (1.1H, m,
Has), 7.50 (1.0H, d, J 8.31 Hz, Hay), 7.27-7.20 (5.5H, m, Has), 6.76 (0.9H, d, J 8.38 Hz, Hay),
4.70 (2.0H, q, J 14.67 Hz, OCH,), 4.62-4.57 (1.0H, m, CH"), 3.39 (1.3H, br s, H,0), 3.16 (1.1H,
dd, J 13.82, 4.65 Hz, PhCH.Hp), 3.03 (1.1H, q, J 9.48 Hz, PhCH.Hs), 2.50 (0.6H, quintet,
residual DMSO-ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 172.67, 167.27 (C=0), 152.53, 137.50,
130.44, 129.18, 128.24, 128.12, 126.49, 126.39, 126.09, 125.87, 123.57, 123.57, 122.64, 122.39
and 106.08 (Cas), 67.30 (OCHy), 53.13 (CH"), 39.52 (septet, DMSO-ds), 36.39 (PhCH,).

12.94
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11 10 6
Figure A3-23. 'H NMR spectrum of 4C1-004 in de-DMSO at 25 °C.
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Figure A3-24. 3C NMR spectrum of 4C1-004 in de-DMSO at 25 °C.

Methyl (2S)-2-[(2S)-2-{2-](4-chloronaphthalen-1-yl)oxvy]acetamido}-3-

phenylpropanamido]-3-phenylpropanoate (4C1-005)

c' T

8x (400 MHz, DMSO-de, 25 °C) 8.63 (0.9H, d, J 7.56 Hz, NH), 8.23 (0.9H, d, J 8.35 Hz, NH),
8.19 (1.0H, d, J 8.53 Hz, Ha,), 8.12 (1.0H, d, J 8.40 Hz, Hay), 7.74-7.70 (1.0H, m, Ha,), 7.66-
7.62 (1.0H, m, Har), 7.47 (1.0H, d, J 8.32 Hz, Ha,), 7.29-7.18 (10.0H, m, Ha,), 6.68 (0.9H, d, J
8.37 Hz, Har), 4.72-4.67 (1.1H, m, CH"), 4.66-4.60 (1.9H, m, OCH,), 4.57-4.51 (1.0H, m, CH"),
3.61 (2.9H, s, OCHs), 3.37 (10.6H, br s, H,0), 3.10-3.02 (2.0H, m, PhC.H, and PhCyH.Hy),
2.97 (1.0H, dd, J 13.78, 8.70 Hz, PhCyH.Hs), 2.86 (1.0H, dd, J 13.72, 9.60 Hz, PhC,H.Hb), 2.50
(1.4H, quintet, residual DMSO-ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 171.77, 170.96, and 166.88
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(C=0), 152.50, 137.42, 137.01, 130.43, 129.29, 129.10, 128.30, 128.07, 126.62, 126.42, 126.35,
126.09, 125.82, 123.58, 122.52, 122.32, and 105.97 (Car), 67.21 (OCH,), 53.68 (CH"), 53.15
(CH"), 51.92 (OCH3), 39.52 (septet, DMSO-ds), 37.46 (PhChH), 36.65 (PhCaHo).

Figure A3-25. 'H NMR spectrum of 4C1-005 in de-DMSO at 25 °C.
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Figure A3-26. °C NMR spectrum of 4C1-005 in ds-DMSO at 25 °C.

(2S)-2-[(2S)-2-§2-[(4-Chloronaphthalen-1-y)oxv]acetamido}l-3-phenylpropanamido]-3-

phenylpropanoic acid (4CI1-006)

on (400 MHz, DMSO-ds, 25 °C) 12.85 (0.9H, br s, COOH), 8.48 (0.9H, d, J 7.87 Hz, NH), 8.22
(1.0H, d, J 8.29 Hz, NH), 8.18 (0.9H, d, J 8.55 Hz, Har), 8.12 (1.0H, d, J 8.37 Hz, Ha:), 7.74-
7.70 (1.1H, m, Har), 7.66-7.62 (1.1H, m, Har), 7.47 (1.3H, d, J 8.30 Hz, Har), 7.26-7.19 (10.4H,
m, Har), 6.68 (1.0H, d, J 8.37 Hz, Har), 4.73-4.68 (1.2H, m, CH"), 4.65-4.60 (1.8H, m, OCH>),
4.54-4.49 (1.0H, m, CH"), 3.40 (3.0H, br s, H>0), 3.14-3.05 (2.2H, m, PhC.Hp and PhCpHaHy),
2.96 (1.1H, dd, J 13.90, 8.82 Hz, PhCyH.Hy), 2.88 (1.0H, dd, J 13.74, 9.62 Hz, PhC,H.Hy), 2.50
(0.6H, quintet, residual DMSO-ds), 2.06 (0.5H, s, CH3 in acetonitrile). 6c (100 MHz, DMSO-
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ds, 25 °C) 172.79, 170.85, and 166.86 (C=0), 152.49, 137.49, 137.42, 130.44, 129.34, 129.18,
128.12, 126.50, 126.42, 126.33, 126.10, 125.83, 123.59, 122.52, 122.34 and 105.98 (Ca:), 67.24
(OCH>), 53.55 (CH"), 53.21 (CH"), 39.52 (septet, DMSO-ds), 37.48 (PhCH>), 36.74 (PhCH>).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C30H27CIN>HOs: 531.1608; Found:
531.1684.
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Figure A3-27. 'H NMR spectrum of 4C1-006 in de-DMSO at 25 °C.

1 1 ppm
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Figure A3-28. *C NMR spectrum of 4C1-006 in ds-DMSO at 25 °C.

Methyl (2R)-2-[(2S)-2-{2-](4-chloronaphthalen-1-yl)oxy]acetamido}-3-

phenylpropanamido]-3-phenylpropanoate (4C1-007)

O

8x (400 MHz, DMSO-de, 25 °C) 8.72 (1.0H, d, J 8.19 Hz, NH), 8.21 (1.1H, d, J 8.80 Hz, NH),
8.14-8.10 (2.0H, m, Ha,), 7.74-7.70 (1.0H, m, Ha,), 7.65-7.61 (1.0H, m, Ha,), 7.48 (1.1H, d, J
8.32 Hz, Ha,), 7.31-7.16 (8.5H, m, Has), 7.04-7.01 (2.0H, m, Ha,), 6.69 (1.0H, d, J 8.39 Hz,
Hao), 4.72-4.68 (1.0H, m, CH"), 4.67-4.61 (2.1H, m, OCH>), 4.58-4.52 (1.0H, m, CH"), 3.65
(2.9H, s, OCHs), 3.37 (10.3H, br s, H20), 3.10 (1.0H, dd, J 13.68, 4.96 Hz, PhC,H,H), 2.89
(1.1H, dd, J 13.68, 10.00 Hz, PhCpH,Hy), 2.79 (1.0H, dd, J 13.66, 4.26 Hz, PhCyH.H), 2.66
(1.0H, dd, J 13.68, 9.23 Hz, PhCpH,Hs), 2.50 (1.3H, quintet, residual DMSO-ds), 2.07 (8.6H, s,
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CH: in acetonitrile). 8¢ (100 MHz, DMSO-ds, 25 °C) 171.93, 170.76, and 166.84 (C=0), 152.48,
137.24, 137.12, 130.43, 129.28, 129.23, 128.30, 128.12, 128.01, 126.69, 126.42, 126.30, 126.09,
125.81, 123.59, 122.47, 122.33, 118.09 and 105.95 (Cas), 67.19 (OCHy), 53.55 (CH"), 53.18
(CH"), 52.04 (OCH3), 39.52 (septet, DMSO-ds), 37.71 (PhCpH), 36.94 (PhC.Ho).

Figure A3-29. 'H NMR spectrum of 4C1-007 in de-DMSO at 25 °C.

-278 -



Appendices

||| »“mul | |

—

T T T T T T T T T T T T T T T T 1 T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure A3-30. *°C NMR spectrum of 4C1-007 in ds-DMSO at 25 °C.

(2R)-2-[(2S)-2-§2-[(4-Chloronaphthalen-1-yDoxvy]acetamido}l-3-phenylpropanamido]-3-

phenylpropanoic acid (4CI1-008)

O, X,

8x (400 MHz, DMSO-ds, 25 °C) 12.88 (0.7H, br s, COOH), 8.61 (0.9H, d, J 8.35 Hz, NH), 8.21
(1.1H, d, J 8.24 Hz, NH), 8.11 (1.9H, d, J 8.41 Hz, Ha,), 7.73-7.69 (1.1H, m, Ha,), 7.64-7.61
(1.1H, m, Har), 7.48 (1.2H, d, J 8.31 Hz, Har), 7.29-7.15 (8.4H, m, Har), 7.01-6.99 (1.8H, m,
Hao), 6.69 (0.9H, d, J 8.38 Hz, Ha,), 4.74-4.69 (1.2H, m, CH"), 4.66-4.61 (1.8H, m, OCH,),
4.55-4.49 (1.0H, m, CH"), 3.41 (2.0H, br s, H0), 3.15 (1.1H, dd, J 13.62, 4.46 Hz, PhC,H,Hy),
2.88 (1.1H, q, J 10.16 Hz, PhC,H,Hy), 2.81 (1.0H, dd, J 13.68, 4.08 Hz, PhC,H,Hs), 2.65 (1.0H,
dd, J 13.58, 9.22 Hz, PhCyH.Hy), 2.50 (0.6H, quintet, residual DMSO-ds). 8¢ (100 MHz,
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DMSO-ds, 25 °C) 172.94, 170.60, and 166.79 (C=0), 152.48, 137.54, 137.29, 130.44, 129.33,
129.27, 128.24, 128.11, 127.98, 126.58, 126.42, 126.10, 125.82,123.59, 122.47, 122.35, and
105.96 (Car), 67.22 (OCH,), 53.56 (CH"), 53.19 (CH"), 39.52 (septet, DMSO-ds), 37.80
(PhCyHy), 37.06 (PhC,Hy).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C30H27CIN>HOs: 531.1608; Found:
531.16809.

12.88

1
T
1" 10 5 1 ppm

Figure A3-31. 'H NMR spectrum of 4C1-008 in de-DMSO at 25 °C.
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Figure A3-32. *C NMR spectrum of 4C1-008 in ds-DMSO at 25 °C.
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Scheme A3-3. Synthetic route of 6CN2NapFF.

Tert-butyl 2-[(6-cyanonaphthalen-2-yl)oxy]acetate (6CN-001)

OQKOJ<

du (400 MHz, DMSO-dg, 25 °C) 8.46 (0.9H, s, Ha), 7.99 (1.0H, d, J 8.96 Hz, Ha:), 7.94 (1.0H,
d, J 8.56 Hz, Har), 7.71 (1.0H, dd, J 8.48, 2.01 Hz, Ha:), 7.38-7.34 (2.0H, m, Ha,), 4.83 (2.0H,
s, OCH»), 3.39 (2.8H, br s, H>0), 2.50 (0.4H, quintet, residual DMSO-ds), 1.43 (7.1H, s, Rot-2
C(CHz3)3), 1.42 (2.1H, s, Rot-1 C(CHz3)3). &¢ (100 MHz, DMSO-dg, 25 °C) 167.35 (C=0), 157.96,
135.92, 133.95, 130.31, 128.10, 127.55, 126.97, 119.42, 107.49, 106.00 (Ca:), 120.17 (C=N),
81.65 (C(CH3)3), 65.11 (OCH2), 39.52 (septet, DMSO-ds), 27.68 (Rot-2 C(CH3)3), 27.54 (Rot-
1 C(CHs)3).

N
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Figure A3-33. 'H NMR spectrum of 6CN-001 in de-DMSO at 25 °C
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Figure A3-34. 3C NMR spectrum of 6CN-001 in de-DMSO at 25 °C.
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2-[(6-Cyvanonaphthalen-2-yl)oxylacetic acid (6CN-002)

O
o
”
&

dn (400 MHz, DMSO-ds, 25 °C) 13.05 (0.2H, br s, COOH), 8.45 (0.9H, s, Ha), 7.96 (2.0H, dd,
J12.57,8.86 Hz, Har), 7.70 (0.9H, d, J 8.51, 1.65 Hz, Ha:), 7.41-7.34 (1.9H, m, Ha,), 4.87 (2.0H,
s, OCH»), 2.50 (0.4H, quintet, residual DMSO-ds), 2.07 (0.1H, br s, CH3 in acetonitrile). 5c (100
MHz, DMSO-dg, 25 °C) 169.81 (C=0), 158.13, 136.02, 134.01, 130.35, 128.16, 127.58, 127.00,
119.52, 107.40, 105.98 (Car), 120.34 (C=N), 64.66 (OCH2), 39.52 (septet, DMSO-ds).
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Figure A3-35. 'H NMR spectrum of 6CN-002 in ds-DMSO at 25 °C.
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Figure A3-36. °C NMR spectrum of 6CN-002 in de-DMSO at 25 °C.

Methyl (2S)-2-§2-[(6-cyanonaphthalen-2-yDoxvy]acetamidol-3-phenylpropanoate (6CN-
003)

@)
O\)LN h
H
@)
NZ

on (400 MHz, DMSO-dg, 25 °C) 8.61 (0.9H, d, J 7.98 Hz, NH), 8.48 (0.9H, s, Ha:), 8.00 (0.9H,
d, J9.06 Hz, Har), 7.89 (0.9H, d, J 8.64 Hz, Har), 7.73 (1.0H, dd, J 8.52, 1.65 Hz, Har), 7.38-
7.14 (8.3H, m, Har), 4.71-4.63 (1.9H, m, OCH>), 4.62-4.57 (0.8H, m, CH"), 3.62 (3.0H, s,
OCHa), 3.37 (4.5H, br s, H20), 3.12 (1.0H, dd, J 13.81, 5.20 Hz, PhCH,Hy), 3.01 (1.1H, dd, J
13.78, 9.48 Hz, PhCH.Hy), 2.50 (0.8H, quintet, residual DMSO-ds). oc (100 MHz, DMSO-ds,
25°C) 171.68, 167.41 (C=0), 157.96, 137.13, 135.89, 133.96, 129.16, 129.03, 128.22, 128.12,
127.61, 126.96, 126.53, 119.41, 107.58 and 106.01 (Car), 120.38 (C=N), 66.65 (OCH>), 53.26
(CH"), 52.01 (OCH3), 39.52 (septet, DMSO-ds), 36.32 (PhCH>).
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Figure A3-37. 'H NMR spectrum of 6CN-003 in ds-DMSO at 25 °C.
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Figure A3-38. 3°C NMR spectrum of 6CN-003 in de-DMSO at 25 °C.
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(2S)-2-{2-](6-Cyanonaphthalen-2-vDoxv]acetamidol-3-phenylpropanoic acid (6CN-004)

(@]
N
H
:
NZ

on (400 MHz, DMSO-ds, 25 °C) 12.93 (0.7H, br s, COOH), 8.47-8.44 (1.9H, m, NH and Ha,),
8.00 (1.0H, d, J 9.00 Hz, Ha:), 7.87 (1.0H, d, J 8.60 Hz, Ha:), 7.72 (1.0H, dd, J 8.53, 1.53 Hz,
Har), 7.37-7.32 (2.0H, m, Har), 7.22-7.14 (4.9H, m, Ha), 4.71-4.63 (1.9H, m, OCH>), 4.58-4.52
(1.0H, m, CH*), 3.39 (2.5H, br s, H>0), 3.14 (1.1H, dd, J 13.85, 4.61 Hz, PhCH.Hy), 3.00 (1.0H,
dd, J 13.83, 9.59 Hz, PhCH.Hy), 2.50 (0.7H, quintet, residual DMSO-ds). 6c (100 MHz, DMSO-
ds, 25 °C) 172.83, 167.48 (C=0), 158.09, 137.59, 136.03, 134.07, 130.37, 129.18, 128.32,
128.29, 127.73, 127.06, 126.58, 119.58, 107.68 and 106.12 (Ca,), 120.53 (C=N), 67.16 (OCH>),
53.36 (CH"), 39.52 (septet, DMSO-de), 36.49 (PhCHo).
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Figure A3-39. 'H NMR spectrum of 6CN-004 in ds-DMSO at 25 °C.
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Figure A3-40. 3C NMR spectrum of 6CN-004 in de-DMSO at 25 °C.

Methyl (2S)-2-[(2S)-2-{2-](6-cyanonaphthalen-2-yl)oxv]acetamido}-3-

phenylpropanamido]-3-phenylpropanoate (6CN-005)

o) o)
N o~
8
AN
P
N7 |
=

8x (400 MHz, DMSO-ds, 25 °C) 8.62 (0.8H, d, J 7.53 Hz, NH), 8.47 (0.9H, s, Har), 8.31 (0.5H,
s, CH in chloroform), 8.24 (0.8H, d, J 8.55 Hz, NH), 7.98 (0.9H, d, J 9.04 Hz, NH), 7.87 (0.8H,
d, J 8.66 Hz, Har), 7.72 (0.9H, dd, J 8.53, 1.61 Hz, Har), 7.34-7.13 (12.1H, m, Ha,), 4.69-4.63
(1.0H, m, CH"), 4.60 (1.4H, s, OCHo), 4.55-4.49 (0.9H, m, CH"), 3.61-3.59 (3.2H, m, OCHs),
3.36 (9.2H, br s, H,0), 3.07-2.90 (2.9H, m, PhCHy,), 2.84 (1.0H, dd, J 13.77, 9.84 Hz, PhCH,),
2.50 (1.5H, quintet, residual DMSO-ds). 8¢ (100 MHz, DMSO-d, 25 °C) 171.72, 171.02, and
166.90 (C=0), 157.98, 137.48, 136.96, 135.92, 133.97, 130.25, 129.19, 129.05, 128.26, 128.22,
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128.15, 128.01, 127.59, 126.93, 126.58, 126.30, 119.45, 107.54 and 105.97 (Car), 120.33 (C=N),
66.68 (OCH.), 53.67 (CH"), 53.27 (CH"), 51.89 (OCH3), 39.52 (septet, DMSO-ds), 37.41
(PhCyHa), 36.61 (PhC,Ho).

DTN TN ONN =T M MO D —TOONMNONMNOST —O
85 nAdRS58IRRERAC BB83BT cRAESHIIHR
WOOWWMOWMOWMAONMNNMNMNMNNMNNMNMNMNMNMNIN o < < < < MO MOANNNNNN
|
1
[ p o
‘
e B ) o

Figure A3-41. '"H NMR spectrum of 6CN-005 in ds-DMSO at 25 °C.
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Figure A3-42. 3C NMR spectrum of 6CN-005 in de-DMSO at 25 °C.

(2S)-2-[(2S)-2-§2-](6-Cyvanonaphthalen-2-yl)oxy]acetamidol-3-phenylpropanamido]-3-

phenylpropanoic acid (6CN-006)

du (400 MHz, DMSO-ds, 25 °C) 12.80 (0.7H, br s, COOH), 8.49-8.47 (1.8H, m, NH and Ha.),
8.25 (0.9H, d, J 8.60 Hz, NH), 7.98 (0.9H, d, J 9.08 Hz, Ha:), 7.87 (0.9H, d, J 8.68 Hz, Ha:),
7.72 (0.9H, d, J 8.54, 1.66 Hz, Har), 7.33-7.11 (11.9H, m, Ha), 4.67 (1.0H, td, J 9.56, 4.04 Hz,
CH"), 4.61 (1.7H, m, OCH>), 4.49 (0.9H, td, J 8.36, 5.32 Hz, CH"), 3.43 (1.7H, br s, H,0), 3.11-
3.02 (2.0H, m, PhCH>), 2.96-2.82 (2.0H, m, PhCH>), 2.50 (0.7H, quintet, residual DMSO-ds).
dc (100 MHz, DMSO-dg, 25 °C) 172.71, 170.90, and 166.87 (C=0), 157.97, 137.55, 137.38,
135.92,133.95,130.24, 129.23,129.13,128.17,127.97, 127.59, 126.92, 126.44, 126.26, 119.44,
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107.57 and 105.97 (Car), 120.31 (C=N), 66.71 (OCH,), 53.53 (CH"), 53.34 (CH"), 39.52 (septet,
DMSO-dg), 37.41 (PhCH>), 36.68 (PhCH>).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C3H27N3HOs: 522.1951; Found:
522.2027.
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Figure A3-43. 'H NMR spectrum of 6CN-006 in ds-DMSO at 25 °C.
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Figure A3-44. 3C NMR spectrum of 6CN-006 in de-DMSO at 25 °C.

Methyl (2R)-2-[(2S5)-2-{2-](6-cyanonaphthalen-2-yl)oxy]acetamido}-3-

phenylpropanamido]-3-phenylpropanoate (6CN-007)

O O
N O/
H
O
NZ

8x (400 MHz, DMSO-ds, 25 °C) 8.73 (0.9H, d, J 8.15 Hz, NH), 8.47 (0.9H, s, Hay), 8.19 (0.9H,
d, J 8.60 Hz, NH), 7.98 (0.9H, d, J 8.98 Hz, NH), 7.87 (0.9H, d, J 8.61 Hz, Hxy), 7.72 (0.9H, dd,
J 8.53, 1.56 Hz, Har), 7.33-7.02 (12.1H, m, Har), 4.66 (1.0H, d, J 9.38, 4.18 Hz, CH"), 4.62
(1.6H, s, OCHy), 4.57-4.51 (0.9H, m, CH"), 3.62 (3.4H, s, OCHs), 3.37 (4.8H, br s, H,O), 3.11-
3.00 (1.2H, m, PhCH,), 2.87 (1.2H, dd, J 13.57, 10.04 Hz, PhCHy), 2.76 (0.9H, dd, J 13.68,
4.10 Hz, PhCH,), 2.64 (0.9H, dd, J 13.62, 9.49 Hz, PhCH,), 2.50 (0.9H, quintet, residual
DMSO-ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 171.90, 170.82, and 166.85 (C=0), 157.98, 137.36,
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137.10, 135.93, 133.96, 130.26, 129.26, 129.15, 129.07, 128.26, 128.14, 127.96, 127.59, 126.93,

126.66, 126.26, 119.44, 107.53, and 105.98 (Car), 120.32(C=N), 66.68 (OCH>), 53.52 (CH"),
53.34 (CH"), 52.00 (OCH3), 39.52 (septet, DMSO-de), 37.67 (PhCyH>), 36.94 (PhC,H>).
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Figure A3-45. 'H NMR spectrum of 6CN-007 in ds-DMSO at 25 °C.
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Figure A3-46. °C NMR spectrum of 6CN-007 in de-DMSO at 25 °C.

(2R)-2-[(2S)-2-§2-[(6-Cyvanonaphthalen-2-yl)oxy]acetamido!-3-phenylpropanamido]-3-

phenylpropanoic acid (6CN-008)

@) O
H
O N (R
N™(S) OH
H
(0]
NZ

8x (400 MHz, DMSO-ds, 25 °C) 12.82 (0.4H, br s, COOH), 8.62 (0.7H, d, J 8.36 Hz, NH), 8.46
(0.9H, m, Has), 8.19 (0.7H, d, J 8.64 Hz, Har), 7.97 (0.9H, d, J 8.96 Hz, Ha:), 7.87 (0.9H, d, J
8.64 Hz, Ha), 7.71 (0.9H, dd, J 8.52, 1.64 Hz, Hay), 7.33-7.00 (12.1H, m, Ha), 4.66 (1.0H, td,
J9.16, 4.16 Hz, CH"), 4.61 (1.6H, s, OCH,), 4.52-4.47 (0.9H, m, CH"), 3.14-3.04 (1.3H, m,
PhCH.), 2.91-2.74 (2.1H, m, PhCH,), 2.70-2.60 (0.9H, m, PhCH,), 2.50 (0.8H, quintet, residual
DMSO-ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 172.85, 170.65, and 166.79 (C=0), 157.98, 138.00,
137.53, 137.40, 137.11, 135.93, 133.95, 130.26, 129.30, 129.17, 129.09, 128.22, 128.17, 127.96,
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127.91, 127.59, 126.93, 126.52, 126.21, 119.45, 107.56, and 105.98 (Car), 120.31 (C=N), 66.70
(OCHa), 53.53 (CH"), 53.39 (CH"), 39.52 (septet, DMSO-de), 37.73 (PhyCHa), 37.02 (Ph.CH>).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C3H27N3HOs: 522.1951; Found:
522.2015.
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Figure A3-47. 'H NMR spectrum of 6CN-008 in ds-DMSO at 25 °C.
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Figure A3-48. 3C NMR spectrum of 6CN-008 in de-DMSO at 25 °C.
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A3.2.4 6Br2NapFF
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6-bromo-2-naphthol tert-Butyl chloroacetate 6Br-001 6Br-002
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" c|9 (¢} CHCl3 . o LIOH, THF/H;0 _ o
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6Br-004

/

L-Phenylalanine methyl 6Br-003
ester hydrochloride
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Scheme A3-4. Synthetic route of 6Br2NapFF.

Tert-butyl 2-[(6-bromonaphthalen-2-yl)oxyl]acetate (6Br-001)

o A K
ST

du (400 MHz, DMSO-ds, 25 °C) 8.101-8.096 (1.1H, m, Ha), 7.83 (1.1H, d, J 8.93 Hz, Ha\),
7.74 (1.2H, d, J 8.79 Hz, Ha:), 7.55 (1.1H, dd, J 8.75, 2.01 Hz, Ha:), 7.28-7.23 (2.2H, m, Ha,),
4.77 (2.0H, s, OCH>), 3.39 (3.0H, br s, H>O), 2.50 (0.4H, quintet, residual DMSO-ds), 1.424
(7.2H, s, Rot-2 C(CHz3)3), 1.418 (2.2H, s, Rot-1 C(CHz3)3). 6c (100 MHz, DMSO-ds, 25 °C)
167.56 (C=0), 155.93, 132.64, 129.88, 129.36, 129.33, 128.93, 128.70, 119.52, 116.58, 107.30
(Car), 81.49 (C(CHz3)3), 65.09 (OCH2), 39.52 (septet, DMSO-ds), 27.68 (Rot-2 C(CH3)3), 27.53
(Rot-1 C(CH3)3).

-297 -



Appendices

oS ANLM T MM -3 (=] N
mO®ONNBIQHIHNA @ 5 S
WONNMNNNNNNNNN o o -

— 4767
—4.243

T
0 65 60 55 50 45 4

95 90 85 8.‘0 7.‘5 7 0 35 3‘0 25 20 15 1.0 ppm
B B8 @
Figure A3-49. 'H NMR spectrum of 6Br-001 in de-DMSO at 25 °C.
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Figure A3-50. *C NMR spectrum of 6Br-001 in de-DMSO at 25 °C.
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2-[(6-Bromonaphthalen-2-yl)oxy]acetic acid (6Br-002)

@)

O\)LOH
ST

8 (400 MHz, DMSO-ds, 25 °C) 13.16 (0.5H, br s, COOH), 8.11 (1.0H, s, Hay), 7.84 (1.0H, d,
J 8.96 Hz, Har), 7.76 (1.0H, d, J 8.76 Hz, Has), 7.56 (1.0H, d, J 8.72 Hz, Has), 7.31-7.25 (1.9H,
m, Ha,), 4.81 (2.0H, s, OCH.), 3.68 (1.7H, br s, H>0), 2.50 (0.5H, quintet, residual DMSO-ds).
8¢ (100 MHz, DMSO-ds, 25 °C) 169.98 (C=0), 156.07, 132.71, 129.89, 129.39, 129.35, 128.99,
128.74, 119.66, 116.56, 107.18 (Car), 64.58 (OCH,), 39.52 (septet, DMSO-de).
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Figure A3-51. '"H NMR spectrum of 6Br-002 in ds-DMSO at 25 °C.
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Figure A3-52. 3C NMR spectrum of 6Br-002 in de-DMSO at 25 °C.

Methyl (2S)-2-§2-[(6-bromonaphthalen-2-yl)oxylacetamidol-3-phenylpropanoate (6Br-
003)

O
O\)J\N O\
H
O
Br

Su (400 MHz, DMSO-ds, 25 °C) 8.57 (1.0H, d, J 8.00 Hz, NH), 8.31 (0.05H, s, CH in
chloroform), 8.125-8.120 (1.0H, m, Ha,), 7.85 (1.0H, d, J 8.96 Hz, Ha,), 7.70 (1.0H, d, J 8.84
Hz, Har), 7.58 (1.0H, dd, J 8.75, 2.02 Hz, Hay), 7.28-7.15 (7.2H, m, Ha,), 4.66-4.58 (2.9H, m,
OCH, and CH"), 3.62 (3.0H, s, OCHs), 3.37 (2.7H, br s, H,0), 3.12 (1.0H, dd, J 13.81, 5.23 Hz,
PhCH,Hy), 3.02 (1.0H, q, J 9.38 Hz, PhCH,Hy), 2.50 (0.6H, quintet, residual DMSO-ds). 8¢
(100 MHz, DMSO-ds, 25 °C) 171.71, 167.66 (C=0), 155.95, 137.16, 132.62, 129.95, 129.39,
129.34, 129.06, 128.97, 128.65, 128.24, 126.54, 119.74, 116.62 and 107.44 (Car), 66.65 (OCHa),
53.24 (CH"), 52.02 (OCHs), 39.52 (septet, DMSO-ds), 36.33 (PhCH.).
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Figure A3-53. 'H NMR spectrum of 6Br-003 in ds-DMSO at 25 °C.
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Figure A3-54. 3C NMR spectrum of 6Br-003 in de-DMSO at 25 °C.
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(2S)-2-{2-](6-Bromonaphthalen-2-yDoxvy]acetamidol-3-phenylpropanoic acid (6Br-004)

0
O\/‘L OH
N
H
O
Br

S (400 MHz, DMSO-d, 25 °C) 12.92 (0.7H, br s, COOH), 8.39 (1.0H, d, J 8.19 Hz, NH),
8.122-8.117 (1.1H, m, Har), 7.84 (1.1H, , d, J8.73 Hz, Has), 7.70 (1.0H, d, J 8.80 Hz, Ha,), 7.58
(1.1H, dd, J 8.73,1.99 Hz, Has), 7.28 (7.3H, m, Ha), 4.65-4.58 (2.0H, m, OCH,), 4.57-4.53
(1.0H, m, CH*), 3.61-3.57 (0.8H, m, CH,O in THF), 3.39 (2.9H, br s, H,0), 3.14 (1.2H, dd, J
13.84, 4.64 Hz, PhCH.Hy), 3.01 (1.2H, dd, J 13.83, 9.46 Hz, PhCH,Hs), 2.50 (0.8H, quintet,
residual DMSO-ds), 1.76-1.73 (0.5H, m, CH, in THF). 8¢ (100 MHz, DMSO-ds, 25 °C) 172.74,
167.53 (C=0), 155.98, 137.63, 132.66, 129.96, 129.40, 129.33, 129.11, 129.02, 128.67, 128.21,
126.47,119.77, 116.63 and 107.49 (Car), 66.73 (OCHa), 53.20 (CH"), 39.52 (septet, DMSO-ds),
36.41 (PhCH).
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Figure A3-55. 'H NMR spectrum of 6Br-004 in ds-DMSO at 25 °C.
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Figure A3-56. °C NMR spectrum of 6Br-004 in de-DMSO at 25 °C.

Methyl (2S)-2-[(2S)-2-{2-](6-bromonaphthalen-2-vyl)oxv]acetamido}-3-

phenylpropanamido]-3-phenylpropanoate (6 Br-005)

8x (400 MHz, DMSO-ds, 25 °C) 8.61 (0.6H, d, J 7.56 Hz, NH), 8.30 (0.3H, s, CH in chloroform),
8.18 (0.8H, d, J 8.57 Hz, NH), 8.12 (1.1H, m, Ha,), 7.83 (1.0H, d, J 8.75 Hz, Ha,), 7.69 (0.9H,
d, J 8.79 Hz, Ha), 7.58-7.56 (1.0H, m, Ha,), 7.30-7.00 (12.8H, m, Ha,), 4.67-4.60 (1.0H, m,
CH"), 4.54 (1.6H, m, OCHo), 4.51-4.48 (0.8H, m, CH"), 3.58 (2.7H, s, OCHs), 3.40 (63.7H, br
s, H,0), 3.10-2.91 (3.1H, m, PhCH>), 2.89-2.81 (1.4H, m, PhCH>), 2.50 (5.1H, quintet, residual
DMSO-ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 171.76, 171.03, and 167.17 (C=0), 155.96, 137.48,
136.99, 132.67, 129.95, 129.40, 129.34, 129.23, 129.09, 129.04, 128.71, 128.30, 128.05, 126.63,
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126.35, 119.69, 116.62 and 107.44 (Car), 66.68 (OCH,), 53.70 (CH"), 53.26 (CH"), 51.93
(OCH:), 39.52 (septet, DMSO-de), 37.43 (PhCyHa), 36.64 (PhC,Ha).
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Figure A3-57. 'H NMR spectrum of 6Br-005 in ds-DMSO at 25 °C.
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Figure A3-58. 3°C NMR spectrum of 6Br-005 in de-DMSO at 25 °C.

(25)-2-[(2S)-2-§2-[(6-Bromonaphthalen-2-yl)oxy]acetamidol-3-phenylpropanamido]-3-

phenylpropanoic acid (6Br-006)

8x (400 MHz, DMSO-ds, 25 °C) 12.82 (1.0H, br s, COOH), 8.46 (0.9H, d, J 7.86 Hz, NH), 8.17
(1.0H, d, J 8.58 Hz, NH), 8.12-8.11 (1.0H, m, Ha,), 7.83 (1.0H, d, J 8.95 Hz, Ha,), 7.69 (1.0H,
d,J 8.87 Hz, Hay), 7.57 (1.0H, dd, J 8.76, 2.03 Hz, Ha,), 7.26-7.12 (12.3H, m, Hay), 4.67 (1.0H,
td, J 9.31, 4.08 Hz, CH"), 4.55 (1.9H, m, OCH>), 4.53-4.47 (1.1H, m, CH"), 3.38 (1.0H, br s,
H,0), 3.11-3.02 (2.0H, m, PhCH>), 2.96-2.83 (2.0H, m, PhCH,), 2.50 (0.8H, quintet, residual
DMSO-ds), 2.07 (0.02H, s, CH; in acetone). 3¢ (100 MHz, DMSO-ds, 25 °C) 172.71, 170.86,
and 167.08 (C=0), 155.93, 137.52, 137.35, 132.63, 129.92, 129.36, 129.29, 129.23, 129.12,

- 305 -



Appendices

128.99, 128.66, 128.17, 127.97, 126.44, 126.26, 119.63, 116.59 and 107.44 (Car), 66.70 (OCHa),
53.50 (CH"), 53.25 (CH"), 39.52 (septet, DMSO-ds), 37.41 (PhCHa), 36.99 (PhCH,).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C3oH27BrN2HOs: 575.1103; Found:
575.1168.
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Figure A3-59. 'H NMR spectrum of 6Br-006 in ds-DMSO at 25 °C.
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Figure A3-60. °C NMR spectrum of 6Br-006 in de-DMSO at 25 °C.

Methyl (2R)-2-[(2S)-2-{2-](6-Bromonaphthalen-2-v)oxy]acetamido}l-3-

phenylpropanamido]-3-phenylpropanoate (6Br-007)

@] ©)]
O\)J\ H
N o~
H
O
Br

8x (400 MHz, DMSO-ds, 25 °C) 8.73 (0.7H, d, J 8.02 Hz, NH), 8.31 (0.4H, s, CH in chloroform),
8.21-8.11 (1.8H, m, NH and Hay), 7.82 (1.0H, d, J8.70 Hz, Has), 7.69 (1.0H, d, J 8.72 Hz, Ha,),
7.56 (1.0H, d, J 8.67 Hz, Har), 7.27-7.03 (11.7H, m, Hay), 4.74-4.51 (3.6H, m, CH* and OCH>),
3.62 (3.0H, s, OCHs), 3.40 (7.3H, br s, H,0), 3.11-2.62 (4.2H, m, PhCH.), 2.50 (0.8H, quintet,
residual DMSO-ds). 8¢ (100 MHz, DMSO-de, 25 °C) 171.91, 170.84, and 167.10 (C=0), 155.94,
137.33, 137.11, 132.66, 129.94, 129.39, 129.32, 129.27, 129.18, 129.08, 129.01, 128.70, 128.28,
127.98, 126.68, 126.29, 119.66, 116.62 and 107.41 (Cas), 79.20 (CH in chloroform), 66.68
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(OCHa), 53.55 (CH"), 53.32 (CH"), 52.01 (OCHs), 39.52 (septet, DMSO-ds), 37.70 (PhCpHy),
36.95 (PhCaHo).
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Figure A3-61. 'H NMR spectrum of 6Br-007 in ds-DMSO at 25 °C.

00

3

- 308 -



Appendices

UL ik

T T T T T T T T T 1

T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure A3-62. *C NMR spectrum of 6Br-007 in de-DMSO at 25 °C.

(2R)-2-[(2S)-2-§2-](6-Bromonaphthalen-2-yl)oxy]acetamido!-3-phenvlpropanamido]-3-

phenylpropanoic acid (6Br-008)

(@) @)
H
@) N._(R)
N™(S) OH
H
O
Br

8x (400 MHz, DMSO-ds, 25 °C) 12.83 (0.7H, br s, COOH), 8.60 (0.9H, d, J 8.36 Hz, NH), 8.11-
8.09 (1.9H, m, NH and Hay), 7.84-7.81 (1.0H, m, Ha:), 7.69 (1.0H, d, J 7.86 Hz, Hay), 7.57
(1.0H, dd, J 8.76, 2.03 Hz, Har), 7.28-6.99 (12.6H, m, Har), 4.67 (1.0H, td, J 9.02, 4.12 Hz,
CH"), 4.56 (1.9H, s, OCH,), 4.53-4.47 (1.0H, m, CH"), 3.13 (1.1H, dd, J 13.66, 4.56 Hz,
Ph.CH.Hy), 2.86 (1.1H, dd, J 13.67, 10.05 Hz, Ph,CH,Hy), 2.77 (1.0H, dd, J 13.65, 4.09 Hz,
PhyCH.Hb), 2.63 (1.0H, dd, J 13.65, 9.30 Hz, PhyCH.Hy), 2.50 (0.8H, quintet, residual DMSO-
ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 172.87, 170.61, and 166.99 (C=0), 155.92, 137.50, 137.35,
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132.64, 129.92, 129.36, 129.29, 129.17, 129.08, 128.99, 128.67, 128.18, 127.91, 126.53, 126 21,
119.62, 116.60, and 107.43 (Car), 66.69 (OCHa), 53.50 (CH"), 53.28 (CH"), 39.52 (septet,
DMSO-de), 37.75 (PhyCH,), 37.04 (Ph,CH,).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C3pH27BrN2HOs: 575.1103; Found:
575.1184.

12.83
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Figure A3-63. 'H NMR spectrum of 6Br-008 in de-DMSO at 25 °C
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Figure A3-64. °C NMR spectrum of 6Br-008 in de-DMSO at 25 °C.
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A3.2.5 TMeO2NapFF
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Scheme A3-5. Synthetic route of 7MeO2NapFF.

Tert-butyl 2-{[|7-(hydroxvmethyl)naphthalen-2-ylJoxylacetate (7MeO-001)

H30C O\j\o )<

8x (400 MHz, DMSO-ds, 25 °C) 7.73 (1.5H, dd, J 8.90, 5.54 Hz, Hay), 7.65 (0.5H, d, J 8.80 Hz,
Hao), 7.17 (1.5H, dd, J 10.02, 2.47 Hz, Ha,), 7.07 (0.5H, dd, J 8.43, 2.38 Hz, Ha,), 7.03-6.99
(1.5H, m, Ha), 6.93-6.88 (0.5H, m, Ha,), 4.74 (1.5H, s, OCH,), 3.84 (2.2H, s, Rot-2 OCH),
3.83 (0.7H, s, Rot-1 OCHs), 3.39 (2.3H, m, H>0), 2.50 (0.3H, quintet, residual DMSO-ds), 1.44
(6.3H, s, Rot-2 C(CHs)s), 1.43 (2.9H, s, Rot-1 C(CHs)s). 8¢ (100 MHz, DMSO-ds, 25 °C) 167.78
(C=0), 166.28 (Car-O), 157.84, 157.43, 156.14, 155.89, 136.07, 135.56, 129.14, 129.03, 124.06,
123.13, 116.11, 115.53, 108.15, 106.70, 105.40, 104.51 (Car), 82.14, 81.42 (C(CHs)s), 65.06
(OCH,), 55.10, 55.01 (CA:OCHs), 39.52 (septet, DMSO-de), 27.70 (Rot-2 C(CHs)s), 27.54 (Rot-
1 C(CHs)3).
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Figure A3-65. 'H NMR spectrum of 7MeO-001 in de-DMSO at 25 °C.
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Figure A3-66. °C NMR spectrum of 7Me0-001 in de-DMSO at 25 °C.
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2-[(7-Methoxynaphthalen-2-yl)oxv]acetic acid (7MeO-002)

O

H4CO OJL
.

du (400 MHz, DMSO-ds, 25 °C) 13.07 (0.4H, br s, COOH), 7.73 (2.1H, dd, J 8.87, 6.10 Hz,
Har), 7.19 (2.1H, dd, J 14.09, 2.40 Hz, Ha), 7.04-6.98 (2.1H, m, Ha:), 4.78 (2.0H, s, OCH>),
3.84 (2.9H, s, Rot-2 OCH3), 3.83 (0.1H, s, Rot-1 OCH3), 2.50 (0.4H, quintet, residual DMSO-
ds). 6¢c (100 MHz, DMSO-ds, 25 °C) 170.19 (C=0), 157.87, 156.26 (Ca/O), 135.61, 129.18,
129.06, 124.04, 116.16, 115.72, 106.48, 105.43 (Car), 64.53 (OCH>), 55.14 (Ca/OCH3), 39.52
(septet, DMSO-dg).
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Figure A3-67. 'H NMR spectrum of 7Me0-002 in de-DMSO at 25 °C.
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Figure A3-68. °C NMR spectrum of 7Me0-002 in de-DMSO at 25 °C.

Methyl (2S)-2-§2-[(7-methoxynaphthalen-2-yl)oxv]acetamidol-3-phenylpropanoate
(TIMe0O-003)

o
H3CO o\)LN O
“[OO H
o

8x (400 MHz, DMSO-ds, 25 °C) 8.53 (0.9H, d, J 7.97 Hz, NH), 7.75 (2.0H, dd, J 8.88, 3.31 Hz,
Har), 7.24-7.13 (7.1H, m, Har), 7.05-7.00 (2.0H, m, Ha,), 4.64-4.54 (2.9H, m, OCH, and CH"),
3.85 (3.0H, s, Ca{OCHs), 3.63 (2.7H, s, OCHs), 3.38 (4.5H, br s, H,0), 3.14-3.01 (2.0H, m,
PhCH,), 2.50 (0.7H, quintet, residual DMSO-ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 171.74,
167.86 (C=0), 157.82, 156.13 (Ca:0), 137.19, 135.53, 129.10, 128.26, 126.54, 124.12, 116.18,
115.79, 106.87 and 105.42 (Car), 66.65 (OCH.), 55.11(CH"), 53.24 (Ca;OCH3), 52.03 (OCH3),
39.52 (septet, DMSO-ds), 36.34 (PhCH,).
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Figure A3-69. 'H NMR spectrum of 7Me0-003 in de-DMSO at 25 °C.

~
«©

o

10
€

i

IR HN!

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure A3-70. 3C NMR spectrum of 7Me0-003 in ds-DMSO at 25 °C.
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(2S)-2-{2-[(7-Methoxynaphthalen-2-vyl)oxv]acetamidol-3-phenvlpropanoic acid (7MeO-
004)

0
H4CO o\)L OH
N
H
|00 5

on (400 MHz, DMSO-ds, 25 °C) 12.85 (0.4H, br s, COOH), 8.33 (1.0H, d, J 8.17 Hz, NH), 7.75
(2.1H, dd, J 8.92, 1.60 Hz, Har), 7.21-7.14 (7.7H, m, Ha,), 7.05-7.00 (2.1H, m, Ha,), 4.58-4.53
(3.0H, m, OCH» and CH*), 3.85 (3.2H, s, CAa:OCH3), 3.61-3.58 (0.8H, m, CH>O in THF), 3.41
(2.1H, br s, H>0), 3.14 (1.3H, dd, J 13.83, 4.70 Hz, PhCH,Hy), 3.02 (1.2H, dd, J 13.82, 9.28 Hz,
PhCH.Hy), 2.50 (0.8H, quintet, residual DMSO-ds), 1.76-1.73 (0.5H, m, CH» in THF). &¢ (100
MHz, DMSO-dg, 25 °C) 172.74, 167.70 (C=0), 157.82, 156.16 (Ca[O), 137.54, 135.56, 129.15,
129.12, 129.08, 128.21, 126.45, 124.13, 116.18, 115.81, 106.89 and 105.49 (Car), 67.06 (CH,O
in THF), 66.72 (OCH»), 55.13 (CH"), 53.20 (Ca:OCH3), 39.52 (septet, DMSO-de), 36.43
(PhCH>), 25.16 (CH> in THF).
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Figure A3-71. 'H NMR spectrum of 7Me0-004 in de-DMSO at 25 °C.
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Figure A3-72. 3C NMR spectrum of 7Me0-004 in ds-DMSO at 25 °C.

Methyl (2S)-2-[(2S)-2-{2-](7-methoxynaphthalen-2-y)oxy]acetamido}l-3-

phenylpropanamido]-3-phenylpropanoate (7MeQ-005)

8x (400 MHz, DMSO-de, 25 °C) 8.73 (0.8H, d, J 8.15 Hz, NH), 8.08 (0.8H, d, J 8.61 Hz, NH),
7.73 (1.9H, d, J 8.90 Hz, Hay), 7.30-7.11 (11.3H, m, Har), 7.02-6.98 (3.5H, m, Ha,), 4.68-4.63
(1.1H, m, CH"), 4.56-4.50 (2.5H, m, OCH, and CH"), 3.85 (0.7H, s, Rot-2 CA:OCHs), 3.83
(0.2H, s, Rot-1 CA/OCHs), 3.62 (2.7H, s, Rot-2 OCH), 3.58 (0.7H, s, Rot-1 OCHs), 3.37 (7.0H,
br s, H,0), 3.09 (0.9H, dd, J 13.64, 4.98 Hz, PhCH,CH,), 2.87 (1.2H, dd, J 13.61, 9.97 Hz,
PhCH,CH.), 2.77 (0.8H, dd, J 13.68, 4.25 Hz, PhCH,CH.), 2.66 (0.8H, dd, J 13.63, 9.18 Hz,
PhCH,CH.), 2.50 (1.2H, quintet, residual DMSO-ds). 8¢ (100 MHz, DMSO-ds, 25 °C) 171.90,
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170.80, and 167.26 (C=0), 157.79, 156.09 (Ca-O), 137.30, 137.12, 135.55, 129.26, 129.19,
128.27, 126.67, 126.25, 124.08, 116.16, 115.69, 106.80 and 105.43 (Car), 66.64 (OCH,), 55.08
(CH"), 53.56 (CH"), 53.25 (CaOCH:), 51.98 (OCHs), 39.52 (septet, DMSO-ds), 37.69
(PhCyHy), 36.93 (PhC,Hy).
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Figure A3-73. 'H NMR spectrum of 7MeO-005 in de-DMSO at 25 °C.
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Figure A3-74. 3C NMR spectrum of 7Me0-005 in ds-DMSO at 25 °C.

(2S)-2-[(2S)-2-§2-[(7-Methoxynaphthalen-2-yl)oxy]acetamidol-3-phenylpropanamido]-3-

phenylpropanoic acid (7MeO-006)

8x (400 MHz, DMSO-ds, 25 °C) 12.82 (1.0H, br s, COOH), 8.47 (0.9H, d, J 7.83 Hz, NH), 8.13
(0.9H, d, J 8.58 Hz, NH), 7.74 (2.0H, d, J 8.92 Hz, Ha,), 7.26-7.12 (12.3H, m, Ha,), 7.03-6.99
(2.1H, m, Hay), 4.66 (1.0H, td, J9.14, 4.11 Hz, CH"), 4.56-4.48 (2.9H, m, OCH> and CH"), 3.85
(2.9H, s, Rot-2 OCHs), 3.83 (0.1H, s, Rot-1 OCHs), 3.38 (0.9H, br s, H,0), 3.12-3.03 (2.1H, m,
PhCH.), 2.97-2.85 (2.1H, m, PhCHy), 2.50 (0.7H, quintet, residual DMSO-ds), 2.06 (0.04H, s,
CH; in acetone). 3¢ (100 MHz, DMSO-ds, 25 °C) 172.72, 170.86, and 167.30 (C=0), 157.79,
156.10, 137.52, 137.35, 135.55, 129.27, 129.12, 129.03, 128.19, 127.98, 126.46, 126.24, 124.10,
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116.16, 115.69, 106.87 and 105.45 (Cas), 66.71 (OCH,), 55.09 (CH"), 53.53 (CH"), 53.24
(CaOCHs), 39.52 (septet, DMSO-ds), 37.42 (PhCH.,), 36.70 (PhCH,).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C3H30N2HOs: 527.2104; Found:
527.2190.
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Figure A3-75. 'H NMR spectrum of 7Me0O-006 in de-DMSO at 25 °C.
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Figure A3-76. °C NMR spectrum of 7Me0-006 in ds-DMSO at 25 °C.

Methyl (2R)-2-[(2S)-2-{2-[(7-methoxynaphthalen-2-vDoxvy]acetamido}l-3-

phenylpropanamido]-3-phenylpropanoate (7MeQO-007)

o >0
H4CO O\)J\ N
H
o

on (400 MHz, DMSO-dg, 25 °C) 8.62 (0.7H, d, J 7.49 Hz, NH), 8.31 (0.6H, s, CH in chloroform),
8.14 (0.8H, d, J 8.55 Hz, NH), 7.74 (1.7H, d, J 8.91 Hz, Ha,), 7.30-7.11 (12.4H, m, Ha,), 7.02-
6.98 (1.8H, m, Har), 4.69-4.63 (0.9H, m, CH"), 4.56-4.48 (2.4H, m, CH" and OCH>), 3.85 (2.6H,
s, CafOCH3), 3.58 (2.9H, s, OCH3), 3.36 (7.7H, br s, H,0), 3.07-2.93 (2.9H, m, PhCH>), 2.90-
2.83 (1.2H, m, PhCH>), 2.50 (1.3H, quintet, residual DMSO-ds). 6¢ (100 MHz, DMSO-ds, 25 °C)
171.74, 171.00, and 167.34 (C=0), 157.79, 156.10, 137.46, 136.95, 135.55, 129.23, 129.19,
129.10, 129.06, 128.27, 128.01, 126.60, 126.29, 124.08, 116.16, 115.71, 106.83, and 105.43
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(Car), 79.19 (CH in chloroform), 66.67 (OCH>), 55.08 (CH"), 53.70 (CH"), 53.20 (Ca/OCH3),
51.87(0OCHs), 39.52 (septet, DMSO-ds), 37.43 (PhCyH2), 36.62 (PhC.Hb>).
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Figure A3-77. 'H NMR spectrum of 7MeO-007 in de-DMSO at 25 °C.
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Figure A3-78. 3C NMR spectrum of 7Me0-007 in de-DMSO at 25 °C.

(2R)-2-[(2S)-2-§2-[(7-Methoxynaphthalen-2-yloxy]acetamidol-3-phenylpropanamido]-3-

phenylpropanoic acid (7MeO-008)

O H @)
N (R i
H3CO\“/O\)LN S (R) OH
|OO H
(@)

8x (400 MHz, DMSO-ds, 25 °C) 12.87 (0.8H, br s, COOH), 8.61 (0.9H, d, J 8.35 Hz, NH), 8.06
(0.9H, d, J 8.63 Hz, NH), 7.73 (1.9H, d, J 8.94 Hz, Ha,), 7.28 (3.8H, d, J 4.36 Hz, Hay), 7.22-
7.10 (5.8H, m, Hay), 7.02-6.98 (3.7H, m, Hay), 4.67 (1.0H, td, J 8.94, 4.15 Hz, CH"), 4.53-4.48
(2.8H, m, OCH» and CH"), 3.85 (2.7H, s, OCH3), 3.39 (0.7H, br s, H0), 3.13 (0.9H, dd, J 13.65,
4.53 Hz, PhCH,CH.), 2.86 (1.0H, dd, J 13.65, 10.08 Hz, PhCH,CH,), 2.78 (0.9H, dd, J 13.64,
4.08 Hz, PhCH,CHL), 2.65 (0.9H, dd, J 13.65, 9.16 Hz, PhCH,CH,), 2.50 (0.6H, quintet,
residual DMSO-ds). 8¢ (100 MHz, DMSO-de, 25 °C) 172.87, 170.61, and 167.20 (C=0), 157.80,

- 324 -



Appendices

156.09, 137.51, 137.33, 135.56, 129.29, 129.20, 129.11, 128.02, 127.91, 126.54, 126.19, 124.09,
116.17, 115.67, 106.84 and 105.43 (Car), 66.68 (OCH>), 55.09 (CH"), 53.53 (CH"), 53.25
(CA‘OCH3), 39.52 (septet, DMSO-ds), 37.76 (PhCHa), 37.05 (PhCHa).

HRMS (ESI) m/z: [M+H]" accurate mass calculated for C3H30N2HOs: 527.2104; Found:
527.2184.
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Figure A3-79. 'H NMR spectrum of 7Me0O-008 in de-DMSO at 25 °C.

- 325 -



Appendices

Wk

T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure A3-80. °C NMR spectrum of 7Me0-008 in ds-DMSO at 25 °C.

A3.3 Additional Figures and Tables

A3.3.1 TMeO2NapFF
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Figure A3-81. Apparent pK. titration for 10 mg/mL (L,L)-7MeO2NapFF and (L,D)-
7MeO2NapFF stock solutions at 25 °C.
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Figure A3-82. Evolution of G’ (black), G" (red), tand (blue), and pH (green) with time for binary
solutions with various volume ratios of 10 mg/mL (L,L)-7MeO2NapFF:(L,D)-7MeO2NapFF

stock solutions.
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Figure A3-83. Apparent pK. titration for 10 mg/mL (L,L)-6Br2NapFF and (L,D)-6Br2NapFF

stock solutions at 25 °C.
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Figure A3-84. (a) UV-Vis absorption spectra of solutions containing 10 mg/mL (L,L)-

6Br2NapFF:(L,D)-6Br2NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm path

length quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the wavelength

range of 500—700 nm. (c) Variation in turbidity across composition at 600 nm for solutions.
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Figure A3-85. Evolution of G’ (black), G" (red), tand (blue), and pH (green) with time for binary
solutions with various volume ratios of 10 mg/mL (L,L)-6Br2NapFF:(L,D)- 6Br2NapFF stock

solutions.
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Figure A3-86. (a) UV-Vis absorption spectra of gels containing 10 mg/mL (L,L)-
6Br2NapFF:(L,D)-6Br2NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm path
length quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the wavelength

range of 500—700 nm. (c) Variation in turbidity across composition at 600 nm for gels.
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Figure A3-87. Apparent pK, titration for 10 mg/mL (L,L)-1NapFF and (L,D)-1NapFF stock

solutions at 25 °C.
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Figure A3-88. (a) UV-Vis absorption spectra of solutions containing 10 mg/mL (L,L)-
INapFF:(L,D)-1NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm path length
quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the wavelength range

of 500—700 nm. (c) Variation in turbidity across composition at 600 nm for solutions.
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Figure A3-89. Evolution of G’ (black), G" (red), tand (blue), and pH (green) with time for binary
solutions with various volume ratios of 10 mg/mL (L,L)-1NapFF:(L,D)-1NapFF stock solutions.

Table A3-2. List of Materials and Amounts Required for Preparing 12 mL of 1 NapFF Solutions
of Different Concentrations. Two-component systems of various concentrations were prepared

by mixing different concentrations of (L,L)-1NapFF: (L,D)-1NapFF at a volume ratio of 1:1.

Concentration
(mg/mL) Mass of 1NapFF (mg) Volume of H,O (mL) Volume of 0.1M NaOH (mL) Mass of GdL (mg)
1 12 11.8 0.2 3.2
2 24 11.5 0.5 6.4
3 36 11.3 0.7 9.6
4 48 11.0 1.0 12.8
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5 60 10.8 1.2 16.0
6 72 10.5 1.5 19.2
7 84 10.3 1.7 22.4
8 96 10.1 1.9 25.6
9 108 9.8 2.2 28.8
10 120 9.6 2.4 32.0

1mg/mL 2mg/mL 3mg/mL 4mg/mL 5mg/mL 6mg/mL 7mg/mL 8mg/mL 9 mg/m

7 mg/mL

9 mg/mL

—]

4 mg/mL 5 mg/mL

— =

7 mg/mL 8 mg/mL

Figure A3-90. Photographs of gels at varying concentrations of (a) (L,L)-1NapFF, (b) two-
component systems formed by mixing different concentrations of (L,L)-1NapFF: (L,D)-
INapFF at a volume ratio of 1:1, and (c¢) (L,D)-1NapFF under acidic pH conditions.

Table A3-3. pH of gels at varying concentrations of (a) (L,L)-1NapFF, (b) two-component
systems formed by mixing different concentrations of (L,L)-1NapFF: (L,D)-1NapFF at a
volume ratio of 1:1, and (c) (L,D)-1NapFF under acidic pH conditions.
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G’Gelator | 1 mg/mL 2 mg/mL 3 mg/mL 4 mg/mL 5 mg/mL 6 mg/mL 7 mg/mL 8 mg/mL 9 mg/mL
3.7 3.5 34 33 33 32 33 33 3.2
3.7 3.5 33 33 33 3.2 33 33 33
(L.L)-
1NapFF 3.6 3.4 33 33 33 3.2 33 33 32
3.5 3.4 33 33 33 32 32 32 32
Two-
34 33 33 33 33 32 32 32 3.2
component
system 34 33 33 33 32 32 32 32 3.2
3.5 3.4 33 33 33 33 32 32 32
3.5 3.4 33 33 32 33 3.2 32 32
(L.D)-
1NapFF 3.5 3.4 33 33 32 33 32 32 32
(@) oo (b) s
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Figure A3-91. (a-c) Strain sweep of gels at varying concentrations of (L,L)-1NapFF, two-
component systems formed by mixing different concentrations of (L,L)-1NapFF: (L,D)-
INapFF at a volume ratio of 1:1, and (L,D)-1NapFF under acidic pH conditions. (d-f) Plots

depict the concentration-dependent storage modulus (G’) of gels.
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Figure A3-92. (a) UV-Vis absorption spectra of gels containing 10 mg/mL (L,L)-

INapFF:(L,D)-1NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm path length

quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the wavelength range

of 500-700 nm. (c) Variation in turbidity across composition at 600 nm for gels.
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Figure A3-93. Apparent pKa titration for 10 mg/mL (L,L)-6CN2NapFF and (L,D)-6CN2NapFF

stock solutions at 25 °C.
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Figure A3-94. (a) UV-Vis absorption spectra of solutions containing 10 mg/mL (L,L)-
6CN2NapFF:(L,D)-6CN2NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm
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path length quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the

wavelength range of 500-700 nm. (c) Variation in turbidity across composition at 600 nm for

solutions.
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Figure A3-95. Evolution of G’ (black), G" (red), tand (blue), and pH (green) with time for binary
solutions with various volume ratios of 10 mg/mL (L,L)-6CN2NapFF:(L,D)- 6CN2NapFF stock

solutions.
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Figure A3-96. (a) UV-Vis absorption spectra of gels containing 10 mg/mL (L,L)-
6CN2NapFF:(L,D)-6CN2NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm

- 334 -



Appendices

path length quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the

wavelength range of 500-700 nm. (c) Variation in turbidity across composition at 600 nm for

gels.
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Figure A3-97. Apparent pKa titration for 10 mg/mL (L,L)-4Cl1NapFF and (L,D)-4Cl1NapFF

stock solutions at 25 °C.
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Figure A3-98. (a) UV-Vis absorption spectra of solutions containing 10 mg/mL (L,L)-

4Cl1NapFF:(L,D)-4CI1NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm path

length quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the wavelength

range of 500—700 nm. (c) Variation in turbidity across composition at 600 nm for solutions.
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Figure A3-99. Evolution of G’ (black), G" (red), tand (blue), and pH (green) with time for binary
solutions with various volume ratios of 10 mg/mL (L,L)-4Cl1NapFF:(L,D)-4Cl1NapFF stock

solutions.
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Figure A3-100. (a) UV-Vis absorption spectra of gels containing 10 mg/mL (L,L)-
4Cl1NapFF:(L,D)-4CI1NapFF at ratios varying from 10:0 to 0:10, recorded using a 2 mm path

length quartz cuvette at 25 °C. (b) Enlarged spectra from graph (a) focusing on the wavelength

range of 500—700 nm. (c) Variation in turbidity across composition at 600 nm for gels.
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A4 Appendix for Chapter 4

A4.1 Additional Figures
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Figure A4-1. SRCD spectra of (a) 10 mg/mL (L,L)-7MeO2NapFF pre-gel solution, (b) 10

mg/mL (L,D)-7MeO2NapFF pre-gel solution, and (c) binary solution of (L,L)-7MeO2NapFF
and (L,D)-7MeO2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C.
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Figure A4-2. Preliminary differential Mueller matrix plots of 10 mg/mL (L,D)-2NapFF pre-gel
solution at pH 10.5, 25 °C.
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Figure A4-3. Preliminary differential Mueller matrix plots of the binary solution composed of
(L,L)-2NapFF and (L,D)-2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5,

25 °C.
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Figure A4-4. Preliminary differential Mueller matrix plots of 10 mg/mL (L,L)-7MeO2NapFF

pre-gel solution at pH 10.5, 25 °C.
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Figure A4-5. Preliminary differential Mueller matrix plots of 10 mg/mL (L,D)-7MeO2NapFF
pre-gel solution at pH 10.5, 25 °C.
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Figure A4-6. Preliminary differential Mueller matrix plots of the binary solution composed of
(L,L)-7MeO2NapFF and (L,D)-7MeO2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5)
at pH 10.5, 25 °C.
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Figure A4-7. SRCD spectra of (a) 10 mg/mL (L,L)-6Br2NapFF pre-gel solution, (b) 10 mg/mL
(L,D)-6Br2NapFF pre-gel solution, and (c) binary solution of (L,L)-6Br2NapFF and (L,D)-
6Br2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C.
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Figure A4-8. Preliminary differential Mueller matrix plots of 10 mg/mL (L,L)-6Br2NapFF pre-
gel solution at pH 10.5, 25 °C.

- 340 -



Appendices

oo 0.041
Moo Mo1 Mo2 Mo3
0.75 0.028 0.006 0.0011
0.50 0.015 0.003 0.0006
0.25 0.002 0.000 0.0001
o ~0.011 -0.003 ~0.0004
200 250 300 350 200 250 300 350 200 250 300 350 200 250 300 350
1.00
0.043 M10 M11 0.0009 M12
0.030 075 0.0005 0.002
0.017 0.50 0.0001 0.001
0.004 0.25 -0.0003 0.000
M13
-0.009 0.00 -0.0007 —0.001
200 250 300 350 200 250 300 350 200 250 300 350 200 250 300 350
100 0.021
0.011 M20 0.0005 M21 M22 M23
0.75
0.0001 0013
0.007
~0.0003 0.50 0.005
0.003 ~0.0007 0.25 =0.003
-0.001 -0.0011 0D -0.011
200 250 300 350 200 250 300 350 200 250 300 350 200 250 300 350
1.00
M30 M31 M32 M33
0.000 0.003 0.75
0.000 -0.001 —0.004 0.50
-0.002 -0.011 025
-0.001 -0.003 -0.018 0.00
200 250 300 350 200 250 300 350 200 250 300 350 200 250 300 350
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure A4-9. Preliminary differential Mueller matrix plots of 10 mg/mL (L,D)-6Br2NapFF pre-
gel solution at pH 10.5, 25 °C.
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Figure A4-10. Preliminary differential Mueller matrix plots of the binary solution composed of
(L,L)-6Br2NapFF and (L,D)-6Br2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH
10.5, 25 °C.
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Figure A4-11. SRCD spectra of (a) 10 mg/mL (L,L)-1NapFF pre-gel solution, (b) 10 mg/mL
(L,D)-1NapFF pre-gel solution, and (c) binary solution of (L,L)-1NapFF and (L,D)-1NapFF
each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C.
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Figure A4-12. Preliminary differential Mueller matrix plots of 10 mg/mL (L,L)-1NapFF pre-
gel solution at pH 10.5, 25 °C.
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Figure A4-13. Preliminary differential Mueller matrix plots of 10 mg/mL (L,D)-1NapFF pre-
gel solution at pH 10.5, 25 °C.
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Figure A4-14. Preliminary differential Mueller matrix plots of the binary solution composed of
(L,L)-1NapFF and (L,D)-1NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5,
25 °C.
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Figure A4-15. SRCD spectra of (a) 10 mg/mL (L,L)-6CN2NapFF pre-gel solution, (b) 10
mg/mL (L,D)-6CN2NapFF pre-gel solution, and (c) binary solution of (L,L)-6CN2NapFF and
(L,D)-6CN2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C.
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Figure A4-16. Preliminary differential Mueller matrix plots of 10 mg/mL (L,L)-6CN2NapFF

pre-gel solution at pH 10.5, 25 °C.
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Figure A4-17. Preliminary differential Mueller matrix plots of 10 mg/mL (L,D)-6CN2NapFF
pre-gel solution at pH 10.5, 25 °C.
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Figure A4-18. Preliminary differential Mueller matrix plots of the binary solution composed of
(L,L)-6CN2NapFF and (L,D)-6CN2NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at
pH 10.5, 25 °C.
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Figure A4-19. SRCD spectra of (a) 10 mg/mL (L,L)-4Cl1NapFF pre-gel solution, (b) 10
mg/mL (L,D)-4Cl1NapFF pre-gel solution, and (c) binary solution of (L,L)-4Cl11NapFF and
(L,D)-4CI11NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH 10.5, 25 °C.
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Figure A4-20. Preliminary differential Mueller matrix plots of 10 mg/mL (L,L)-4Cl1NapFF
pre-gel solution at pH 10.5, 25 °C.
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Figure A4-21. Preliminary differential Mueller matrix plots of 10 mg/mL (L,D)-4Cl1NapFF
pre-gel solution at pH 10.5, 25 °C.
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Figure A4-22. Preliminary differential Mueller matrix plots of the binary solution composed of
(L,L)-4CI1NapFF and (L,D)-4Cl1NapFF each at 10 mg/mL with a 1:1 volume ratio (5:5) at pH
10.5, 25 °C.
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