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Abstract

Molecular self-assembly offers a powerful bottom-up approach to producing small
molecule nanostructures with high surface areas, tunable surface chemistries, and
pristine internal order. Conventionally, the dynamic nature of these systems has
constrained their use to specific cases in primarily biomedical applications. Here, | present
the design of molecular self-assemblies constructed from small molecule aramid
amphiphiles to overcome these limitations. Aramid amphiphiles incorporate a Kevlar-
inspired domain that imparts strong, cohesive intermolecular interactions between
molecules. This design results in the self-assembly of aramid amphiphiles into
nanostructures with suppressed dynamic mobility and mechanical properties rivaling silk.
By harnessing this stability, | expand the application space of small molecule assemblies
to extending molecular assemblies to the solid-state, stabilizing unusual metastable
nanostructures, and producing stable antifouling surface coatings. Finally, | leverage
surface areas near 200 m?/g to design aramid amphiphile-based nanomaterials that treat
liters of lead-contaminated water with single milligrams of material. Incorporating durable
interactions into supramolecular assemblies offers a route to surmount the limitations of
conventional assemblies, enabling customizable nanomaterials for demanding
applications.
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Chapter 1

Introduction

Supramolecular assemblies, defined in this dissertation as nanostructures formed
by the spontaneous organization of organic small molecule amphiphiles in water, play a
critical role in enabling life.’-2 The cell membrane is perhaps the most quintessential
example of a supramolecular assembly (Figure 1.1), and offers insight into the structure-
property relationships which underlie their ubiquitous presence in nature. For example,
controlled surface chemistries of cell membranes enable desirable, specific interactions
with their environments.2 Nanometer-scale bilayer thicknesses give rise to extraordinarily
high surface area-to-volume ratios which enable more chemistry on less material.* The
use of noncovalent interactions to form nanostructures enables spontaneous self-healing
to repair defects.® Finally, a combination of specific intermolecular interaction strengths
and multicomponent co-assembly enable control over membrane dynamics.5 *

Inspired by these characteristics, researchers over the past several decades have
created a wealth of synthetic analogues to harness these properties. Peptide-based,
calixarene, pillarene, cucurbituril, and prodrug assemblies are among the multitudes of
spatially arranged nanostructures with molecular length scales produced through bottom-
up self-assembly.81® To highlight one example, peptide amphiphiles covalently bind
hydrophilic peptide headgroups to hydrophobic (typically aliphatic) tail groups. These
molecular structures have been tuned to, e.g., induce B-sheet formation, regulate
solubility, and express bioactive sequences.’® Supramolecular assemblies of peptide
amphiphiles commonly form cylindrical nanofibers, and the high-aspect-ratios of these
materials combined with their capacity for expressing high densities of bioactive moieties
hold promise for biomedical applications including drug delivery, tissue engineering, and

regenerative medicine.'”1°
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Figure 1.1. The cell membrane is a quintessential example of a naturally-occurring supramolecular assembly. This
membrane is constructed of small molecule amphiphiles called phospholipids (illustrated as red spheres with white,
squiggly tails) which spontaneously form the characteristic high surface area lipid bilayer in aqueous environments.
Cell membrane surfaces are optimized for specific environmental interactions and internal dynamics are controlled
through co-assembly with proteins and small molecules. Image credit: Thomas Lemmin, Laboratory for Molecular

Modeling, Ecole Polytechnique Fédérale de Lausanne.

In spite of the desirable characteristics of supramolecular assemblies for
engineering applications, the dynamic nature of these systems has historically limited
their use to solvated environments where dynamic motion is permissible or desired.
Notably, supramolecular assemblies suffer from a breadth of dynamic instabilities,
ranging from the exchange of molecules between assemblies to the rapid translation and
rotation of molecules within assemblies.??2 However, there are a broad range of
applications where the inherent properties of supramolecular assemblies may be
desirable, including liquid-phase applications where stability is critical, applications where
a weakly hydrophilic or hydrophobic surface is desirable, and solid-state applications.

In this dissertation, | explore the design of small molecules dubbed “aramid
amphiphiles” which form nanostructures with strongly interacting internal domains.
Aramid amphiphiles incorporate a triaramid repeat unit inspired by the molecular structure
of Kevlarto form robust, microns-long nanoribbons with suppressed molecular exchange
and mechanical properties rivaling silk. In Chapter 2, | explore the design principles which

create aramid amphiphile assemblies, the properties of these assemblies, and the ability
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to translate aramid amphiphile nanostructures to solid-state materials. In Chapter 3, |
harness stability imparted by the aramid amphiphile design to sustain the unusual
nanotube metastable state of a photoswitchable supramolecular assembly. In Chapter 4,
| take advantage of the nanostructures’ high-aspect-ratios and tunable surface
chemistries to form surface coatings which are resistant to biofouling. In Chapter 5, |
extend the use of supramolecular assemblies to treating water contaminated with heavy
metals by decorating the nanomaterial surfaces with pharmaceutical compounds for
heavy metal treatment. Finally, in Chapter 6, | measure and optimize amphiphile head
group dynamics and hydration to enhance the performance of heavy metal remediating
nanostructures. This body of work aims to reveal molecular design principles that produce
unconventionally robust supramolecular nanostructures and accordingly apply these

assemblies to urgent challenges.

Supramolecular assemblies: a brief primer

The self-assembly of organic small molecules into supramolecular nanostructures
is driven by orthogonal interactions between differing parts of the molecule (typically
hydrophilic and hydrophobic regions, dubbed head and tail groups, respectively) and their
surrounding aqueous environment. The field has developed significantly over the past
half century, spanning the development of fundamental theories which underlie self-
assembly behavior?® to the design of a breadth of functional nanomaterials.?426 Pushing
beyond the prototypical molecular designs found in nature — primarily singly- or doubly-
charged head groups with single or branched aliphatic tails — a library of novel synthetic
analogous have incorporated cohesive or stimuli-responsive chemical moieties to impart
additional functionality. For example, incorporating chemical groups responsible for
hydrogen bonding,?” i stacking,?® photo-responsiveness,?® and pH-responsiveness?° into
amphiphile design have been topics of significant investigation. Recently, more complex
phenomena found in nature such in situ surface functionalization3!- 32 and co-assembly of
multiple components33: 34 have also been integrated into supramolecular nanostructures,
The application space of supramolecular assemblies currently spans primarily biomedical

applications (e.g. tissue engineering® and drug delivery3¢), optoelectronic applications
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(e.g. photovoltaics®” and biosensing3®), and energy applications (e.g. photocatalysis®®

and supercapacitance??).

Overcoming dynamic instabilities: the aramid amphiphile design

The noncovalent interactions underpinning supramolecular assemblies enable
dynamic motion critical to biological processes,*! which can again be understood through
an analysis of the cell membrane. The fluid mosaic model describing cell membrane
dynamics highlights that constituent lipids and proteins comprising the bilayer are in
constant rotational and translational motion.4?4% Fluidity is so critical in these assemblies
that if protein rotation is prevented by any means, proteins lose their functionality.*3 44
Cell membranes also contain components like cholesterol to regulate bilayer fluidity by
stabilizing the membrane at elevated temperatures and preventing phospholipid
clustering at depressed temperatures. In turn, operation and cohesion of cell membranes
is maintained over a range of environmental conditions.®: 7: 46

The dynamic nature intrinsic to conventional supramolecular assemblies results in
a host of measurable dynamic processes which impact the performance of synthetic
analogues, including high molecular exchange rates between assemblies, molecular
migration of amphiphiles within an assembly, and dynamic instabilities.2!: 1. 47-50 Though
these dynamic processes may be beneficial for the application of supramolecular
materials in biological environments, increasing nanostructure stability might provide a
path for their use in non-biological applications. Specifically, imparting high stability to
supramolecular amphiphile assemblies can inhibit or control assembly dynamics, which
may minimize the loss of amphiphiles from assemblies in aqueous environments,
facilitate modifications to nanostructures post-assembly, and enable application beyond
solvated environments.

In this dissertation, | report on the development of the “aramid amphiphile,” a small
molecule designed to suppress dynamic effects in supramolecular assemblies.>' Aramid
amphiphiles have at least three distinct domains: in addition to the (1) nonpolar tails and
(2) polar head groups found in the design of conventional amphiphiles, aramid

amphiphiles also contain (3) a triaramid “structural domain” inspired by the molecular
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structure of Kevlar. This structural domain is designed to create a network of hydrogen
bonding interactions within amphiphilic assemblies to positionally “lock” each molecule to
its neighbors. Incorporating a high density of strong intermolecular interactions within
assemblies represents a notable divergence from conventional amphiphile design

principles.>?: 53

Molecular packing in strongly interacting systems

In 1976, Israelachvili et. al. comprehensively described the thermodynamics of
packing for small molecule surfactants, ultimately giving rise to the concept of the packing
parameter as a predictive tool for determining the self-organized nanostructure of
amphiphiles.?3 54 The packing parameter, p, is a dimensionless metric which incorporates
three quantities to speculate organization: a, the thermodynamically derived surface area
per molecule of an assembly’s hydrophobic core, which is strongly influenced by
surfactant head group interactions and characteristics; /, the length of the surfactant’s tail
group; and V, the volume of the surfactant’s tail group. These quantities are related in
Equation 1.1.

p=V/(l-a) (1.1)

Based on this relationship, the packing parameter is able to suggest the spontaneous
assembly of small molecules into micelles (p = 1/3), cylinders (p = 1/2) , continuous cubic
phases (1/2 < p < 1), and lamellar phases (p = 1), and the inverts of these geometries.23
Since its description, the packing parameter has successfully explained the assembly of
a diverse range of amphiphilic materials spanning lipoplexes for gene delivery to bacterial
membranes to block copolymer systems.55-57

Significant attention has been given to the role of an amphiphile’s head group in
predicting the geometry of an assembled system. Notably, the packing parameter has
adapted over time to describe a as an ‘effective head group area,” noting that the
interaction strength of a surfactant’s head group can be modulated by factors including
pH, salt identity and concentration, and temperature.58-6" However, the thermodynamics
underlying packing parameter still rely on ‘simple’ tail groups to describe self-organization.

The packing parameter is primarily descriptive when tail groups are single or branched
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aliphatic tails that induce weak van der Waals interactions between the tails of
neighboring molecules.

In this dissertation, | investigate the assembly of surfactants with deliberately
robust intermolecular interactions in the tail group region through the addition of the
aforementioned structural domain. In addition to suppressing dynamic instabilities, the
inclusion of a structural domain allows us to probe the organization of molecules which
are not well-predicted by the packing parameter. In fact, in most cases, we find that
aramid amphiphiles form microns-long and nanometers-wide lamellar ribbons,
demonstrating a strong preference for in-register hydrogen bonding along the ribbon axis
and a nanoribbon width controlled by head group charge and sterics. This geometry is
largely unpredicted by packing parameter considerations, which would tend towards a
circular or planar bilayer cross-section.

The assembly of aramid amphiphiles is also strongly dictated by a fine balance
between the hydrophobic effect and crystallization and solubility effects. The design
parameters for molecules reported in this dissertation were obtained after synthesis and
attempted assembly of dozens of molecules with varying head and tail group lengths,
sterics, and interaction strengths, and head group charges. Notably, we find aramid
amphiphiles must have three aramid repeat units and a tert-butyl or similar short,
branched, aliphatic tail for assembly to occur. With more aramid repeat units in the
structural domain or a straight aliphatic tail of any length (C2-C16 lengths were tested),
the molecules preferentially crystallized in water over forming self-assembled structures.
Conversely, with fewer than three aramid repeat units, a preference for molecule
solubilization or agglomeration into disordered aggregates was observed. Whereas the
packing parameter alone may indicate these changes would result in the formation of
different assembly morphologies (by effectively changing tail group length and/or
volume), these results suggest that different thermodynamic conditions underlie the
assembly of small molecule amphiphiles with strongly interacting tail group regions than

conventional surfactant systems.
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A broad need for effective, point-of-use water treatment technologies

A promising application space for the robust supramolecular assemblies reported
in this dissertation is the removal of heavy metal contaminants from drinking water
sources, which | motivate here. In 2014, the city of Flint, Michigan changed the primary
source of the city’s potable water from a Detroit-based supply to the Flint River as a cost-
saving measure.%? However, the acidity of the new water supply differed from that of the
old source, leading to widespread corrosion of the city’s lead piping. Significant quantities
of lead consequently leached into Flint’s drinking water supply.62- 63 For context, the World
Health Organization sets an actionable level of lead in water at 10 parts per billion (ppb).64
The “Ground Zero” household taps analyzed in Flint tested as high as 13,200 ppb lead.6®

While the case of Flint, Michigan is widely known today, it is not unique. A 2016
study compiling data from health departments across 21 states representing 61% of the
United States population found nearly 3,000 locations with lead poisoning levels at least
double that of Flint at the height of its crisis.®® Furthermore, the most recently available
data (ca. 2019) from the Institute for Health Metrics and Evaluation at the University of
Washington concludes that one in three children worldwide — over 800 million children —
have blood lead levels higher than an actionable level.6” While drinking water alone is not
the sole source of lead transport to humans, these realities underscore an urgent need to
develop technologies which are highly effective at removing heavy metal contaminants
like lead from drinking water supplies.

The tunable surface chemistries and high surface areas hallmark of
supramolecular assemblies make them a promising candidate for this application.
However, this space has been largely unexplored due to the dynamic instabilities
historically intrinsic to this class of materials. In this dissertation, | explore applying aramid
amphiphiles to create nanostructures which are coated with chemical moieties capable
of capturing heavy metal contaminants. Head group designs for these amphiphiles use
chelators, a class of compounds renowned for their capability to complex heavy metals,
which are also sufficiently hydrophilic to induce self-assembly. By probing and optimizing
head group dynamics and hydration, we can obtain nanostructures capable of treating

thousands of liters of lead-contaminated water with single grams of material.
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Chapter 2

Self-assembly of aramid amphiphiles into ultra-
stable nanoribbons and aligned nanoribbon

threads

This chapter was adapted from the publication “Self-assembly of aramid amphiphiles into ultra-stable

nanoribbons and aligned nanoribbon threads,” originally published in Nature Nanotechnology.>!

Abstract: Small-molecule self-assembly is an established route for producing high-
surface-area nanostructures with readily customizable chemistries and precise molecular
organization. However, these structures are fragile, exhibiting molecular exchange,
migration and rearrangement—among other dynamic instabilities—and are prone to
dissociation upon drying. Here we show a small-molecule platform, the aramid
amphiphile, that overcomes these dynamic instabilities by incorporating a Kevlar-inspired
domain into the molecular structure. Strong, anisotropic interactions between aramid
amphiphiles suppress molecular exchange and elicit spontaneous self-assembly in water
to form nanoribbons with lengths of up to 20 micrometers. Individual nanoribbons have a
Young’s modulus of 1.7 GPa and tensile strength of 1.9 GPa. We exploit this stability to
extend small-molecule self-assembly to hierarchically ordered macroscopic materials
outside of solvated environments. Through an aqueous shear alignment process, we
organize aramid amphiphile nanoribbons into arbitrarily long, flexible threads that support
200 times their weight when dried. Tensile tests of the dry threads provide a benchmark
for Young’s moduli (between approx. 400 and 600 MPa) and extensibilities (between
approx. 0.6 and 1.1%) that depend on the counterion chemistry. This bottom-up approach
to macroscopic materials could benefit solid-state applications historically inaccessible by

self-assembled nanomaterials.
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Introduction

Spontaneous self-assembly of small amphiphilic molecules in water provides a
powerful route to nanoscale structures with molecular-scale dimensions and pristine
internal organization.?® 6 High-aspect-ratio nanostructures afforded by molecular self-
assembly may be entangled or aligned, while maintaining high surface areas and tunable
surface chemistries.®% 70 However, these supramolecular structures are generally fragile
due to their weak intermolecular interactions*® 7! and pervasive dynamic instabilities —i.e.
molecular exchange, migration, insertions, rearrangements, and transpositions.?9-22
Further, internal transient water contributes to the vulnerability of amphiphilic
nanostructures by facilitating enzymatic or hydrolytic degradation.” 73 Because of these
limitations, small molecule assemblies are generally developed for biomaterials
applications, where fast dynamics and biodegradability are harnessed as key design
features.”#76 These properties preclude their use in air, where they lack the structural
stability imposed via the hydrophobic effect that is required to hold them together.
Therefore, an amphiphile self-assembly platform that minimizes dynamics is an important
target and could provide an approach to solid-state applications for which precise
molecular organization, nanoscale structure, tunable surface chemistries, and water-
processability are desirable.”” Such solid-state applications could range from ion
transporting to thermally conductive soft materials.”® 79

A reliable strategy for enhancing mechanical properties of molecular materials is to
incorporate hydrogen bonding domains into the molecular design.®® For example, the
collective hydrogen bonding between aromatic amides (aramids) in Kevlar (poly(p-
phenylene terephthalamide), PPTA) lead to its renowned strength and impact
resistance.®! Similar aramid chemical motifs have been incorporated into the design of
biomimetic peptide-based amphiphiles;8: 8 however, in these cases, the impact of the
aramid domains on mechanical properties remains unknown. In contrast to small
amphiphilic molecules, polymeric aramid nanofibers composed of PPTA have shown
strong mechanical behavior,8 even upon drying, but neither control over nanofiber

surface chemistry nor precise internal molecular organization is achievable. In a handful
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of cases, molecules containing aramid moieties have aggregated in a variety of solvents
into short rod-like or hockey-puck micelles, with the longest dimension on the order of
tens or hundreds of nanometers.8587 Despite these contributions, rational design of
amphiphiles to form mechanically robust high-aspect-ratio nanostructures and the
processing of these nanostructures into aligned solid-state 1-dimensional materials
remains an important goal.

Here, we show a molecular design motif that incorporates aramids as a structural
domain within small molecule amphiphiles. This design produces aramid amphiphiles
(AAs), molecules that self-assemble in water to form nanoribbons. AA nanoribbons are
designed to be intrinsically hydrolysis-resistant, containing amides that are buried in the
hydrophobic interior of the nanostructure, away from water.”> AAs incorporate three
attributes to suppress exchange dynamics and to enhance mechanical properties: (1) a
high hydrogen bond density, with six hydrogen bonds per molecule; (2) in-register
organization within each hydrogen bond network and the ability to form interplane -1t
stacking;® and (3) minimal steric packing strain and torsion to minimize hydrogen bond
distances,® achieved by incorporating unobtrusive amphiphile head and tail groups into
the molecular design. As a result, these nanoribbons are candidates for alignment and
removal from water while maintaining their structure to obtain macroscopic, air-stable

threads.

Results and Discussion

We synthesized AAs with three different head group chemistries to tune the surface
charge of the nanoribbons (Figure 2.1a): compound 1, an anionic pentetic acid
amphiphile, compound 2, a zwitterionic ammonium sulfonate amphiphile, and compound
3, a cationic triazaheptane amphiphile. The structural domains of compounds 1 — 3
contain three aramid repeat units, and the hydrophobic tails consist of branched, six-
carbon neopentyl groups. These features are designed to elicit spontaneous self-
assembly in water into nanostructures with strong intermolecular interactions (Figure
2.1b).
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Figure 2.1 | Kevlar-inspired aramid amphiphiles self-assemble into ultra-stable nanoribbons capable of hierarchical
ordering to form dry macroscopic threads. a, Aramid amphiphiles are composed of a charged head group and an
aliphatic tail to induce amphiphilic self-assembly, and an aramid structural domain to yield collective intermolecular
hydrogen bonding. Aramid amphiphiles 1, 2, and 3 have anionic, zwitterionic, and cationic head groups, respectively.
b, Aramid amphiphiles are designed to spontaneously self-assemble in water into nanoribbons with suppressed
exchange dynamics. ¢, Dried nanoribbons of 2 are observed in a representative transmission electron micrograph
(TEM) (scale bar, 1 ym). d, A nanoribbon suspension (compound 3) is pulled out of a pipet tip by tweezers into a
sodium sulfate solution to form a 1-dimensional gel. e, The gel is removed from water and dried to form a thread

composed of aligned nanoribbons that can be bent and handled easily.

Figure 2.2 | Compounds a, 1; b, 2; and ¢, 3 in water self-assemble into microns-long nanoribbons, as visible in

transmission electron microscopy images of their microstructures.
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We observe the assembly of 1, 2, and 3 in water into high-aspect-ratio nanoribbons
by conventional transmission electron microscopy (TEM) (Figure 2.1c, Figure 2.2). The
nanostructures’ stability and high-aspect-ratios allow for shear alignment during gelation.
This process leads to arbitrarily long threads (Figure 2.1d) that remain intact when
removed from water (Figure 2.1e).

Small angle X-ray scattering (SAXS) profiles of compounds 1-3 in water fit most
closely to a lamellar bilayer model (Figure 2.3a).%%:°1 This fit gives a nanoribbon thickness
of 3.9 nm for 1, 2, and 3, which is corroborated by atomic force microscopy (AFM) height
profiles (Figure 2.4). The observed slope of -2 in the low-qg regime of the SAXS profiles
further suggests one-dimensional nanostructures in solution.®> Cryogenic TEM (cryo-
TEM) was used to image the nanoribbons in water at higher resolution for determining
nanoribbon widths. Based on cryo-TEM, the widths of nanoribbons of 1, 2, and 3 are 5.5
nm, 5.1 nm, and 5.8 nm, respectively (Figure 2.3b, Figure 2.5). We find that the
nanoribbon geometry is insensitive to temperature and concentration, where nanoribbons
of 3 are observed up to 80 °C and from 0.1 to 20 mg/mL, but sensitive to pH (Figure 2.6,
Figure 2.7). Interestingly, we observe that self-assembled AA nanoribbons elongate upon
bath sonication (with powers of approximately 10 mW/mL), reaching extraordinary lengths
of up to 20 uym,®3 94 corresponding to width-to-length aspect-ratios of 4,000:1. Sonication
has been previously shown to facilitate reorganization of hydrogen bonding in self-
assembling systems®5. The observed high-aspect-ratios of AA nanoribbons confirm that
highly anisotropic intermolecular interactions occur between the nanoribbon long and
wide axes (Figures 2.4 and 2.5).

The nanoribbon geometry allows us to draw conclusions about the molecular
packing. We observe through AFM height profiles a nanoribbon thickness approximately
equal to two molecular lengths. Knowing that the hydrophilic head group must be exposed
to water and the hydrophobic region (including the structural domain) must be shielded,
we deduce that interdigitation between the molecules in the assembly must be limited to
their short aliphatic tails. Concomitantly, we conclude that the molecules most likely adopt
lamellar packing, which is corroborated by fits of SAXS profiles to a lamellar model (Figure

2.3a). This molecular arrangement deviates from the 2-dimensional networks observed
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Figure 2.3 | Aramid amphiphile nanoribbons exhibit minimal molecular exchange. a, Small angle X-ray scattering of 1,
2, and 3 nanoribbons in water shows a slope of -2 in the low-g regime, indicating high-aspect-ratio structures, and is
best fit to a lamellar model (black line) giving a 3.9 nm nanoribbon thickness, consistent with nanoribbon geometries.
b, Representative cryogenic TEM of nanoribbons of 2 in water reveals nanoribbon widths of approx. 5 nm (scale bar,
100 nm). ¢, ATR-FTIR of compound 3 nanoribbons shows the emergence of a sharp peak at 1638 cm-' upon bath
sonication, consistent with strengthening of the hydrogen bond network. d, Normalized fluorescence intensities of a 1:1
mixture of donor- and quencher-labeled nanoribbon suspensions are measured over 55 days. A nearly constant
fluorescence intensity indicates minimal dark quenching and corresponds to minimal molecular exchange between
nanoribbons over this time period. As a control, complete co-assembly of donor and quencher amphiphiles result in a
76% decrease in fluorescence intensity, illustrated by the horizontal dotted line. e, Normalized fluorescence intensities
of mixtures of donor- and quencher-labeled nanoribbon suspensions at 80 °C show that FRET dark quenching is not
observed upon heating. This experiment was carried out with AA concentrations ranging from 0.1 to 0.5 mM, and no

changes in exchange were observed.
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Figure 2.4 | A representative AFM profile of compound 3 nanoribbons deposited on mica illustrates nanoribbon lengths

up to 20 um as determined by Imaged analysis. AFM nanoribbon cross-section analysis reveals heights of 3.7 + 0.5
nm (average over height measurements of 61 nanoribbons).
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Figure 2.5] Cryogenic transmission electron microscopy images of assemblies of compounds a, 1; b, 2; and ¢, 3.

in solid-state crystals of oligomeric p-benzamide crystals®® 97 since the driving force for
amphiphilic self-assembly imposes orientational constraints that differ from those
implicated in crystallization.%8

We performed attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR) on solutions of compound 3 as a function of bath sonication time to observe
the evolution of hydrogen bonding with nanoribbon formation in solution. Compound 3
nanoribbons are selected for this analysis because their solubility is high, and
consequently produce the strongest signal of compounds 1-3. However, molecular
packing is likely dominated by the aramid structural domain, which is equivalent in all
three AA compounds. Therefore, we expect the molecular packing of compound 3 to be
representative of all AA nanoribbons, 1-3, particularly because they all exhibit similar
nanoribbon geometries. Shown in Figure 2.3c, a peak at 1638 cm-', corresponding to a
carbonyl (C=0) amide | stretch and characteristic of B-sheet hydrogen bonding, becomes
more pronounced as sonication time increases. The sharpening of this peak indicates
that uniformity of intermolecular hydrogen bonding distances increases upon sonication,
likely because sonication provides the necessary energy to overcome kinetic traps. As a
control, addition of a denaturant, DMSO, to the nanoribbon suspension results in a
suppression of the amide | peak, consistent with disruption of the hydrogen bonding
network (Figure 2.8). The peaks at 1672 cm™ and 1600 cm™' are assigned to carbonyl

stretching of the amide bond connecting the head group to the aramid structural domain

27



80°C — 10 min.
L 80°C — 5 min. L L 80°C — 5 min.
80°C - 0 min. 80°C - 0 min. 80°C — 0 min.
’5 3 Room Temp. ’; 3 Room Temp. ’; F Room Temp.
S E S E S E
z S z >
g L @ [ g [
St \___‘ EF st
£ £ £
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1
q (A" q (A" q (A"

Figure 2.6 | Aqueous SAXS of a, compound 1; b, compound 2; and ¢, compound 3 shows no change in nanostructure
morphology upon heating to and equilibrating at 80 °C. The significantly higher solubility of compound 3 results in SAXS

profiles with enhanced signal-to-noise relative to compounds 1 and 2.

Anionic AA (1) Zwitterionic AA (2) Cationic AA (3)

200 nm

pH 11

Figure 2.7 | The self-assembly morphology of aramid amphiphiles can be modulated by changing the pH, which affects
effective head group size and charge. Representative micrographs of a, compound 1 at pH 3; b, compound 2 at pH 3;
¢, compound 3 at pH 3; d, compound 1 at pH 11; e, compound 2 at pH 11; and f, compound 3 at pH 11 are shown
here. Compound 1 forms disordered aggregates at pH 3 and short noodle-like assemblies at pH 11; compound 2 forms
needle-like assemblies at pH 3 and disordered aggregates at pH 11; and compound 3 forms cylindrical nanotubes at
pH 3 and plate-like aggregates at pH 11. Aqueous suspensions of compounds 1, 2, and 3 at 0.1 mg/mL concentrations
were adjusted to pH 3 and pH 11 using 0.5 M hydrochloric acid and sodium hydroxide, respectively, and bench

sonicated for 10 minutes for these studies.
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and carbon-carbon stretching in the aromatic units, respectively, and their positions and
intensities are therefore less sensitive to molecular packing (Figure 2.9).99. 100

Collective hydrogen bonding within AA nanoribbons is expected to lead to strong
internal cohesion and therefore slow molecular exchange dynamics.*® We probed the rate
at which individual AA molecules exchange between adjacent nanoribbons by Foérster
resonant energy transfer (FRET) dark quenching (see Methods for more details).'?" We
mixed separate nanoribbon suspensions containing either fluorophore- or quencher-
tagged amphiphiles and observed minimal molecular exchange between adjacent
nanoribbons over 55 days (Figure 2.3d). Further, no changes in peak fluorescence
intensity were observed when mixtures of fluorophore- and quencher-labeled
nanoribbons were heated to 80 °C over a range of concentrations (Figure 2.3e). These
results highlight the stability that aramid hydrogen bonding imparts on amphiphilic
nanoribbon assemblies, representing a substantial departure from the typical exchange
rates of 1-2 hours reported in phospholipid membranes and supramolecular peptide
assemblies.?!: 22 The slow exchange dynamics of AA nanoribbons allow us to perform
single-nanoribbon mechanical characterization experiments.

Direct mechanical characterization of solid-state nanofibers has previously been
demonstrated to yield stress-strain profiles via AFM force measurements.%% 193 However,
this method requires that the widths of the fibers are large relative to the radius of
curvature of the AFM tip. In the case of small nanostructures whose widths are less than
10 nm, as observed in AA nanoribbons, direct mechanical measurements pose significant
experimental challenges. To circumvent the lower bound size limitation, indirect methods
of nanofiber mechanical characterization have been developed.'%4-1% These methods are
based on AFM imaging of nanofilaments or nanofilament fragments followed by statistical
analyses to determine Young’s moduli or tensile strengths. Such studies have uncovered
mechanical properties of a range of nanofilaments with diameters on the order of 10 nm

including silver nanowires, carbon nanotubes, and amyloid fibrils.104. 106, 107
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Figure 2.8 | ATR-IR spectra showing the effect of sonication time on intermolecular interactions between compound 3
in a, a 50:50 mixture of D20:DMSO-d and b, a 75:25 mixture of D20:DMSO-d. The amide | bond at 1638 cm™ is
enhanced with higher proportions of water and longer sonication times, resulting from the formation of a more uniform

hydrogen bonding network in the self-assembled system.
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Figure 2.9 | FTIR spectra of compounds 3 and 4, a control molecule with no head group, in dried powder form as
controls and compound 3 dissolved in varying ratios of DMSO-d to D20. We assign the peak at 1672cm-1tothe C=0
stretch of the amide bond between the head group and structural domain and 1652 cm-' to the C = O stretch of the
amide bonding in aramid structural domain. The peak at 1672 cm' is present among all mixtures of DMSO-d and D20.
Conversely, the amide | peak shifts to 1638 cm-* in the full D20 environment. This red shift indicates hydrogen bonding
formation between at the corresponding amide bonding when compound 3 assembles in D20.38 The peak at 1600

cm is attributed to C — C stretching in the aromatic rings and is constant over all spectra.
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We characterized the Young’s modulus of AA nanoribbons using statistical
topographical analysis of AFM images. The Young’s modulus of compound 3
nanoribbons was measured due to its high solubility and for consistency among
characterization techniques. Mechanical properties arise from the region with the
strongest intermolecular interactions — the aramid structural domain — so we expect
nanoribbons of 1 and 2 to exhibit similar Young’s moduli and tensile strengths as
compound 3. The shape fluctuations of compound 3 nanoribbons (n = 29) in water
equilibrated on a glass surface were used to determine their bending rigidity.104 105
Parametric splines to the contours of each nanoribbon were traced (Figure 2.10a) and fit
to determine a persistence length, P = 3.9 + 0.7 ym, from which the Young’s modulus
was calculated to be E = 1.7 + 0.7 GPa (Figure 2.10b).

The ultimate tensile strength of AA nanoribbons was determined by AFM statistical
analysis after horn sonication-induced scission, which produces nanostructure fragments
in water below a threshold length, Lim.1%6: 198 For clarity, horn sonication delivers 100 to
1000 times greater sonication power intensity to the sample volume compared to bath
sonication,'%9,which was previously shown to reinforce the nanoribbon hydrogen bonding
network by ATR-FTIR. From visualizing 400 horn sonicated fragments by TEM (Figure
3c), Lim for the nanoribbons was evaluated from their fragment length distribution as 98
+ 26 nm, which corresponds to a tensile strength of 0* = 1.87 + 1.00 GPa (Figure 2.10d).
These mechanical properties place AA nanoribbons in a region of the Ashby plot viable
for solid-state applications (Figure 2.10e).110

Materials constructed of small molecule amphiphile nanoribbons offer high surface
areas, on the order of hundreds of m?/g, dictated by the size of the constituent molecules.
The tunable surface chemistries of such structures further allow for targeted interactions,
and the capacity for co-assembly of different amphiphiles could allow such materials to
perform multiple functions on the same surface.''’- 2 However, small molecule
nanostructures are often limited to solvated environments due to their fast dynamics and
reliance on the hydrophobic effect to hold their structures together. We explored the
potential of aligning AA nanoribbons into solid-state thread-like materials, a possibility

enabled by their suppressed exchange dynamics and robust mechanical properties.
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Figure 2.10. Aramid amphiphile nanoribbons have a Young’s modulus of E = 1.7 GPa, and a tensile strength of o* =

1.9 GPa. a, Contours acquired by tracing the AFM profiles of 29 AA nanoribbons are used for statistical topographical

analysis (scale bar, 1 um). b, Midpoint deviations & from contour traces are used to calculate a persistence length, P =

3.9 £ 0.7 ym and Young’s modulus, E = 1.7 + 0.7 GPa, from least-squares fitting of a worm-like chain model for semi-

flexible polymers to the data. ¢, Sonication-induced scission of nanoribbons, carried out with approximately 10 W/mL

horn sonication, is illustrated by TEM (scale bars, 100 nm). d, The threshold length Lim below which a fibril will not

break under sonication is determined from plotting sonicated fragment lengths against cross-sectional size, C. The

yellow areas illustrate the broadened boundaries of the terminal range defined by [Lim/2, Lim], and the dashed line

represents the average Lim.*8 The tensile strength of AA nanoribbons is calculated to be o* = 1.87 + 1.00 GPa. e, AA

nanoribbon mechanical properties, shown on an Ashby plot, place it among the strongest and stiffest biological

materials.#8 Young’s modulus and tensile strength values are reported as mean + standard deviation.
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A simple strategy for aligning self-assembled nanofibers into 1-dimensional gels in
water has been previously demonstrated.®® In this approach, peptide amphiphiles were
thermally annealed to form liquid crystalline bundles, which were shear aligned in divalent
counterion solution to produce macroscopic 1-dimensional gels.®® These gels have been
used for applications including cell scaffolding and protein delivery.®® 113 We harnessed
this processing strategy by annealing cationic nanoribbons (compound 3) in water and
pulling the suspension through a salt solution (Na2SOa4) on a glass slide (Figure 2.1d).
This process leads to the formation of a 1-dimensional gel that exhibits birefringence
under polarized light (Figure 2.11a), indicating that the nanoribbons are aligned within the
gel. We demonstrate the unique ability of the nanoribbon gel to withstand drying in air,
forming a stable solid thread that can be handled, bent without breaking (Figure 2.1e),
and can support over 200 times its weight (Figure 2.11b). Scanning electron microscopy
(SEM) imaging of the AA threads in vacuum reveal thread diameters near 20 ym and
striations consistent with the presence of nanoribbon bundles (Figure 2.12).

The formation of solid-state nanoribbon threads requires that individual nanoribbons
exhibit significant structural integrity, which in the case of AAs is imparted by their aramid
domain. However, neither the Young’s modulus nor tensile strength of nanoribbons is
expected to govern the threads’ bulk mechanical properties. Rather, electrostatics
dominate interribbon interactions, an effect that has been previously demonstrated at
highly charged nanoscale surfaces.''* We hypothesize that adjusting the nanoribbon
surface chemistry and counterion pair provides a route to adjusting the elastic modulus
and extensibility of the thread. Consistent with this hypothesis, we find that gelation is
only possible when the counterion valency is greater than one.

We performed tensile tests to determine the effect of counterion charge density on
the threads’ elastic moduli and extensibilities (Figure 2.11c), providing a benchmark for
future studies. Threads formed with two divalent anions, one with a high charge density,
sulfate, and one with a lower charge density, methanedisulfonate, were measured.
Threads with sulfate and methanedisulfonate counterions produced Young’s moduli of
637 + 114 MPa and 385 + 77 MPa, respectively. As one point of comparison, the observed

modulus values fall on the same order of magnitude as polyethylenes.''® Further, we find
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Figure 2.11 | Aramid amphiphile nanoribbons are aligned by shear forces and dried to form flexible threads. a, A
polarized light micrograph shows the intersection of two nanoribbon threads. The birefringence observed under cross-
polarizers indicates the nanoribbons are aligned within the threads (scale bar, 100 um). b, A 5 cm nanoribbon thread
whose mass totals 0.1 mg is suspended over a trough and supports a 20 mg weight. ¢, Representative tensile tests of
AA threads formed with sulfate (blue) and methanedisulfonate (red) counterions are shown. Tensile tests of twelve
samples reveal Young’s moduli of 637 + 114 MPa and 385 + 77 MPa, respectively, and extensibility values of 0.6 +0.2

% and 1.1 + 0.2 %, respectively. Data are reported as mean + standard deviation.

Figure 2.12 | Scanning electron microscopy of a 20 ym-diameter nanoribbon thread shows long-range alignment of

nanoribbon bundles (scale bar, 10 pm).
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that threads with the methanedisulfonate anion (elongation at break, €break = 1.1 0.2 %)
are nearly twice as extensible as threads formed with the sulfate anion (€break = 0.6 +0.2
%). We attribute the enhanced elastic modulus and decrease in extensibility of threads
with sulfate counterions, compared to those with methanedisulfonate counterions, to the
enhanced electrostatic interaction strengths between nanoribbons with counterions of
greater charge densities.''® These experiments reveal that nanoribbon surface and
counterion chemistry are viable parameters to vary for controlling bulk mechanical
properties.

We used X-ray scattering to study the structure within the nanoribbon thread and to
confirm that nanoribbons remain intact after alignment and drying (Figure 2.13a). Wide-
angle X-ray scattering (WAXS) of the dried thread in vacuum shows anisotropic peaks
indicating nanoribbon alignment, with the strongest WAXS peak occurring at a d-spacing
of 5.05 A (Figure 2.13b). WAXS patterns of vertically oriented nanoribboon threads were
collected and integrated to yield meridional and equitorial peaks. From these peaks, a
simulated unit cell shows molecular packing resembling poly(p-benzamide) (Figure
2.13c).""” This structure implies that even upon drying in vacuum, where the hydrophobic
effect is absent, intermolecular aramid hydrogen bonding is dominant along the
nanoribbon long axis with H-O hydrogen bond distances of 2.08 A. Further, we infer that
r-1t stacking at an interplane distance of 3.61 A laterally holds together hydrogen bonded
sheets across the nanoribbon width (Figure 2.13d).

The anisotropy observed by X-ray scattering confirms the geometric configuration of
the AA structures as nanoribbons within the solid-state thread. The uniform intermolecular
distances of 5.05 A observed along the length of the nanoribbon indicate that an extended
hydrogen bonding network is likely unincumbered by torsion or strain. This observation is
consistent with the absence of helical nanoribbons, as well as the extraordinary
nanoribbon lengths. The attractive forces along the nanoribbon width are significantly
weaker, dominated by r-1t stacking at an off-ribbon axis angle of 64°. This -1t stacking
enables lateral growth of the ribbons, but leads to dimensions of only approximately 5 nm

in width. Differences in intermolecular interaction strength along the
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Figure 2.13 | X-ray scattering of solid-state nanoribbon threads demonstrates organized molecular packing, extended
hydrogen bonding networks, and long-range hierarchical order. a, Meridional and equatorial scattering directions are
depicted in X-ray scattering measurements of solid, aligned AA nanoribbon threads. b, A WAXS pattern of an AA
nanoribbon thread indicates that precise molecular organization is maintained in the solid state, with significant
anisotropy indicating nanoribbon alignment. ¢, A 1-D scattering profile is obtained by integrating meridional and
equatorial axes of (b). Black dotted lines are simulated peak positions of a unit cell witha=7.22 A, b=5.05A, and ¢ =
11.10 A, and space group 26:Pmc27 based on poly(p-benzamide). d, Molecular packing in AA nanoribbons is illustrated
as informed by the simulated unit cell in (c). 5.05 A intermolecular distances are observed, corresponding to H-bonds
of 2.08 A (dotted lines in bottom inset) that form a network down the long-axis of the nanoribbon. 3.61 A intermolecular
remt stacking lies at a 64° tilt with respect to the hydrogen bonding plane. Based on these distances, the surface area
of AA nanoribbons within the thread is 200 m2/g. e, SAXS of an AA nanoribbon thread shows anisotropic lamellar peaks
corresponding to a 4.8 nm interribbon spacing. f, A hypothesized structure shows the alignment of individual AA

nanoribbons to form semi-crystalline domains with 4.8 nm lamellar spacings informed by (e).
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nanoribbon long axes versus across the widths have previously been shown to lead to
high-aspect-ratio nanoribbons as opposed to lamellar sheets.?”

While X-ray scattering supports the presence of nanoribbon geometries with
rectangular cross-sections, this technique is largely insensitive to disordered and highly
hydrated domains such as the head group domains of AA nanoribbons. Therefore, the
scattering information used to designate the nanoribbons as planar with rectangular
cross-sections arises primarily from the structured aramid domains. In reality, the head
group domains of the nanoribbon are likely to survey the space surrounding the
energetically disfavorable hydrophobic edge, shielding this region from solvent. The
ability of the head groups to shield the nanoribbon edge is determined by head group
size, hydration, and intermolecular electrostatic repulsion. Consequences of this effect
include that the nanoribbon cross-sections are not perfectly rectangular but are rather
distorted around the hydrophobic edge. Further, the nanoribbon width should be variable
and sensitive to head group chemistry, while the length and thickness are not. To test this
hypothesis, we synthesized AAs with neutral oligoethylene glycol head groups (Figure
2.14). OEG-AA is expected to exhibit minimal head group repulsion, leading to wider
nanoribbons. Upon self-assembly in water, OEG-AA nanoribbon thicknesses and lengths
are found to be comparable to nanoribbons of 1, 2, and 3. Consistent with our hypothesis,
we find their widths to be greater than those of 1, 2, and 3 nanoribbons, measured by
cryo-TEM to be 7.0 nm (Figure 2.14).

Figure 2.14 | Representative cryo-TEM image of the self-assembled nanostructure constructed of aramid amphiphiles
with a 15-mer oligo(ethylene glycol) head group, OEG-AA.
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Using the dimensions and spacings of compound 3 nanoribbons determined by X-
ray scattering, we calculate a surface area within the dried thread as 200 m?/g. At longer
length scales, SAXS peaks in the equatorial direction result from AA nanoribbons aligned
along the thread axis (Figure 2.13e), with 4.8 nm spacings between nanoribbons (Figure
2.13f). This spacing implies that most of the nanoribbon surfaces are accessible, even in
the solid-state. AA threads offer precise internal molecular structure, uniform interribbon
spacings, and tunable nanoribbon surface chemistries in a macroscopic 1-dimensional
material from small molecule amphiphilic self-assembly.”8 79, 118

We have presented a molecular self-assembly platform, the aramid amphiphile (AA).
Six hydrogen bonds fix each AA molecule within an extended network, which, when
combined with lateral m-1t stacking, gives rise to nanoribbons with 4 nm thicknesses, 5-6
nm widths, and lengths of up to 20 micrometers. These nanoribbons exhibit slow
molecular exchange dynamics, and tensile strengths and Young’s moduli on the order of
gigapascals. We apply a shear alignment technique to form macroscopic threads
composed of aligned nanoribbon bundles with uniform 4.8 nm interribbon spacings and
surface areas of 200 m2?/g. We propose choice of nanoribbon head group and counterion
chemistry as features that may be modified to optimize bulk mechanical properties.
Further, we demonstrate that these nanoribbon threads are flexible, can be handled, and
can support 200 times their weight, making them suitable for solid-state applications. The
aramid amphiphile platform overcomes dynamic instabilities common in supramolecular
small molecule assemblies and provides a route to nanostructured, solid-state molecular

materials.

Methods

Synthesis and materials

The syntheses used in this study involve (1) carbodiimide-mediated coupling
reactions to form amide linkages, (2) conventional deprotection reactions of tert-
butyloxycarbonyl (Boc) and (3) hydrolysis of ester functionalities to produce carboxylic

acid moieties. As the only exception, the zwitterionic head group of 2 is obtained by
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quaternization of a tertiary amine with a propanesultone. Both 'H and '3C nuclear
magnetic resonance (NMR; Bruker Avance I[ll DPX 400) and mass spectrometry (MS;
Bruker Omniflex) were used to confirm the chemical composition of intermediates and
products. The observed solubilities of 1 and 2 are up to 1.0mg/mL, and the solubility of 3
exceeds 20 mg/mL. Synthesis details on each of compounds 1, 2, 3, OEG-AA and the
FRET donor- and quencher-labelled AAs and their intermediates are provided in
respective sections below.

Methyl 4-aminobenzoate (Sigma Aldrich, 98%), 3,3-dimethylbutyric acid (Sigma
Aldrich, 98%), N,N-dimethyl-p-phenylenediamine (DPP, Sigma Aldrich, 97%), N-Boc-p-
phenylenediamine (BPP, Sigma Aldrich, 97%), 1,3-propanesultone (PPS, Sigma Aldrich,
99%), 1,4-bis-Boc-1,4,7-triazaheptane (BBT, Chem Impex, 100%), diethylenetriamine-
N,N,N" N'tetra-tert-butyl acetate-N*-acetic acid (DPTA, Combi Blocks, 95%),
methoxypolyethylene glycol amine (Sigma Aldrich), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, TCI Chemicals, 98%), 4-
dimethylaminopyridine (DMAP, TCI Chemicals, 99%), 1-hydroxybenzotriazole hydrate
(HOBt, TCI Chemicals, 97%), N,N-Diisopropylethylamine (DIPEA, Alfa Aesar, 99%),
lithium hydroxide (LiOH, Alfa Aesar, 98%), sodium bicarbonate (NaHCOs, Alfa Aesar,
99%), hydrochloric acid (HCI, Alfa Aesar, 36%), sodium sulfate (Na=SOa4, Fisher Scientific,
99%), and trifluoroacetic acid (TFA, Alfa Aesar, 99%) were used as received without

further purification.

Synthesis of the anionic aramid amphiphile and its intermediates
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Scheme 2.1 | Synthesis scheme to obtain anionic amphiphile.
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Methyl 4-(3,3-dimethylbutanamido)benzoate (12): A solution of methyl 4-
aminobenzoate (11.01 mmol), 3,3-dimethylbutyric acid (16.52 mmol), EDC (33.03 mmol),
and DMAP (33.03 mmol) in tetrahydrofuran (50 mL) was stirred at room temperature for
24 h. After the reaction, the solvent was removed in vacuum, and the residue was washed
with distilled water and extracted in chloroform. The organic layer was purified by column
chromatography with silica gel by using 1:1 ethyl acetate:hexane by volume (yield: 72%).
H NMR (400 MHz, DMSO-d): & = 7.89 (d, 2H), 7.75 (d, 2H), 3.82 (s, 3H), 2.23 (s, 2H),
1.03 (s, 9H) ppm.

4-(3,3-dimethylbutanamido)benzoic acid (11): 10 M LiOH (10 mL) was added to a
stirred solution of compound 12 (4.25 mmol) in ethanol (40 mL). The mixture was heated
to 60°C and refluxed for 3 h, and then neutralized with an aqueous HCI solution. The
precipitate was filtered off, and washed with water several times. The crude product was
purified by reprecipitation from chloroform and methanol and dried under vacuum (yield:
98%). 'H NMR (400 MHz, DMSO-d): & = 7.87 (d, 2H), 7.72 (d, 2H), 2.23 (s, 2H), 1.03 (s,
9H) ppm.

Methyl 4-(4-(3,3-dimethylbutanamido)benzamido)benzoate (10): EDC (6.37 mmol),
and DMAP (6.37 mmol) were added to a solution of compound 11 (2.13 mmol), and
methyl 4-aminobenzoate (6.37 mmol) in dimethylformamide (30 mL). The solution was
stirred for 24 h at 50 °C. After the reaction, the solvent was removed in vacuum, and the
remaining residue was precipitated in water. The crude mixture was collected with filter
flask. The filtered solid was washed with excess methanol and dried in vacuum (yield:
83%). 'TH NMR (400 MHz, DMSO-d): & = 7.95 (m, 6H), 7.77 (d, 2H), 3.84 (s, 3H), 2.24 (s,
2H), 1.04 (s, 9H) ppm.

4-(4-(3,3-dimethylbutanamido)benzamido)benzoic acid (9): 10M LiOH (10 mL) was
added to a stirred solution of compound 10 (2.55 mmol) in tetrahydrofuran (20 mL) and
ethanol (10 mL). The mixture was refluxed for 6 h and then neutralized with an aqueous
HCI solution. The precipitate was filtered off, washed with water, and dried under vacuum
to afford the product (yield: 98%). 'TH NMR (400 MHz, DMSO-d): & = 7.93 (m, 6H), 7.76
(d, 2H), 2.24 (s, 2H), 1.04 (s, 9H) ppm.
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tert-Butyl 4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenylcarb-
amate (8): Into dimethylformamide (20 mL), compound 9 (0.85 mmol), BPP (2.55 mmol),
EDC (2.55 mmol), and DMAP (2.55 mmol) were added. The well-dissolved solution was
stirred at room temperature for 24 h. After solvent evaporation, the crude mixture was
washed with water and methanol to give the desired white solid product (yield: 81%). 'H
NMR (400 MHz, DMSO-d): & = 7.96 (m, 6H), 7.77 (d, 2H), 7.64 (d, 2H), 7.41 (d, 2H), 2.25
(s, 2H), 1.46 (s, 9H), 1.05 (s, 9H) ppm.

N-(4-(amino)phenyl)-4-(4-(3,3-dimethylbutanamido)benzamido)benzamide (7): TFA
(500 pL) was added dropwise into the solution of compound 8 (0.55 mmol) in methylene
chloride (15 mL). After stirring the mixture for 6 h at room temperature, the volatiles were
distilled off and the remaining mixture was washed with saturated NaHCOs solution. The
solid precipitate was filtered and dried in vacuum (yield: 99%). '"H NMR (400 MHz, DMSO-
d): & = 7.95 (m, 6H), 7.75 (d, 2H), 7.48 (d, 2H), 6.72 (d, 2H), 2.25 (s, 2H), 1.05 (s, 9H)
ppm.

2,2',2",2"-((((2-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phen-
yl)amino)-2-ox-oethyl)azanediyl)bis(ethane-2,1-diyl))bis(azanetriyl))tetraacetate (1): A
solution of compound 7 (0.29 mmol), DPTA (058 mmol), EDC (1.17 mmol), and DMAP
(1.17 mmol) in dimethylformamide (20 mL) was stirred at 50 °C for 72 h. After the reaction,
the solvent was removed in vacuum. The remaining residue was purified by flash column
chromatography with silica gel by using 7:1 tetrahydrofuran : chloroform by volume as an
eluent. The isolated compound was then reacted with TFA (500 uL) in methylene chloride
(15 mL) for 48 h. The volatile fraction was removed under reduced pressure.
Tetrahydrofuran was added to suspend the product and the product was collected by
filtration (yield: 67%). '"H NMR (400 MHz, DMSO-d): 8 =7.97 (m, 6H), 7.75 (m, 4H), 7.61
(d, 2H), 4.06 (s, 2H), 3.51 (s, 8H), 3.21 (t, 4H), 3.01 (t, 4H), 2.25 (s, 2H), 1.05 (s, 9H) ppm.
3C NMR (400 MHz, DMSO0-d): 6 =173.2,170.9, 165.6, 165.1, 142.9, 135.7, 134.4, 128.9,
121.2, 119.8, 118.7, 55.1, 52.8, 50.1, 31.4, 30.1 ppm. MS (MALDI-ToF) m/z [M + HJ*
calculated: 820.34; [M + H]* found: 820.35.
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Synthesis of the zwitterionic aramid amphiphile and its intermediates
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Scheme 2.2 | Synthesis scheme to obtain zwitterionic aramid amphiphile.

N-(4-(dimethylamino)phenyl)-4-(4-(3,3-dimethylbutanamido)benzamido)benz-
amide (6): A solution of compound 9 (0.85 mmol), DPP (2.55 mmol), EDC (2.55 mmol),
and HOBt (2.55 mmol) in dimethylformamide (20 mL) was stirred at 50 °C for 24 h. After
the reaction, the solvent was distilled off and the remaining residue was precipitated with
water. The crude mixture was collected and washed with chloroform several times (yield:
78%). '"H NMR (400 MHz, DMSO-d): & = 7.95 (m, 6H), 7.77 (d, 2H), 7.57 (d, 2H), 6.73 (d,
2H), 2.88 (s, 6H), 2.25 (s, 2H), 1.05 (s, 9H) ppm.

3-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenyl)dimethylam-
monio)-propane-1-sulfonate (2): Compound 6 (1.85 mmol) was dissolved in
dimethylformamide (15 mL) and tetrahydrofuran (15 mL). PPS (5 mL) was slowly injected
using a syringe and the clear solution was stirred for 48 h in a sealed pressure tube at 70
°C. The volatile fraction was removed under reduced pressure and acetonitrile (50 mL)
was added. The resulting precipitate was filtered and dried in vacuum (yield: 85%). 'H
NMR (400 MHz, DMSO-d): & = 7.98 (m, 8H), 7.90 (d, 2H), 7.78 (d, 2H), 3.99 (m, 2H),
3.58 (s, 6H), 2.39 (t, 2H), 1.66 (m, 2H), 1.05 (s, 9H) ppm. 3C NMR (400 MHz, DMSO-0):
0=170.9, 165.8, 143.2, 140.9, 139.6, 129.1, 122.2,121.1, 119.8, 118.7, 68.1, 54.4, 50 .1,
47.9, 34.4, 30.1, 20.3 ppm. MS (MALDI-ToF) [M + H]* m/z calculated: 595.26; [M + H]*
found: 595.41.
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Synthesis of the cationic amphiphile and its intermediates
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Scheme 2.3 | Synthesis scheme to obtain the cationic aramid amphiphile.

Methyl 4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)benzoate (5): EDC
(4.23 mmol) and DMAP (4.23 mmol) were added to a solution of compound 9 (1.41 mmol)
and methyl 4-aminobenzoate (4.23 mmol) in dimethylformamide (20 mL). The solution
was stirred for 24 h at 50 °C. After the reaction, the solvent was removed in vacuum, and
the remaining residue was precipitated with water. The collected crude mixture was
further washed with methanol and dried in vacuum (yield: 75%). '"H NMR (400 MHz,
DMSO-d): 6 =7.97 (m, 8H), 7.78 (d, 2H), 3.85 (s, 3H), 2.25 (s, 2H), 1.05 (s, 9H) ppm.

4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)benzoic acid (4): 10M
LIOH (10 mL) was added to a stirred solution of compound 5 (1.05 mmol) in
tetrahydrofuran (20 mL), and ethanol (10 mL). The mixture was refluxed for 12 h and then
neutralized with an aqueous HCI solution to obtain a precipitate. The crude product was
purified by reprecipitation with chloroform and ethanol and dried under vacuum (yield:
93%). 'H NMR (400 MHz, DMSO-d): & = 7.94 (m, 8H), 7.78 (d, 2H), 2.25 (s, 2H), 1.05 (s,
9H) ppm.

1-(2-(4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)benzamido)ethyl)-
ethane-1,2-diaminium (3): A solution of compound 4 (0.42 mmol), BBT (1.27 mmol), EDC
(1.27 mmol), HOBt (1.27 mmol) and DIPEA (1.27 mmol) in dimethylformamide (20 mL)
and dichloromethane (20 mL) was stirred at room temperature for 24 h. After the reaction,
the solvent was removed in vacuum, and the remaining residue was washed with water

several times. The isolated compound was then reacted with TFA (4 mL) in methylene
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chloride (40 mL) for 24 h. The volatile fraction was evaporated under reduced pressure.
Diethyl ether was added to collect the product by filtration (yield: 85%). '"H NMR (400
MHz, DMSO-d): & = 7.98 (m, 10H), 7.76 (d, 2H), 3.58 (m, 2H), 3.39 (m, 2H), 3.13 (m, 4H),
2.25 (s, 2H), 1.04 (s, 9H) ppm. 3C NMR (400 MHz, DMSO-d): & = 171.1, 167.1, 165.7,
142.9, 129.1, 128.7, 128.4, 120.1, 119.4, 118.7, 50.1, 47.4, 44.6, 35.8, 31.4, 30.1 ppm.
MS (MALDI-ToF) [M + H]* m/z calculated: 559.30; [M + H]* found: 559.29.

Synthesis of compounds for Férster resonance energy transfer

Molecular exchange was measured by Foérster resonance energy transfer (FRET)
dark quenching when two nanoribbon populations, one containing a donor fluorophore
and the other containing a dark quencher, were introduced into the same suspension.
EDANS ((5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid)) was used as the donor
fluorophore and DABCYL (4-(dimethylaminoazo)benzene-4-carboxylic acid) was used as

the dark quencher.
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Scheme 2.4 | Synthesis scheme to obtain the EDANS-tagged amphiphile.

4-(4-(tert-Butoxycarbonyl)benzamido)benzoic acid (13): A solution of 4-(Boc-
amino)benzoic acid (4.21 mmol), methyl 4-aminobenzoate (8.42 mmol), EDC (8.42
mmol), and DMAP (8.42 mmol) in chloroform (100 mL) were stirred at room temperature
for 12 h. After the reaction, the solvent was evaporated under reduced pressure, and the

remaining residue was precipitated with water. The mixture was filtered, and the
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precipitate was washed with methylene chloride several times. The solid material was
dissolved in tetrahydrofuran (40 mL) and ethanol (20 mL). LiOH (21.1 mmol) in water (10
mL) was added to this solution, which was then refluxed at 70 °C for 3 h. The reaction
mixture was shifted to room temperature and acidified to pH 2 with the addition of 5M HCI
solution. The precipitate was collected by filtration and dried in vacuum (yield: 87%). 'H
NMR (400 MHz, DMSO-d): & = 7.93 (m, 6H), 7.66 (d, 2H), 1.49 (s, 9H) ppm.

4-(4-(4-(tert-Butoxycarbonyl)benzamido)benzamido)benzoic acid (14): A solution of
compound 13 (2.11 mmol), methyl 4-aminobenzoate (4.22 mmol), EDC (4.22 mmol), and
DMAP (4.22 mmol) were in dimethylformamide (30 mL) was stirred at room temperature
for 24 h. After the reaction, the solvent was distilled off, and the remaining residue was
washed with water and methanol. The solid material was dissolved in tetrahydrofuran (20
mL) and ethanol (10 mL). LiOH (10.5 mmol) in water (10 mL) was added to this solution,
which was then refluxed at 70 °C for 6 h. The reaction mixture was shifted to room
temperature and acidified to pH 2 with the addition of 5M HCI solution. The precipitate
was collected by filtration and dried in vacuum (yield: 82%). '"H NMR (400 MHz, DMSO-
d): & =7.95 (m, 10H), 7.67 (d, 2H), 1.49 (s, 9H) ppm.

EDANS-tagged amphiphile, 5-((2-(4-(4-(4-(3,3-dimethylbutanamido)benzamido-
)benzamido)benzamido)ethyl)amino)naphthalene-1-sulfonic acid (15): A solution of
compound 14 (0.21 mmol), EDC (0.25 mmol), and DMAP (0.25 mmol) in
dimethylformamide (10 mL) was stirred for 30 min. EDANS (0.25 mmol) was then added
into the solution and the solution was stirred for 24 h at room temperature. Water was
poured into the solution to yield a precipitate, which was obtained by filtration and washed
with chloroform (yield: 64%). '"H NMR (400 MHz, DMSO-q): & = 8.02 (m, 1H), 7.97 (m,
10H), 7.62 (d, 2H), 7.34 (m, 4H), 6.57 (d, 1H), 3.85 (m, 1H), 3.43 (m, 2H), 3.16 (m, 2H),
1.51 (s, 9H) ppm. MS (MALDI-ToF) [M + H]* m/z calculated: 723.23; [M + H]* found:
723.24.
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Scheme 2.5 | Synthesis scheme to obtain the DABCYL-tagged amphiphile.

tert-Butyl 4-((4-((4-aminophenyl)carbamoyl)phenyl)carbamoyl)phenylcarbamate
(16): A solution of compound 13 (0.56 mmol), 1,4-diaminobenzene (11.22 mmol), EDC
(0.67 mmol), and DMAP (0.67 mmol) in dimethylformamide (80 mL) was stirred at 25 °C
for 24 h. The volatile fraction was removed under reduced pressure and the remaining
residues were washed several times with methanol and filtered to obtain the product
(yield: 59%). '"H NMR (400 MHz, DMSO-q): & = 7.92 (m, 6H), 7.60 (d, 2H), 7.36 (d, 2H),
6.54 (d, 2H), 4.91 (s, 2H), 1.51 (s, 9H) ppm.

DABCYL-tagged amphiphile, (E)-4-((4-(dimethylamino)phenyl)diazenyl)-N-(4-(4-(4-
(8,3-dimethylbutanamido)benzamido)benzamido)phenyl)benzamide (17): A solution of
compound 16 (0.67 mmol), DABCYL (0.81 mmol), EDC (0.81 mmol), and DMAP (0.81
mmol) in dimethylformamide (10 mL) was stirred at 25 °C for 48 h. The solvent was then
evaporated under reduced pressure. The crude mixtures were purified with water and
chloroform and filtered to obtain the product (yield: 71%). 'TH NMR (400 MHz, DMSO-d):
& =7.94 (m, 12H), 7.62 (d, 4H), 7.45 (d, 2H), 6.66 (d, 2H), 3.10 (s, 6H), 1.51 (s, 9H) ppm.
MS (MALDI-ToF) [M + Na]* m/z calculated: 720.29; [M + Na]* found: 720.30.
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Synthesis of the oligo(ethylene glycol) amphiphile
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Scheme 2.6 | Synthesis scheme to obtain the oligo(ethylene glycol) amphiphile.

N-(4-((2,5,8,11,14,17,20,23,26,29,32,35,38,41,44,47-hexadecaoxanonatetracon-
tan-49-yl)carbamoyl)phenyl)-4-(4-(3,3-dimethylbutanamido)benzamido)benzamide
(OEG-AA): A solution of compound 4 (0.1 mmol), methoxypolyethylene glycol amine (Mw
=750 g/mol, 0.2 mmol), EDC (0.2 mmol), and HOBt (0.2 mmol) in dimethylformamide (10
mL) was stirred at rt for 24 h. The solvent was then evaporated under reduced pressure
and the remaining residue was dissolved in dichloromethane. The solution was washed
by ice water twice via solvent extraction and the organic fraction in dichloromethane was
retained. The final product in dichloromethane was obtained by removing the solvent
under reduced pressure and lyophilizing the remaining semi-solid (yield: 62%). '"H NMR
(400 MHz, DMSO-d): & = 7.97 (m, 6H), 7.84 (m, 2H), 7.76 (d, 2H), 7.49 (d, 2H), 3.51 (s,
70H), 2.25 (m, 2H), 1.05 (s, 9H) ppm. Major peak: MS (MALDI-ToF) [M + Na]* m/z
calculated forn =15is 1213.64; [M + Na]* Found: 1213.61. Minor peak: MS (MALDI-ToF)
[M + NaJ* m/z calculated for n = 13 is 1125.58; [M + Na]* Found: 1125.56. Minor peak:
MS (MALDI-ToF) [M + Na]* m/z calculated for n = 14 is 1169.61; [M + Na]* Found:
1169.59. Minor peak: MS (MALDI-ToF) [M + Na]* m/z calculated for n = 16 is 1257.66;
[M + Na]* Found: 1257.64. Minor peak: MS (MALDI-ToF) [M + Na]* m/z calculated for n
=17is 1301.69; [M + Na]* Found: 1301.67
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Shear alignment to form macroscopic AA threads

A 2.0wt% aqueous solution of 3 was bath sonicated for 24 h, rested for 12h,
annealed in a heating block at 80 °C for 10 h and then slowly cooled to room temperature.
This solution was extruded into a bath of 40mM sodium sulfate (Na2SO4) or 40 mM
disodium methanedisulfonate (Na2CH2S20s) to produce one-dimensional gels, which
were pulled out of the solution and dried under ambient conditions to form the final

macroscopic AA threads.

Infrared spectroscopy

ATR-FTIR spectra of aqueous samples of compound 3 dissolved at a 20mg/mL
concentration in deuterated water (D20) were acquired using an ATR-FTIR spectroscope
(Bruker ALPHA 11) at room temperature with a diamond crystal. Three different solvent
ratios were used (D2O/DMSO =50:50, 75:25 and 100:0), and spectra were captured upon
mixing sample into the solvent as well as with 10 min, 1 h and 24 h of bath sonication after
mixing. Solvent background with the same sonication time was subtracted from each
spectra, and the spectra were normalized to the amide | stretching peak at 1,672 cm-'.
D20 was selected in place of water to provide less interference in the infrared region of
interest.

Powder FTIR spectra were acquired on a Thermo Fisher Scientific Nicolet 6700.
Potassium bromide pellets were prepared by mixing 0.1 mg of lyophilized sample with
0.5g of KBr (Fisher Scientific, FTIR grade). The ambient background of carbon-dioxide-

free air was subtracted from each spectra.

Transmission electron microscopy

TEM images were captured on an FEI Tecnai G2 Spirit TWIN microscope at an
accelerating voltage of 120kV. Grids were prepared by depositing 10 ul of a 1 mg/mL
amphiphile solution onto a continuous carbon grid (Electron Microscopy Sciences, 200
mesh, copper) for 20s, blotting to remove the solution, depositing 10l of a 0.1%
phosphotungstic acid solution onto the grid (Electron Microscopy Sciences) and blotting

to remove the stain.
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X-ray scattering

SAXS samples were prepared by dissolving lyophilized powders of 1, 2 and 3 in
deionized water above the solubility limit. To avoid artefacts associated with
nanostructure aggregation, each sample was centrifuged at 3,000 r.p.m. and its
supernatant was loaded into 2-mm-diameter quartz capillary tubes (Hampton Research).
Variable temperature SAXS profiles were performed on compounds 1 and 2 in water at
1 mg/mL, and on 3 at 20 mg/mL.

Solution SAXS measurements and WAXS measurements on nanoribbon threads
were performed at Beamline 12-1D-B of the Advanced Photon Source at Argonne National
Laboratory with an X-ray radiation energy of 13.3keV. DECTRIS PILATUS 300K and
PILATUS 2M detectors were used for SAXS and WAXS, respectively. The two-
dimensional X-ray scattering patterns were background subtracted to remove the water
and capillary background, and processed using beamline software for reduction to one-
dimensional data curves. The higher resolution of the compound 3 SAXS profile relative
to those of compounds 1 and 2 is due to the notably higher solubility of compound 3.

SAXS profiles of AA nanoribbons best fit to a core-shell lamellar model, which
describes a lyotropic lamellar phase with head and tail group domains of different
scattering length densities (SLDs).% 91 Estimates for the SLDs of the hydrated hydrophilic
head group domain (9.40 x 106 A'Z) and the aramid-containing hydrophobic domain
(11.13 x 10 A?) were calculated based on the molecular formulae and input into
SasView software. The solvent SLD (water) is 9.44 x 106 A2. The model was adjusted
to the appropriate scale and background, and fit for thickness of the two domains. The
following models were also attempted for fitting: lamellar, cylinder, flexible cylinder, core-
shell cylinder*, parallelepiped, and core-shell parallelepiped*. Fits marked with an asterisk
(*) allow for differing SLDs between the head and tail group domains. Despite a careful
consideration of input parameters, each of these models, other than the lamellar model,
fit to non-physical geometries based on Cryo-TEM images of the AA nanoribbons. In
addition to the geometry of the amphiphilic nanostructures, the SAXS line shape can be
affected by nanostructure aggregation, concentration, orientation/alignment, and

dispersity, and instrument resolution. However, we still find this fitting useful as an
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indication of nanostructure geometry, complementary to other characterization
techniques. From this fitting, the hydrophobic core was found to be 2.8 + 0.1 nm and the
combined hydrophilic head group thickness was found to be 1.1 + 0.4 nm, for a total
bilayer thickness of 3.9 + 0.5 nm. The higher error in the hydrophilic region is likely due
to its similar SLD as the solvent. The lamellar fits shown in Figure 2.3 support that the
nanoribbons adopt a rectangular cross-section as schematically illustrated in Figure 2.1,
surrounded by a flexible, hydrated head group domain.

SAXS of all aramid amphiphile assemblies was also captured at 80 °C to probe the
thermal stability of the nanostructure (Figure 2.6). Capillaries were heated from room
temperature to 80 °C at 10 °C/min in a Linkam TMS600 heating stage and synchrotron
SAXS profiles were captured at 0 min., 5 min., and 10 min. after reaching 80 °C. All
profiles are background subtracted using a water-filled capillary which underwent the
same heating. The lower signal-to-noise observed in SAXS of compounds 1 and 2,
compared to compound 3, is due to their limited solubility.

WAXS and SAXS measurements on dried macroscopic AA threads were performed
in vacuum on a SAXSLAB instrument using a Rigaku 002 microfocus X-ray source (CuKa
radiation, 1.5418 A) and a DECTRIS PILATUS 300K detector. WAXS and SAXS profiles

were measured at a sample-to-detector distance of 109 mm and 459 mm, respectively.

Cryogenic transmission electron microscopy

Cryo-TEM grids were prepared with an FEI Vitrobot Mark IV. Holey carbon grids
(Ted Pella, 300 mesh, copper) were glow-discharged, before a 3.0 pl drop of a 2.0 mg/mL
amphiphile solution was pipetted onto the grids in a chamber with 100% humidity. The
grids were blotted for 4s and then plunged into liquid C2He followed by transferring to
liquid N2. Images were captured in an FEI Tecnai Arctica microscope at an accelerating

voltage of 200kV. The defocus in data collection ranged from —-1.5 to -3.5 um.
Observation of nanoribbon length by atomic force microscopy
Compound 3 solution (2.0wt%) was prepared for AFM by following the sonication

and heat treatment for making nanoribbon thread solutions prior to their shear alignment:
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bath sonication for 24 h, resting for 12h, annealing in a heating block at 80 °C for 10 h and
then slow cooling to room temperature. The solution was then diluted to 0.01 wt% and a
100 ul droplet of this diluted solution was deposited onto a cleaned mica substrate and
analysed by AFM. The mica substrate was prepared through plane cleavage and cleaning
with deionized H20. After 3 h of incubating the amphiphile solution on the clean mica, the
solution was removed and then used directly for AFM imaging. Nanoribbons were imaged
in tapping mode in air using a Cypher (Asylum Research, Oxford Instruments) atomic
force microscope. We used AC160TS-R3 cantilevers from Olympus (nominal spring
constant 26 Nm~"' and resonance frequency of 300kHz in air). AFM images were

recorded at 512 pixels x 512 pixels at a scanning speed of 0.65 Hz.

Scanning electron microscopy

SEM images were recorded on a Zeiss MERLIN field emission microscope operating
at a 1-3kV accelerating voltage to resolve the higher-order structure of the dried AA
nanoribbon threads. A secondary electron detector set to 120-200pA was used for

imaging. Samples were coated with 10nm Au by sputtering on a MS Q150T ES coater.

Forster resonance energy transfer

A fluorescent donor (EDANS) and quencher (DABCYL) were each covalently
tethered to the head group region of an AA (Figure 2.15). AAs were prepared at
concentrations of 0.1 to 0.5 mM in water and co-assembled with 5mol% donor- or
quencher-tagged analogues. Fluorescence intensities were measured on a Varian Cary
Eclipse spectrophotometer operating at an excitation wavelength of 334nm with
excitation and emission slits set at 5nm. A fluorimeter scan rate of 600 nm/min was used,
and the photomultiplier tube detector voltage was 600 V.

EDANS and DABCYL serve as a typical Forster resonance energy transfer (FRET)
pair with a Forster radius of 3.3 nm.'" When the donor and quencher approach the
Forster radius, energy transfer from the donor to the quencher results in a reduction of
fluorescence intensity through vibrational relaxation pathways. Therefore, decreases in

fluorescence intensity correlate to molecular exchange between adjacent nanoribbons.
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As a control, completely mixed co-assemblies of amphiphiles labeled with both a donor
fluorophore and dark quencher show a 76% reduction in fluorescence intensity relative to

assemblies labeled solely with the fluorophore (Figure 2.16).
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Figure 2.16 | The fluorescence intensity of nanoribbons labeled with the FRET donor
EDANS is quenched by 76% when co-assembled with FRET quencher DABCYL.

Stiffness determination by topographical analysis of nanoribbon contours
Compound 3 nanoribbons were imaged in tapping mode in water using a Bruker/JPK

Nanowizard 4 atomic force microscope using BL-AC40-TS cantilevers from Olympus
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(nominal spring constant 0.1 N/m and resonance frequency of ~25kHz in water). AFM
images were recorded at 512 pixels x 512 pixels at a scanning speed of 10 Hz.

Compound 3 was chosen for analysis by atomic force microscopy (AFM) because
of its high solubility and favorable surface interaction with AFM substrates. DI water was
added to a lyophilized sample of 3 to reach 30 mg/mL. A sonicator bath was used to
accelerate self-assembly. After 24 h at room temperature, the suspension was diluted to
0.03 mg/mL and deposited on a clean glass surface. The glass substrate was prepared
through cleanings with DI H20 and ethanol, drying with stream of N2 (g), and activation
by UV/ozone treatment. After 5 min of incubating the nanoribbon suspension on the clean
glass, the surface was rinsed with DI water and used directly for AFM imaging.

AFM images (Figure 2.17) were used to determine the persistence length and
Young’s modulus of the ribbons. Fluctuations of ribbon shape are statistically processed
using the Easyworm software tool,'%> which traces parametric splines to the contours of
many ribbons of the same sample (in this experiment, n = 29 ribbons). Parametric splines
store the x — y coordinates of all the knots along the ribbons. Each combination of two
knots gives a secant length L, and the midpoint of this secant deviates from the ribbon
contour by a distance §. The persistence length P is then obtained by least-square fitting
the data to the worm-like chain model for semi-flexible polymers, < §2 > = L3/(48 x P),
for ribbons equilibrating in 2-D. The persistence length reflects how much a ribbon bends
as a result of thermal fluctuations. A higher persistence length of a ribbon corresponds to
a lesser change in orientation over a given distance along its contour. The flexural rigidity
F is the result of scaling the persistence length to the thermal energy according to F =
P X kgT. Finally, the Young’s (elastic) modulus E is obtained using E = F/I , where [ is
the area moment of inertia, which reflects the resistance to bending of a cross-section.
For the circular cross-section observed in AFM measurements, the moment of inertia, I =
7 - d*/64, where d is the ribbon diameter. Heights of each nanoribbon were estimated by
analysis of nanoribbon cross-sections observed in the AFM images. The AFM height
measurements are consistent with cryo-TEM and SAXS measurements, and therefore

we use d = 3.7 + 0.5 nm to calculate I.
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Figure 2.17 | Contour traces of AFM images of AA nanoribbons, a representative set of which are shown here, were

used for determining nanoribbon stiffness by statistical topographical analysis. Image dimensions are 1 ym x 1 ym.

Yield strength determination by sonication-induced scission

A Qsonica Q500 sonicator with a 2-mm-diameter microtip was used to sonicate
10mL of a 0.5mg/mL aqueous solution of compound 3 nanoribbons. A vibrational
frequency of 20 kHz and amplitude of 25% were used during the experiment, which lasted
for 2h of ‘sonication on’ time with a 5-seconds-on/3-seconds-off pulse. Sonicating power
was held at 30 W/cm? to ensure cavitation. The solution was held in an ice bath for the
duration of the experiment to prevent solvent evaporation and tip breakage during

sonication. Images of fragments after sonication were captured by TEM and AFM.

We measure the yield (tensile) strength ¢* by using a sonication-induced fibril
scission technique, as detailed in our previous work.'% In short, sonication creates
collapsing cavitation bubbles, causing fluid velocity fields to trap fibrils and exert shear
forces on them. This leads to fibril extension in opposite directions and mechanically-
induced rupture at the site of highest stress. The model developed by Huang et al. implies
that the forces exerted on the fibril decrease dramatically with the fibril length.%¢ Hence
there is a threshold length L;;,, below which a fibril of a given cross-section will not break
anymore. We plot the length of hundreds of fibril fragments as a function of their cross-

sectional size (Figure 2.17), and derive o from the relationship:106
Lyim = OIC\/E (1)
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where a = 7.107* is a prefactor that depends on the experimental conditions, and C
reflects the cross-sectional size of the fibril fragments. For a rectangular cross-section
fibril with long edge w (i.e. TEM width), and short edge h (i.e. AFM height), it is given
by:110

_1/2
¢ = [# [an(y +72+ 1)+ + y 2+ 1)]] @)

where y =w/h is the aspect ratio. After prolonged sonication time, fibril length

distribution reaches a plateau and the size of fragments that belong to a sample fall in a
“terminal range” defined by [L”m/z,Lhm]. However, we expect an even broader

distribution of fragment lengths L, because both the cross-sectional area and intrinsic
strength can vary. This broadening of the terminal range is considered by determining the
lines of best fit from the extremities of the distribution.1® We represent the extremities by
the 5-10 data points corresponding to the smallest and longest aspect ratios L/C (see
the black dots in Figure 2.18), discarding obvious outliers. The lowest slope s reflects the
low boundary of the shortest terminal range (i.e. the smallest aspect ratio), and the highest
slope S exposes the high boundary of the longest terminal range (i.e. the longest aspect
ratio). The shortest and longest terminal ranges are thus defined by intervals [s, 2s] and
[S/2,S], respectively. L;,, is the averaged top of any terminal range given by:

Llim_25+5+25—5
c 2 ~— 2

(3)

Combining the results of Eq. 2 with Eq. 1 we obtain the tensile strength o. This
method is particularly solid to reveal at least the position of the lower edge of the terminal
distribution, which corresponds to the lowest possible strength of the fibril sample. Using
the absolute error + (2s— S)/2 provides a simple way to account both for any experimental
source of error and for the strength variability within a given sample. In this study all fibril
fragments have a similar cross-sectional area, with w = 6.0 + 1.3 nm and h = 3.1 £0.5

nm. Consequently, most fragment lengths are distributed in one single terminal range
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[Llim

) ,Llim], as displayed in the histogram of the fragment length distribution (see Figure

2.17). In order not to overestimate the strength, we use a cut-off value to discard all fibril
fragments with L > 134 nm. These fragments most likely escaped sonication-induced
breakage because the initial fibril concentration was relatively high (~0.5 mg/mL); as a

result, their lengths did not end up into the terminal range. To calculate the cut-off, we

assume the most prominent peak of the distribution to correspond to L“m/z and fit a

Gaussian to that peak, which gives L“m/z =55+ 12 nm for TEM. We then estimate L;;,
=110 + 24 for TEM and use it to derive the cut-off.

80 | N
0 Lo = 55 +/- 12 nm | 30 - A
| -
n 1 Z 204
= o :
wh=m lh..
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EM length (nm) AFM length (nm)

Figure 2.17 | The distribution of fragment lengths after sonication-induced scission of nanoribbons of 3 as measured
by a, TEM and b, AFM.

Here the fragment lengths were independently estimated in both TEM and AFM
measurements. Both techniques give similar results, also translating in similar strength
values. For the determination of the cross-sectional parameter C, we used the AFM-
determined mean height of the fibril fragments h = 1.96 + 0.55 nm in the analysis of the
TEM data (Figure 2.18a), and we used the TEM-determined mean width of the fibril
fragments w = 6.0 + 1.3 nm in the analysis of the AFM data (Figure 2.18b). Note that the
mean AFM height of the fibril fragments is lower than that of non-sonicated fibrils, possibly
because non-sonicated fibrils are higher-order assemblies and sonication leads to partial
disassembly of the several protofilaments that form a “mature” fibril. The highest and

lowest lines in this plot identify Lim and the smallest fragments produced by sonication,
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respectively, and the yellow region considers a broadening of these bounds due to

variations in cross-sectional area and intrinsic strength.

140 / 140 - /
¢ i
120 120 4 .
f“ //
—_ J — of )
£ 100+ ; € 100 4
= /’ = /}
? z ’
% % K
E 80 5 80 K
b= A = % /,
(0] - N 1) Q© ’
A- s J,
E e & N E 604 , 2,
o ) o (2 )
I 9D/ ° I o L/ %
& ’ "b\ Q e
404 S i $ 40
; /! Ko
204 /- Strength 204/ .7 Strength
4 $=1.87£1.00 GPa y \er $=1.96 £0.99 GPa
S
0 I T | I I 0 | I T I T I
0 1 3 4 5 6 0 1 2 3 = 5 6 7
C (nm) C (nm)

Figure 2.181 Yield strength analysis of nanoribbons of 3 from sonication-induced scission identifies strengths of a, 1.87
+ 1.00 GPa based on TEM and b, 1.96 + 0.99 GPa based on AFM analysis of the nanoribbon fragments, showing a

close convergence between the two techniques.

Polarized light microscopy

The liquid crystalline state of gelled AA nanoribbons was observed using an
Olympus BH-2 microscope equipped for polarized light imaging. Gelled nanoribbons were
analysed immediately after extrusion onto a cleaned glass microscope slide while still

wet. Images were captured with a Pixelink PL-E535CU camera.

Tensile testing of macroscopic AA threads
Macroscopic mechanical properties of compound 3 AA threads were characterized
using a uniaxial bench-top tester (CellScale UStretch) equipped with a 0.5 N load cell.

Threads were prepared following the shear alignment procedure described previously,
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then fixed with epoxy glue on two tailored cardboard supports gripped to the standard
spring-loaded clamps of the testing machine. The glue was allowed to set for 24 h.
Threads with counterions of either sulfate (n = 6) or methanedisulfonate (n = 6) were
tested at a constant stretch velocity of 25 um/s. Each thread was imaged with an optical
microscope to determine its mean diameter from multiple cross-sections, which varied
between 55 um and 80 um for all threads.

Raw data from the UStretch software was exported and analysed separetly in
MATLAB. Force measurements were converted to stress using the initial cross-sectional
area. Displacement of the moving end (uL) was converted into engineering strain using
the initial length of each thread (Lo) as ui/Lo. The Young’s modulus was extracted by fitting
each experiment to a linear elastic constitutive equation using a nonlinear least-squares
algorithm. The extensibility (maximum strain at failure) was extracted directly from the
stress—strain curves at the maximum stress before breakage. Values are reported as

average + one standard deviation.
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Chapter 3

Morphological transitions of a photoswitchable

aramid amphiphile nanostructure

This chapter was adapted from the publication “Morphological transitions of a photoswitchable aramid

amphiphile nanostructure,” originally published in Nano Letters.119

Abstract: Self-assembly of small amphiphilic molecules in water can lead to
nanostructures of varying geometries with pristine internal molecular organization. Here
we introduce a photoswitchable aramid amphiphile (AA), designed to exhibit extensive
hydrogen bonding and robust mechanical properties upon self-assembly, while
containing a vinylnitrile group for photoinduced cis—trans isomerization. We demonstrate
spontaneous self-assembly of the vinylnitrile-containing AA in water to form nanoribbons.
Upon UV irradiation, trans-to-cis isomerizations occur concomitantly with a morphological
transition from nanoribbons to nanotubes. The nanotube structure persists in water for
over six months, stabilized by strong and collective intermolecular interactions. We
demonstrate that the nanoribbon-to-nanotube transition is reversible upon heating and
that switching between states can be achieved repeatedly. Finally, we use electron
microscopy to capture the transition and propose mechanisms for nanoribbon-to-
nanotube rearrangement and vice versa. The stabilty and switchability of

photoresponsive AA nanostructures make them viable for a range of future applications.
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Introduction

Molecular self-assembly of amphiphilic small molecules in water provides a route to
nanostructures with high surface areas and versatile surface chemistries.? 68120 The
dimensions of self-assembled nanostructures are determined by the lengths of their
constituent molecules; in turn, amphiphilic molecules assemble to form nanostructures
with dimensions on the order of 10 nm along at least one axis, and high surface areas.®
52,121 Further, these architectures readily allow for the inclusion of functional molecules
by co-assembly, facilitating reactions or recognition events at their surfaces.??124
Amphiphilic self-assembly is governed by noncovalent interactions and therefore leads to
dynamic and path-dependent morphologies.48 125126 Such materials have shown great
promise as biomaterials, where fast conformational dynamics are an important feature,?*
53,127,128 gnd also in the area of systems chemistry, which exploits collective behaviors of
ensembles of molecules governed by their dynamic nature.3!

Imparting photoswitching capabilities within self-assembled small molecule
nanostructures is an im-portant target for introducing new functions. Phototriggers have
been combined with amphiphilic self-assembly for a variety of purposes: to liberate
surface-bound cell signaling moieties from bioactive nanofiber matrices,'?® to modulate
bilayer membrane fluidity, 30 to disrupt the balance of cis-trans equilibria by selectively
arresting one isomer into an assembled structure,'' to modulate mechanical properties
for photolithography and adhesion/lubrication applications,'®> and for photoinitiated
synthesis of amphiphiles in water.'3 However, photoisomerization in these systems has
generally so far only led to relatively short-lived metastable states, with half-lives ranging
from seconds to days.'3* We hypothesize that achieving a morphological transition whose
reverse reaction also requires input energy may be accomplished by tuning the
intermolecular interac-tion strengths within the metastable nanostructure.

Though less frequently used, the isomerized products of stilbene-derived
chromophores are more stable in contrast to those from conventional azobenzene dyes
and can be used to enhance the half-life of a metastable nanostructure.35-138 Vinylnitrile-

based groups — a class of stilbene-derived chromophores — incorporated in a molecular
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structure can be isomerized by irradiation from the trans to cis state, and spontaneously
reverts slowly (on the order of minutes to days) at room temperature.34 139, 140 Thys,
programming the design of photoresponsive small molecules can allow us to tune
molecular self-assembled nanoarchitectures with desirable dimensions and time-stable
morphologies.

Here, we investigate the phototriggered isomerization reaction of amphiphiles after
self-assembly into strongly cohesive nanoribbons in water. The chemical structure of the
small molecule constituents is designed to exhibit (1) strong and extensive intermolecular
interactions and (2) a photoactive moiety known for a dramatic geometric transition upon
a 365 nm UV (UVA) light irradiation. This approach is hypothesized to induce molecular
isomerization for reversible morphological transitions, with structural stability in both the
trans and cis morphological states.

A strong and extensive network of intermolecular interactions within the
nanostructure is achieved by employing aramid amphiphile (AA) molecules. AAs have
previously been show to assemble spontaneously in water to form nanoribbons with
thicknesses and widths under 10 nanometers, and lengths greater than tens of microns.>?
Within AA nanoribbons, each molecule is fixed in place by six in-register hydrogen bonds
propagating down the length of the nanoribbon, and -1t stacking across its width. This
network of strong interactions suppresses molecular exchange and migration within

assemblies and produces nanoribbons with robust mechanical properties, rivaling silk.5?

Results and Discussion

AAs are composed of a hydrophilic head group, an aramid structural domain, and a
hydrophobic tail (Figure 3.1a). Here, we design a photoswitchable analogue to the
conventional AA molecule which incorporates a vinylnitrile group into the center of the
aramid structural domain (Figure 3.1b). This molecule is designed to similarly form
nanoribbons in water but further exhibit a morphological transition upon UVA irradiation.

The effect of isomerization of adjacent vinylnitrile groups and the strong intermolecular
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Figure 3.1 | Aramid amphiphiles (AAs) self-assemble in water to form nanoribbons. Their stabilities are bolstered by
strong intermolecular hydrogen bonding between adjacent aramid structural domains. a, Conventional AAs self-
assemble in water to form planar nanoribbons with no stimuli-responsive behavior. b, Photoresponsive AAs, designed
analogously to conventional AAs but with a vinylnitrile moiety in the center of the aramid domain, are designed to

assemble into nanoribbons in water with triggerable morphological transitions.

interactions within the nanostructure are hypothesized to dramatically increase the
lifetime of the isomerized product. Compound 1 (Figure 3.2a) is selected as a control for
this experiment for its similar chemical structure and equivalent number of hydrogen
bonds as compound 2 (Figure 3.2d).

Compound 1 is a conventional AA whose significant internal cohesion results in
nanoribbons with suppressed exchange dynamics.48 51 In water, 1 spontaneously self-
assembles into high-aspect-ratio nanoribbons (Figure 3.2b). Small angle X-ray scattering
(SAXS) at a 30 mg/mL concentration and its fitting (Figure 3.2c) is used to extract that
nanoribbons of 1 exhibit 3.9 nm by 5.8 nm cross-sections.®!

Compound 2 is obtained following similar reactions as previously reported. In short,
the molecule is built up with alternating carbodiimide-mediated amidation coupling
reactions and standard deprotection reactions, and uses the Knoevenagel reaction to
obtain the target compound. Detailed synthetic methods are described in the Methods

section. The chemical structures and purities are confirmed by 'H and '3C nuclear

63



Intensity (a.u.)

001 0.1 1
q (A"

20%

40%

60%

80%

|
i1 |
Il A0 100% DMs0-0

82 78 74 70
Chemical Shift (ppm)

P=31+08um
E=24+10GPa .-/

05 Hm 0 100 200 300 400 500
Secant length (nm)

Figure 3.2 | Both conventional and photoswitchable AAs form nanoribbons in water. a - b, Compound 1 is a
conventional AA with a cationic head group (purple), aramid structural domain (blue), and short aliphatic tail (black)
that spontaneosuly forms nanoribbons with 5.8 nm widths upon assembly in water. ¢, Compound 1 nanoribbons are
determined to have 3.9 nm thicknesses based on lamellar fitting (red line) to SAXS. d, Compound 2 incorporates a
photoswitchable vinylnitrile moiety (pink) into the aramid amphiphile design. e, Compound 2 forms nanoribbons
mimicking those of compound 1 upon spontaneous assembly in water. f, The assembly of compound 2 is observed by
'H NMR of the aromatic molecular region as the ratio of D20 to DMSO-d increases. Assembly of the amphiphiles in
D20 results in an upfield proton shift from magnetic shielding and peak broadening from slowing conformational
dynamics. g, Contours of compound 2 nanoribbons (n = 96) are traced from AFM profiles for statistical topographical
analysis. h, Midpoint deviations (8) from the contour traces of compound 2 nanoribbons are used to derive a Young’s
modulus of E = 2.4 + 1.0 GPa from calculating a persistence length, P=3.1 +0.8 um, by least-squares fitting of a worm-
like chain model for semi-flexible polymers (red line) to the data. This stiffness value closely matches that of

conventional AAs.51
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magnetic resonance (NMR), matrix assisted laser desorption and ionization time-of-flight

(MALDI-ToF) mass spectrometry, and elemental analysis.

We first seek to understand the self-assembly behavior of compound 2 in water. As
previously observed for compound 1, compound 2 spontaneously forms high-aspect-ratio
nanoribbons with lengths on the order of microns upon assembly in water (Figure 3.2e).
Hydrogen bonding between amides in the aramid structural domain is likely the main
driving force in forming the elongated nanoribbon structure. r-ri stacking assists in holding
the hydrogen bonding sheets laterally, and the local dipole moments of the cyanide can

further help to induce side-to-side intermolecular coupling.

Molecular interaction resulting from the self-assembly of 2 in water can be
investigated via solvent variation (Figure 3.2f). Compound 2 is highly soluble in
deuterated dimethylsulfoxide (DMSO-d), resulting in a monomeric state. This is observed
in the 'TH NMR spectra of 2 by well-resolved, sharp peaks, shown for aromatic rings in the
structural domain. These proton peaks widen and shift upfield when deuterated water
(D20) is titrated into the solution. The gradual broadening of these peaks is concomitant
with the formation of strong intermolecular interactions and the slowing of conformational
dynamics upon self-assembly of 2 in water. The upfield shift of protons results from the
tightening of intermolecular distances with assembly that induces a magnetic shielding
effect. No nanoribbons or other nanostructures are observed by TEM when 1 or 2 are
dissolved in 100% DMSO-d.

Compound 1 nanoribbons were previously shown to exhibit a Young’s moduli of E =
1.7 £ 0.7 GPa.>" Here, we employ a statistical topographical analysis of nanoribbon
contours to determine if incorporating the photoswitchable vinylnitrile moiety impacts the
nanoribbons’ mechanical properties. This technique overcomes the lower size bound
limitations of direct mechanical measurements, enabling stiffness measurements on
nanofilaments with diameters below 10 nm.1%4. 197 The contours of n = 96 compound 2
nanoribbons in water were captured by atomic force microscopy (Figure 3.2g). Parametric
splines were extracted from each contour and used to obtain a nanoribbon persistence
length of P = 3.1 + 0.8 um, from which a Young’s modulus of E = 2.4 + 1.0 GPa is

calculated (Figure 3.2h).104. 105 This stiffness closely matches the previously reported
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stiffness for compound 1 nanoribbons,' likely resulting from similar intermolecular
interaction strengths and hydrogen bond densities between the amphiphiles.

Molecular scale isomerizations of photoresponsive aromatic molecules result in
changes in absorbance that can be detected by UV-Vis absorption spectroscopy. As
expected, we observe no change in absorbance of aqueous solutions of 1 upon 1 h of
irradiation with UVA light (0.1 mg/mL, 1500 mW/cm?, Figure 3.3). In contrast, a 0.1 mg/mL
solution of compound 2 dissolved in DMSO shows a dramatic reduction in peak intensity
at Amax = 350 nm under the same conditions (Figure 3.4). This spectral change indicates
that the vinylnitrile cis isomer is increased during irradiation with a corresponding

decrease in the amount of trans isomer (isomer nomenclature discussion in Methods).

(1) Before Irradiation
(1) After Irradiation

Absorbance (a.u.)

300 400 500
Wavelength (nm)

Figure 3.3 | A suspension of compound 1 nanoribbons shows no change in UV-Vis absorbance after
irradiation for 1 h with UVA light.
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Figure 3.4 | a, UV-Vis spectra of compound 2 dissolved in DMSO with over 50 min of irradiation with UVA light
irradiation. The initial state is the green line, and the final state is the blue line. b, Time-dependent absorbance changes

are used to calculate a photoisomerization rate constant of K= 1.10 x 10-'/min of compound 2 in DMSO.

Compound 2 assembled in water (0.1 mg/mL) also shows a spectral change after 1
h of irradiation with UVA light similar to that observed in DMSO (Figure 3.5a). The
photochemical reaction rate of 2 in water (K = 5.44 x 102/min, Figure 3.5b) is slightly
suppressed compared to its rate in DMSO (K= 1.10 x 10-/min). In addition, the reduction
in peak absorbance intensity corresponding to the photoisomerization is decreased from
80% in DMSO to 67% in water. Changes in the state of soft matter driven by
photochemical reactions are sensitive to their local environments, including polarity,
viscosity, and light polarization, as well as the strength of intermolecular interactions when
photochromic molecules are dissolved or dispersed in solvent.’' Thus, we infer that the
significant change in the molecules’ local environments afforded by self-assembly

impacts their measured photoisomerization kinetics.
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Figure 3.5 | Nanoribbons from compound 2 in water show triggerable isomerization upon UVA irradiation. a, Compound
2 exhibits a 67% drop in peak absorbance after 1 h min of irradiation. The initial state is shown in green, and the
photostationary state is shown in blue. b, Time-dependent absorbance changes upon UVA irradiation of compound 2
is used to create a first-order plot of the trans to cis isomerization and extract a photoisomerization rate constant of K
=5.44 x 102/min.

We verify that nanostructures persist in water after photoisomerization by observing
the Tyndall effect in solution. Compound 2 dissolved in DMSO before and after UVA
exposure does not exhibit Tyndall scattering (i.e. light scattering upon red laser
illumination indicative of the presence of nanostructures), and correspondingly no
nanostructures are observed by AFM (Figure 3.6). Conversely, 2 in water displays
significant Tyndall scattering before and after UVA irradiation, indicating the maintenance
of nanostructures throughout the photoisomerization (Figure 3.6).1%> AFM verifies the
presence of nanoribbons before UVA irradiation, and suggests a different nanotube
structure afterwards. We further demonstrate that the morphological transition of
compound 2 in water is facilitated when the intensity of UVA light is increased (Figure

3.7).
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Figure 3.6 | a, Observation of the Tyndall effect of 7 mg/mL solutions of compound 2 in water (left two vials) or DMSO
(right two vials) in its trans or cis state. The scattering observed by compound 2 in water is indicative of the maintenance
of a nanostructure; its absence in DMSO indicates that compound 2 does not form an ordered nanostructure. b, AFM
micrographs of the solutions from each vial indicate show, from left to right, nanoribbons from the assembly of
compound 2 in water in its trans state; nanotubes following the irradiation of compound 2 in water into a cis-rich state;

and no ordered nanostructure when compound 2 is dissolved in DMSO in either its trans or cis states.
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Figure 3.7 | a, Time-dependent UV-Vis spectra of compound 2 under medium intensity UVA light (1700 mW/cm?; initial
line in blue, final line in green). b, Time-dependent UV-Vis spectra of compound 2 under high intensity UVA light (1900
mW(/cm?; initial line in blue, final line in green). ¢, From a first-order plot of the trans to cis isomerization of compound
2 at each irradiation power level, we extract photoisomerization rate constants of 5.44 x 10-2/min, 7.77 x 10-3¢/min, and

9.15 x 10-?¢/min for irradiation powers of 1500 mW/cm?2, 1700 mW/cm?, and 1900 mW/cm2, respectively.
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With this information, we seek to understand the morphology of the cis rich
compound 2 assembly. We observe that compound 2 nanoribbons convert into
nanotubes as the vinylnitrile moiety undergoes a frans-to-cis isomerization. Initially,
compound 2 nanoribbons mimic the structure of 1 nanoribbons, as shown by TEM and
SAXS (Figures 3.2e and 3.8a). The SAXS profile of an aqueous solution of 2 was best fit
to a rectangular prism model, returning nanoribbon dimensions of 4.7 nm in thickness
and 5.4 nm in width.'#3 Upon UVA irradiation of an aqueous solution of 2 nanoribbons for
1 h, the nanoribbons converted into nanotubes with a shell thickness comparable to the
nanoribbon thickness (Figure 3.8b). The SAXS profile of the aqueous nanotube solution
was fit to a hollow cylinder model with a 19.4 nm core diameter and a 6.1 nm shell
thickness (Figure 3.8c).144

The structural transition demonstrated in Figures 3.8a-c led us to investigate the
mechanism of nanoribbon-to-nanotube morphological conversion in order to further
understand the switching phenomena. We irradiated nanoribbons of 2 for just 10 min,
rather than the typical irradiation time corresponding to the PSS, to capture its
intermediate state. TEM of the solution at this time point shows an intermediate coiled
ribbon nanostructure (Figure 3.8d). By comparing the dimensions of the nanoribbon coils
to those of the nanotube itself, we can conclude that the photochemical reaction of
amphiphiles within the nanoribbon assembly results in twisting of the nanoribbons to form
tight coils, which then fuse to yield nanotubes. For context, folding of supramolecular
nanoribbons into helical shapes without fusing,'4% 146 toroid stacking to form tubular or
helical structures,'#” and light-induced tubular disassembly'4® have been previously
reported, but the mechanism shown here in the case of aramid amphiphiles has not
previously been demonstrated as a response to photoisomerization in supramolecular
assemblies. Similar mechanisms have been observed for chiral amphiphiles, bent core

liquid crystals, and discotic polyaromatic hydrocarbons.14°-151
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Figure 3.8 | Compound 2 nanoribbons triggerably transition into nanotubes upon UVA irradiation and maintain their
isomerized structure for at least six months. a, Fitting of a rectangular prism model to SAXS of compound 2 nanoribbons
is used to extract a 4.7 nm x 5.4 nm cross-section. b, After 1 h of UVA irradiation, compound 2 nanoribbons convert
into nanotubes observable by TEM. ¢, Fitting of a hollow cylinder model to SAXS of compound 2 nanotubes reveals a
6.1 nm shell thickness and 19.4 nm core diameter. d, Planar 2 nanoribbons coil under UVA light to form tight spirals in
the nanoribbon to nanotube transition. The edges of the spirals fuse to form the observed final nanotube structure. e,
UV-Vis absorption spectroscopy shows the maintenance of the same peak absorbance intensity corresponding to the
cis state for six months, measured in half-month intervals. f, Representative TEM of compound 2 nanotubes six months

after UVA irradiation shows no evidence of nanoribbon formation.
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Formation of lamellar nanoribbons by the trans state of 2 is driven by dense
intermolecular interactions between amphiphilic molecules. 2 nanoribbons are
constructed from layers of molecules aligned normal to the nanoribbon length axis. In the
tfrans state, the molecules have a rod-like geometry, providing a feasible path for the
formation of a nanoribbon morphology. Upon UVA irradiation of conversion of 2 to the cis
state, the molecules take on a bent-shape geometry and flexible conformation, resulting
in local reorganization to compensate for space requirements. Diffraction on the sub-
nanometer length scale provides local molecular packing information, so we perform 1D
wide-angle X-ray diffraction (WAXD) on lyophilized samples of compound 2
nanostructures to elucidate this effect.'>2 Weakening and broadening of sharp reflection
peaks after UVA irradiation indicates that long-range molecular and short-range positional
orders are partially disrupted compared to the trans state (Figure 3.9). To maintain
favorable interactions, we infer that the hydrophilic cationic head groups orient toward
their aqueous environment, inducing curvature to the assembly.'®® Torsion induced by
this curvature leads to the nanoribbon twisting, which ultimately fuse at the energetically

unfavorable hydrophobic edges to produce nanotubes.5*

— nanoribbons
—— nanotubes

0.36 nm
d=050nm ?

1.2 14 1.6 1.8
q (A7)

Figure 3.9. 1D WAXD pattern of lyophilized compound 2 nanoribbons and nanotubes. The geometries of these

nanostructures are observed to retain their shape when dried by AFM.
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Reaching the PSS of 2 is similar to typical light-driven responses, but in contrast to
that of previously reported materials, the isomerized product of 2 remains unchanged for
several months after turning off UVA light (Figures 3.8e-f). The strongly-interacting nature
of 2 molecules in an assembled state, aided by hydrogen bonding and -t stacking in the
aramid structural domain, drastically enhances their activation barrier for cis-to-trans
isomerization, thereby increasing the nanotube lifetime. Consequently, we observe no
nanotube-to-nanoribbon reversal at time points up to six months by UV-Vis spectroscopy
and TEM.

Finally, we investigated whether the isomerization reaction and consequent
morphological transition is reversible by providing sufficient thermal energy for the
vinylnitrile to revert to its trans ground state. Unable to overcome the activation barrier for
reversibility at room temperature, we hypothesized adding thermal energy could induce
the reverse reaction as it increases the conformational dynamics within the nanostructure,
facilitating the one-bond-flip isomerization reaction from cis-to-trans.'%% 156 Upon heating
a solution of compound 2 nanoribbons to 80 °C for 1 h and cooling slowly, we observe a
recovery in UV-Vis absorbance to its original peak value. This heating and irradiation
process can be repeated at least five times, indicating that the isomerization transition
can be repeatedly performed on the nanostructures without loss (Figure 3.10a,
Figure3.11). The nanotube heating process fully regenerates the nanoribbons with the

same dimensions as their original assembled state (Figures 3.10b-c).

We again sought to capture the intermediate state of the morphological transition
occurrng with the reverse isomerization. The vinylnitrile cis-to-frans isomerization induces
strain that causes rupture of the nanotube (Figure 3.10d). This rupture propagates across
the nanotube to sciss the nanostructure (Figure 3.10e) and enables nanoribbon formation

by unraveling of the nanotube at the interfaces (Figure 3.10f).
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Figure 3.10 | The photoisomerization of compound 2 to nanotubes is reversible to nanoribbons by heating at 80°C for
1 h. a, 2 isomerization is cyclically modulated over five cycles from repeated UVA irradiation and heating, as captured
by tracking the peak absorbance intensity by UV-Vis spectroscopy. b, Representative TEM of compound 2 nanoribbons
after 1 h of heating compound 2 nanotubes at 80 °C. ¢, SAXS of compound 1 nanoribbons after heating from the
nanotube morphology shows a return to its original dimensions, based on a rectangular prism fit (red). d-f, Upon

heating, compound 2 nanotubes rupture under torsional strain from isomerization, releasing nanoribbons that resemble
the initial assemblies.
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Figure 3.11 | UV-Vis spectra of compound 2 in water initially, after UVA irradiation, and after annealing over five cycles:

a, cycle one, b, cycle two, ¢, cycle three, d, cycle four, and e, cycle five. The recovery of the absorbance to its initial
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state after annealing suggests that little to no photobleaching occurs during this process.
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Here, we presented a molecular self-assembly platform: photoresponsive aramid
amphiphile (AA) nanostructures. We demonstrate that the trans-to-cis photoisomerization
of constituent molecules triggers a morphological transition from nanoribbons to
nanotubes. The nanotube state exhibits an extraordinarily long lifetime, especially for
vinylnitrile moieties, of at least six months, achieved by employing the AA motif; a
structure that exploits extraordinarily strong and extensive intermolecular interactions. We
further demonstrated reversibility of the morphological transition by providing sufficient
thermal energy to induce the cis-to-trans conversion and recover the initial nanoribbon
morphology. We captured the intermediate states of both morphological transitions to
reveal their mechanisms: nanoribbon coiling and edge-to-edge fusion to form nanotubes,
and nanotube fracture to release nanoribbons from the interfaces. This self-assembly
platform could meet pressing challenges in responsive nanomaterials design by
combining exceptional nanostructure stability and long excited state lifetimes with the

capability to undergo photo-triggered morphological transitions.

Methods

Materials

Methyl 4-aminobenzoate (Sigma Aldrich, 98%), 3,3-dimethylbutyric acid (Sigma
Aldrich, 98%), 4-aminobenzyl cyanide (Sigma Aldrich, 99%), methyl 4-formylbenzoate
(Sigma Aldrich, 99%), 1,4-bis-Boc-1,4,7-triazaheptane (Chem Impex, 99%), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, TCI Chemicals, 98%), 4-
dimethylaminopyridine (DMAP, TCI Chemicals, 99%), lithium hydroxide (LiOH, Alfa
Aesar, 98%), potassium hydroxide (KOH, Alfa Aesar, 98%), hydrochloric acid (HCI, Alfa
Aesar, 37%), trifluoroacetic acid (TFA, Alfa Aesar, 99%), diethylether (DEE, Acros
Organics, 99%), tetrahydrofuran (THF, Acros Organics, 99%), ethyl acetate (EA, Acros
Organics, 99%), hexane (HEX, Acros Organics, 99%), methanol (MeOH, Acros Organics,
99%), ethanol (EtOH, Acros Organics, 99%), dichloromethane (DCM, Acros Organics,
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99%), and dimethylformamide (DMF, Acros Organics, 99%) were used as received

without further purification.
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Figure 3.12 | Synthetic route to obtain the photoresponsive aramid amphiphile 2.

Methyl 4-(3,3-dimethylbutanamido)benzoate (compound A): A solution of methyl 4-
aminobenzoate (5.5 mmol), 3,3-dimethylbutyric acid (8.3 mmol), EDC (16.5 mmol), and
DMAP (16.5 mmol) in DCM (40 mL) was stirred at room temperature for 24 h. The solution
was washed with deionized water after the reaction and then extracted in DCM. The
organic layer was purified by performing column chromatography with silica gel using
EA:HEX = 1:1 as eluent. Yield: 81%. '"H NMR (400 MHz, DMSO-d): 6 =7.92 (d, 2H), 7.73
(d, 2H), 3.82 (s, 3H), 2.27 (s, 2H), 1.07 (s, 9H) ppm.
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4-(3,3-Dimethylbutanamido)benzoic acid (compound B): 10 M LiOH (5 mL) was
added to a stirred solution of compound A (2.1 mmol) in EtOH (20 mL). The mixture was
heated to 70 °C for 6 h, and then neutralized with 1M HCI solution. The precipitate was
obtained by filtration and washed with water several times. The crude product was purified
by reprecipitation from chloroform and methanol, and then dried under vacuum. Yield:
99%. 'H NMR (400 MHz, DMSO-d): 6 =7.87 (d, 2H), 7.71 (d, 2H), 2.23 (s, 2H), 1.083 (s,
9H) ppm.

N-(4-(cyanomethyl)phenyl)-4-(3,3-dimethylbutanamido)benzamide (compound C):
EDC (6.5 mmol) and DMAP (6.5 mmol) were added to a solution of compound B (2.1
mmol) in DMF (20 mL). After stirring at room temperature for 20 min, 4-aminobenzyl
cyanide (6.5 mmol) was added as a solid and the solution was sonicated in an ultrasound
bath until a clear solution was obtained. The solution was stirred for 24 h at room
temperature. A precipitate formed after addition of distilled water (40 mL), which was was
collected by filtration and purified by washing with copious MeOH. Yield: 79%. 'H NMR
(400 MHz, DMSO-d): & = 7.94 (d, 2H), 7.84 (d, 2H), 7.72 (d, 2H), 7.34 (d, 2H), 4.05 (s,
2H), 2,27 (s, 2H), 1.03 (s, 9H) ppm.

(2)-4-(2-cyano-2-(4-(4-(3,3-dimethylbutanamido)benzamido)phenyl)vinyl)benzoic
acid (compound D): Compound C (1.6 mmol) and methyl 4-formylbenzoate (1.8 mmol)
were dissolved in EtOH (40 mL) and THF (30 mL). The solution was heated in reflux
under a nitrogen atmosphere, and KOH (10.3 mmol) was carefully added. The reaction
mixture was cooled to room temperature after 24 h. 6M HCI solution was added to form
a yellow precipitate which was filtered and washed with DCM. Yield: 88%. 'H NMR (400
MHz, DMSO-d): & = 8.07 (m, 3H), 8.03 (d, 2H), 7.95 (d, 4H), 7.81 (d, 2H), 7.75 (d, 2H),
2.24 (s, 2H), 1.04 (s, 9H) ppm.

Methyl (2)-4-(4-(2-cyano-2-(4-(4-(3,3-dimethylbutanamido)benzamido)phenyl)-
vinyl)benzamido)benzoate (compound E): A solution of compound D (0.6 mmol) in DMF
(20 mL) was added to a solution of methyl 4-aminobenzoate (1.8 mmol), EDC (1.8 mmol),
and DMAP (1.8 mmol) in DCM (20 mL). After stirring the mixture for 24 h at room
temperature, the solvent was evaporated under reduced pressure. The product was
obtained after washing with MeOH and drying. Yield: 83%. 'H NMR (400 MHz, DMSO-

77



d): & =28.11 (m, 3H), 8.06 (d, 2H), 7.99 (m, 8H), 7.83 (d, 2H), 7.75 (d, 2H), 3.79 (s, 3H),
2.24 (s, 2H), 1.05 (s, 9H) ppm.

(2)-4-(4-(2-cyano-2-(4-(4-(3,3-dimethylbutanamido)benzamido)phenyl)vinyl)benz-
amido)benzoic acid (compound F): 10 M LiOH (10 mL) was added to a stirred solution of
compound E (1.5 mmol) in EtOH (30 mL). The mixture was refluxed for 3 h and then
neutralized with an 1M HCI solution. The precipitate was obtained by filtration and washed
with water several times. Yield: 98%. '"H NMR (400 MHz, DMSO-d): o = 8.13 (m, 3H),
8.01 (d, 2H), 7.97 (m, 8H), 7.83 (d, 2H), 7.74 (d, 2H), 2.25 (s, 2H), 1.04 (s, 9H) ppm.

(2)-N1-(2-(4-(4-(2-cyano-2-(4-(4-(3,3-dimethylbutanamido)benzamido)phenyl)vinyl)
benzamido)benzamido)ethyl)ethane-1,2-diaminium (2): Compound F (0.3 mmol), 1,4-
bis-Boc-1,4,7-triazaheptane (0.6 mmol), EDC (0.9 mmol), and DMAP (0.9 mmol) were
dissolved in DMF (20 mL). The mixture was stirred at 25 °C for 72 h. The solvent was
evaporated under reduced pressure. After addition of water, the crude mixture was filtered
and washed with EA. The precipitate was then dissolved in the solution of DCM (20 mL).
The mixture was held at 0 °C, and a solution of TFA (5 mL) in DCM (5 mL) was carefully
added. The mixture was stirred for 3 h. After evaporating solvents, the resultant solid was
washed with THF, DEE, and DCM several times. Yield: 54%.

Chemical characterization of 2:

1H NMR (400 MHz, DMSO-d): & = 8.13 (m, 3H), 8.07 (d, 2H), 7.98 (m, 4H), 7.92 (m,

4H), 7.82 (d, 2H), 7.75 (d, 2H), 3.57 (m, 2H), 3.19 (m, 6H), 2.25 (s, 2H), 1.05 (s, 9H)

ppm.

13C NMR (400 MHz, DMSO-d): 6=171.4,167.5, 165.58, 143.2, 142.1, 141.4,139.2,

138.3, 136.7, 129.4, 128.7, 126.9, 120.9, 119.2, 118.8, 116.9, 111.9, 49.6, 48.3,

45.1,34.5, 32.3, 30.5 ppm.

MS (MALDI-ToF) m/z calculated: 687.84; m/z calculated for [M+Na]* adduct: 710.83;

m/z found: 710.83.

Elemental Analysis calculated (%) for C40H4sN7O4: C 69.85, H 6.59, N 14.25, O 9.30;

found: C 69.84, H 6.57, N 14.24.
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Sample preparation

Deionized water was added to a sample of 2 and a sonicator bath was used to
promote self-assembly. After 24 h post-sonication at room temperature, 2 in its trans state
in water was observed to form nanoribbons. Nanotubes were obtained by irradiating an
aqueous solution of 2 with UV light for 1 h post-sonication. The reverse isomerization (cis
to trans) was obtained by heating the solution at 80 °C for 1 h and cooling slowly to room

temperature.

Characterization details

Proton ('H) and carbon ('3C) nuclear magnetic resonance (NMR) measurements
were performed on a Bruker Avance |l DPX 400 with samples dissolved in deuterated
dimethylsulfoxide (DMSO-d). The chemical shifts were measured in parts per million
(ppm) downfield from tetramethylsilane.

Molecular weight analysis of final compounds was conducted on a Bruker Omniflex
matrix-assisted laser desportion/ionization-time of flight (MALDI-ToF). A matrix solution
was prepared by adding 15 mg of a-cyano-4-hydroxycinnamic acid to 1 mL of 1:1
water:acetonitrile by volume with 0.1% TFA, vortexing for one minute, centrifuging for 20
s, and retaining the supernatant. 10 yL of a 1 mg/mL amphiphile solution was then
transferred into a centrifuge tube and diluted with the matrix solution to a 50 pmol/uL
concentration. 1 uL of a 1 mg/mL calibrant solution (SpheriCal Peptide Low, Polymer
Factory) in tetrahydrofuran was added to the solutions as an internal calibrant. 2 uL of the
final solution was pipetted and dried onto a sample plate for analysis.

Elemental analysis (EA) of final compounds was determined using a Vario EL
elemental analysis (EA) instrument. Three replicate experiments were conducted per
compound.

Ultraviolet-visible (UV-Vis) absorption spectra were captured on a JASCO V760
spectrophotometer. 365 nm wavelength UV light used to irradiate samples was produced
by an LED Hénle 2.0 Powerpen. UV-Vis solutions were prepared at 0.1 mg/mL.

Small angle X-ray scattering (SAXS) measurements were performed at Beamline

12-1D-B of Advanced Photon Source at Argonne National Laboratory. The X-ray radiation
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energy was 13.3 keV and a Pilatus 2M detector was employed for data collection. The 2-
D X-ray scattering patterns were background subtracted and processed using beamline
software for reduction to 1-D data curves. Amphiphile solutions at a 30 mg/mL
concentration were used for SAXS measurements.

Transmission electron microscopy (TEM) images were captured on a FEI Tecnai G2
Spirit TWIN microscope at an accelerating voltage of 120 kV. Grids were prepared for
TEM experiments by depositing a 7 mg/mL amphiphile solution onto a continuous carbon
grid for 10 sec, blotting to remove the solution, depositing a 1% phosphotungstic acid

solution onto the grid, and blotting to remove the stain.

Nanostructure fitting to small angle X-ray scattering profiles

Fitting of SAXS data was completed in SasView software to determine the
morphology of compound 1 and 2 nanostructures. Compound 1 was best fit to a
lamellar_hg model, which provides separate scattering length densities for the head
group and tail (including the structural domain) group. Compound 2 in its initial assembled
state was best fit to a rectangular prism model; in its post-UV irradiation state was best fit
to a hollow cylinder model; and in its post-annealing state was best fit to a rectangular

prism model.

Statistical topographical analysis of nanoribbon contours

A solution of compound 2 nanoribbons was prepared for atomic force microscopy
(AFM) analysis by sonicating for 24 h at room temperature at 30 mg/mL and diluting to a
final concentration of 0.08 mg/mL. This solution was deposited onto a glass substrate
which was cleaned with DI water and ethanol, dried with N2 (g), and activated with a
UV/ozone treatment. The solution was incubated for 5 min, and then rinsed off with DI
water and dried with a N2 stream prior to AFM imaging.

Images of compound 2 nanoribbons were captured in tapping mode in ambient air
on a Bruker/JPK Nanowizard 4 AFM. Olympus AC160TS-R3 cantilevers were used, with

a nominal spring constant of 26 N/m and a resonance frequency of approx. 300 kHz 512
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x 512 pixel AFM images were produced at a 3 — 10 Hz scanning speed. A representative
AFM image is shown in Fig. S17.

Nanoribbon shape fluctuations were extracted from AFM images and statistically
processed using Easyworm software.®* In this study, the software was used to produce
parametric splines from the contours of n = 96 nanoribbons. These parametric splines
record coordinates of all knots along the ribbons, and each combination of knots is
analyzed to obtain a secant length L from which the midpoint of the secant deviates from
the nanoribbon contour by the distance d. A persistence length P is subsequently
extracted via a least-squares fitting a worm-like chain model for semi-flexible polymers to
the data, which relates the mean-square of & to the secant length L according to: < §2 >
= 13/(48 x P). Thus, a higher persistence length corresponds to a smaller orientation
change over a given distance along a nanoribbon’s contour. The flexural rigidity F is
calculated using F = P x kgT, where the persistence length is scaled by thermal energy.
Using this, the Young modulus E is obtained by dividing the flexural rigidity by the
nanoribbon’s area moment of inertia, E = F/I. We use the AFM height of d =3.2 £+ 0.8 nm
as the nanoribbon diameter in calculating the moment of inertia, I = n-d*/64, as in our

previous study.3°

Atomic force microscopy

Atomic force microscopy (AFM) images which complement the investigation into the
Tyndall effect were recorded on a Park Systems NX10. A 7 mg mL" solution of 2 after
self-assembly in water was diluted to 0.01 wt. %, and then a 50 pL droplet solution was
deposited onto a freshly cleaned substrate. This substrate was prepared through a plane
cleavage of mica, and cleaning with water several times. A PPP-NCHR non-contact

cantilever was utilized to produce these images.

Wide-angle X-ray diffraction
One dimensional (1D) wide-angle X-ray diffraction (WAXD) experiments were
conducted on a Bruker D8 Discover using Cu Ka radiation. The diffraction peak positions

and widths were calibrated with crystalline silicon powder. Background scattering was
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subtracted from the samples using instrument software. 30 mg mL" solutions of

compound 2 nanoribbons and nanotubes were lyophilized for WAXD analysis.
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Chapter 4

Antifouling surface coatings from self-assembled

zwitterionic aramid amphiphile nanoribbons

This chapter was adapted from the publication “Antifouling surface coatings from self-assembled

zwitterionic aramid amphiphile nanoribbons,” originally published in Advanced Materials Interfaces.15

Abstract: Zwitterionic surfaces have been increasingly explored as antifouling coatings
due to their propensity to resist protein, bacterial, and cell adhesion, and are typically
applied as polymeric systems. Here, we report the self-assembly of strongly interacting
small molecule amphiphiles to produce nanoribbons for antifouling applications.
Synthesized amphiphiles spontaneously form microns-long nanoribbons with nanometer-
scale cross-sections, and intrinsically display a dense coating of zwitterionic moieties on
their surfaces. Substrates coated with nanoribbons demonstrate concentration-
dependent thicknesses and near superhydrophilicity. We then probe these surface
coatings for antifouling properties and demonstrate substantial reductions in protein
adsorption, bacterial biofilm formation, and cell adhesion relative to uncoated controls.
Harnessing cohesive small molecule self-assembling nanomaterials for surface coatings

offers a facile route to effective antifouling surfaces.

84



Introduction

The adsorption of biomolecules, microorganisms, and cells to material surfaces is a
long-standing challenge for a wide range of biomedical and industrial applications,
including preserving safe hospital environments,!%8 15 maintaining sterile medical
devices and minimizing degradation-inducing immune responses to implants,60-164
reducing impacts to energy infrastructure,6% 66 and sustaining materials in marine
environments.'67. 168 Currently, harmful biocidal chemicals are used in industrial settings,
risking public health and environmental contamination, spurring interest in alternative
strategies.'%°-171 Furthermore, the U.S. Centers for Disease Control and Prevention
estimates that 1 in 31 U.S. patients has at least one infection during their hospital care
via exposure to foreign microbes. These healthcare-associated infections result in close
to 100,000 deaths annually.163. 168,172,173

Historically, antifouling material design has used hydrophilic surface chemistries to
control interactions at the interface between the material and its microenvironment. Rapid
adsorption of proteins (i.e. biofouling) onto a material surface occurs immediately upon
exposure to a non-sterile environment, facilitating the attraction of other biological
components and determining the material’s biological fate and function.'”4 175 Hydrophilic
surfaces form a strong hydration layer that inhibits protein adhesion by creating significant
energetic penalties to disrupt tightly coordinated solvent interactions, which may be
further aided by steric effects.!76-178 The hallmark example of this application is the coating
of surfaces with poly(ethylene glycol) (PEG) to imbue antifouling properties. These
“PEGylated” materials are widely accepted to resist nonspecific protein adsorption, but
PEG is susceptible to loss of function in biological milieu from long-term oxidation, and
requires optimization for grafting to many substrates.'”®182 An increasing body of
evidence also indicates that the nonspecific adsorption of immunogenic proteins on PEG-
coated surfaces implanted in vivo can induce the production of PEG-specific antibodies,

in turn eliciting rejection of implanted devices.83 184
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Zwitterionic chemistries have been increasingly explored as an alternative to PEG-
modified surfaces because of their intrinsic capacity to resist biofouling. Zwitterionic
materials, composed of molecules with both positive and negative charges, provide a
physical and electrostatic barrier to adsorption through robust surface hydration.”? 185-187
Polymers containing phosphorylcholine, sulfobetaine, and carboxybetaine zwitterionic
moieties have been demonstrated to significantly reduce nonspecific protein
adsorption,’79. 185,188 gnd paved the way for research into a growing number of polymeric
zwitterionic systems.189-191

Obtaining nanomaterials through small molecule self-assembly offers an alternative
approach to polymeric systems for producing zwitterionic-coated surfaces. Amphiphilic
self-assembly produces internally organized nanostructures with surface presentations,
chemistries, and dynamics that are tunable through molecular design.4!. 68 192194
Importantly, nanomaterials constructed through the self-assembly of zwitterionic small
molecule amphiphiles offer extremely high surface densities of zwitterionic moieties that
are resistant to biofouling. To this end, we propose that several criteria should be met to
form effective antifouling surface coatings from small molecule supramolecular
assemblies: (1) the molecular assemblies should be sufficiently stable to maintain their
structure upon drying for application; (2) the nanostructures should take on an appropriate
geometry for substrate coating and aspect-ratio to provide dense surface coverage; and,
(3) the surface should produce a substantial hydration layer that is protective against
biofouling.

Here, we report the application of supramolecular nanoribbons from zwitterionic
aramid amphiphiles (ZAAs) to antifouling surface coatings (Figure 1). ZAAs have
previously been shown to undergo spontaneous self-assembly in water to form microns-
long nanoribbons with robust mechanical properties.>! To meet the above criteria, we: (1)
synthesize amphiphiles with a triaramid structural domain — the aramid amphiphile motif
— into the molecular design to tightly coordinate adjacent amphiphiles; (2) select an
unobtrusive branched aliphatic tail group to promote assembly into high-aspect-ratio
nanoribbons; and (3) incorporate a sulfobetaine head group to form nanostructures with

zwitterionic surfaces. This molecular design imparts stability on the resulting self-
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assembled nanostructures by incorporating a dense network of hydrogen bonds and 1+
stacking interactions between neighboring molecules. As a consequence, aramid
amphiphile-based nanomaterials exhibit suppressed dynamic instabilities relative to
conventional small molecule assemblies and realize mechanical properties rivaling silk.5"
To produce antifouling surface coatings, we self-assemble the ZAAs in water, drop-cast
the resulting nanoribbon suspension onto substrates, and form thin film coatings via air
drying, which we subsequently test for resistance to fouling by proteins, bacteria, and

cells.

zwitterionic
head group

structural
domain

aliphatic oy NH
tail group
(ZAA)

Figure 4.1 | Surfaces coated with zwitterionic aramid amphiphile (ZAA) nanoribbons are resistant to biofouling. Aramid
amphiphiles composed of a zwitterionic head group, triaramid structural domain, and hydrophobic tail spontaneously
self-assemble in water to form microns-long nanoribbons. Suspensions of these stable nanoribbons can be deposited
and dried onto surfaces to form a dense nanoribbon mesh that is resistant to biofouling. Molecule and nanoribbon

schematic reproduced with permission.[#11 2021, Springer Nature.

Results and Discussion

We prepared ZAAs by first synthesizing the hydrophobic portion of the molecule
(aliphatic tail and aramid repeat units) via alternating carbodiimide-mediated coupling
reactions and conventional deprotection reactions. We subsequently added the
zwitterionic head group through quaternization of a pendant tertiary amine with
propanesultone (molecule in Figure 1). The protocol to obtain this compound is described
elsewhere.®' A combination of proton ("H) NMR and mass spectrometry were used to

characterize the product (see Experimental Details).
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ZAAs spontaneously self-assemble to form microns-long nanoribbons in water after
1 h of sonication at room temperature (1 mg mL, deionized water), as observed with
transmission electron microscopy (Figure 2A). We combine cryogenic transmission
electron microscopy (cryo-TEM, Figure 2B), atomic force microscopy (AFM, Figure 2C),
and small angle X-ray scattering (SAXS, Figure 2D) to determine the dimensions of the
nanoribbon cross-sections. The SAXS profile is best fit to a lamellar model, which defines
a nanoribbon thickness of 3.9 nm, and AFM identifies a nanoribbon width of 5.1 nm.
These cross-sectional dimensions are corroborated by cryo-TEM and match previously

reported dimensions.®'

d)
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Figure 4.2 | ZAAs form nanoribbons upon self-assembly in water. a, The self-assembly of ZAAs into microns-long
nanoribbons is observed in transmission electron microscopy. Scale bar: 1 um. b, Analysis of cryogenic transmission
electron microscopy images of the nanoribbons is used to extract 3.9 x 5.1 nm nanoribbon dimensions. Scale bar: 100
nm. ¢, Atomic force microscopy corroborates a 5.1 nm nanoribbon width (dotted line). Scale bar: 200 nm. d, Fitting the
small angle X-ray scattering profile (green circles) of a ZAA nanoribbon suspension in water to a lamellar model (black

line) corroborates a nanoribbon thickness of 3.9 nm.

Aqueous nanoribbon suspensions were deposited and air-dried onto substrates as
a simple route to producing antifouling surface coatings. These coatings harness the
thermal stability of ZAA nanoribbons, which has been previously demonstrated up to 250
°C.19 We find with scanning electron microscopy that the nanoribbons maintain their
three-dimensional architecture, aggregate into bundles, and form a dense mesh (Figure

3A). 250 pL of a 1 mg mL' nanoribbon solution is observed as the minimum volume
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needed to fully disperse across 15 mm diameter circular glass discs, which fit the bottom
of a 24-well plate. Therefore, we select 250, 300, 500, and 700 uL depositions onto the
discs for further analysis, which equates to 1.4, 1.7, 2.8, and 4.0 uyg mm-2 coatings,
respectively. Through surface profilometry, we find that coating thickness linearly
increases with coating density (R? > 0.99), with 1.4, 1.7, 2.8, and 4.0 yg mm coatings
having average thicknesses of 1.08, 1.24, 1.79, and 2.48 um, respectively (Figure 3B).
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Figure 4.3 | Nanoribbon-coated surfaces show a linear thickness dependence with coating density and are highly
wetting. a, A representative scanning electron micrograph of nanoribbon coated surfaces shows maintenance of the
three-dimensional structure of the nanoribbons upon drying to form a dense mesh of nanoribbon bundles. Scale bar: 2
pm. b, Profilometry measurements of zwitterionic nanoribbon coatings indicate a linear relationship (dotted line)
between coating density and film thickness. Measurements are shown as mean + standard deviation (n = 5). ¢, Contact
angle measurements as a function of nanoribbon coating density show coated surfaces are highly hydrophilic and offer
a significantly lower contact angle than an uncoated glass control. The horizontal dashed line at a 10° contact angle

indicates the threshold for superhydrophilicity. Measurements are shown as mean + standard deviation (n = 5).

Finally, we employ contact angle goniometry to probe the wetting properties of
nanoribbon-coated surfaces (Figure 4.3C). We hypothesize that the surfaces should be
highly wetting due to the propensity of the zwitterionic moieties to form a hydration layer.
The uncoated glass disc control exhibits a water contact angle of approx. 54°. In contrast,
surfaces with ZAA nanoribbon coatings have water contact angles ranging approx. 13 to
16°, nearing superhydrophilicity.'9 The high wettability of the nanoribbon coated surfaces

confirm favorable water-nanoribbon interaction.
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The instantaneous adsorption of proteins onto the surface of any biomaterial has
drastic effects on its downstream performance. Therefore, albumin and lysozyme were
initially chosen as model proteins to quantify antifouling. Anionic albumin proteins,
measuring approx. 40 mg/mL in blood, are the most prevalent proteins within human
serum.'¥” Lysozyme, an innate immune response enzyme, is positively charged at
physiologic pH and is commonly used as a representative cationic macromolecule.!®
Studying antifouling of these two model proteins offers insight into the broad-ranging
capabilities of the nanoribbon coatings to prevent fouling from different charges and
classes of proteins.

We observe that the nanoribbon surface coating greatly decreases albumin and
lysozyme fouling, in line with similar contact angles across thicknesses. Average
adsorption values of bovine serum albumin (BSA) on coated substrates range from
approx. 2 to 3 percent relative to uncoated glass controls (Figure 4.4a). Similarly, average
lysozyme adsorption values range from approx. 2 to 5 percent relative to uncoated glass
controls (Figure 4.4b). The nanoribbon coatings also prevent the adsorption of proteins
within human serum, a complex system representative of biological environments.
Average protein adsorption decreases to between approx. 47 and 75 percent fouling
relative to uncoated glass controls for human serum incubated on nanoribbon coated
surfaces (Figure 4.4c). The lower effectiveness of the nanoribbon coatings against human
serum and its sensitivity to coating thickness is likely influenced by its higher total
concentration of proteins (approx. 60-80 mg/mL in blood'®°, diluted here 1:10) than in the
individual BSA and lysozyme experiments (performed at 1 mg mL"). Furthermore,
smaller proteins and peptides present in human serum may diffuse more easily through

the nanoribbon mesh to the glass substrate.%°
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Figure 4.4 1 ZAA nanoribbon coatings resist nonspecific protein adsorption. a, The nanoribbon coating reduces bovine
serum albumin adsorption 98% relative to an uncoated control, statistically independent of coating density. b, The
nanoribbon coating reduces lysozyme adsorption 95-98% relative to an uncoated control, nearly independently of
coating density. ¢, The nanoribbon coating reduces nonspecific protein adsorption from human serum approximately
25% for 1.4 and 1.7 yg mm-2 nanoribbon coatings, and approximately 50% for 2.8 and 4.0 yg mm-2 nanoribbon coatings
relative to an uncoated control. Data shown as mean + standard deviation of n = 3 samples for each coating density.
Statistical significance determined by a two-tailed Welch'’s t-test followed by a Bonferroni correction (**, p < 0.05 after

Bonferroni correction).

Next, we investigated the adsorption of microbes onto surfaces coated with ZAAs.
Bacteria readily colonize abiotic surfaces,?%°: 201 and adhesion on biomaterials can enable
the production of biofilms?%2 that are known to require 100- to 1000-fold increases in
antibiotics to eradicate relative to their planktonic, free-swimming counterparts.
Pseudomonas aeruginosa, a model Gram-negative opportunistic bacterium, is an
infamous ‘ESKAPE’ pathogen that poses a dire public health threat.2%3 Notably, its biofilm
formation is in part responsible for its antibiotic tolerance, rendering most current
therapies ineffective.?93 204 Reducing surface attachment of microbes, such as P.
aeruginosa, onto substrates represents a promising solution to inhibit biofilm production
without the use of biocides, negating the most important factor leading towards antibiotic
resistance.?0%

We cultured P. aeruginosa, stained in green, for 48 h on an uncoated glass surface
and observe a dense attachment of microbes and production of a biofilm matrix (Figure

4.5A). When we cultured the same bacterium on nanoribbon-coated surfaces, we identify
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a sensitivity to increasing nanoribbon coating concentrations, whereby fewer and fewer
bacteria attach onto the surface (Figures 4.5B-E). We observe no difference in surface
roughness, porosity, morphology, or coverage through profilometry and SEM between
substrates with different surface coating densities. Therefore, we attribute this
dependence to increasing tortuosity to reach the glass substrate and decreasing
adhesion sites for bacterial attachment. By quantifying the biofilm biomass using
COMSTAT2,208. 207 g statistically significant reduction can be observed even with the
lowest coating thickness used (Figure 4.5F). At and above a 2.8 yg/mm? coating, virtually

no biofilm biomass is detected, indicating complete surface antifouling.
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Figure 4.5 | Increasing densities of surface-bound ZAA nanoribbons results in significant reduction of biofilm biomass
over 48 h of culturing. a, A representative max intensity z-stack confocal microscope image illustrates microbial (green)
adhesion on glass surfaces with no surface treatment. Scale bar: 25 ym. b-e, Representative microscope images
demonstrate reductions in biomass with increased concentrations of nanoribbon deposition onto the surface. Scale bar:
25 pm. f, Statistically significant reductions in biofilm biomass are seen at all coating densities tested, as calculated by
COMSTAT2.206. 207 Data shown as mean + standard deviation of triplicate wells with five different fields for each well.
Statistical significance determined by a two-tailed Welch’s t-test followed by a Bonferroni correction (*, p < 0.05 before

Bonferroni correction; **, p < 0.05 after Bonferroni correction).
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Finally, we investigated the prevention of cell attachment to ZAA nanoribbon-coated
substrates. We selected the hASC-SVG-p12 cell line, a type of human adipose stem cell
(hASC), for this study. hASC-SVG-p12 is a cell line used in a broad range of research,
including studies of human immunodeficiency virus (HIV) and Alzheimer’s disease.208. 209
Notably, this cell line is capable of being cultured directly on uncoated glass substrates
with high attachment, viability, and proliferation.

To test for inhibition of cell attachment to nanoribbon-coated surfaces, we cultured
hASC on uncoated and nanoribbon-coated discs for three days and analyzed the surface-
bound cell number and density using a live-dead assay. The cell density was calculated
for live and dead cells, stained in green and red, respectively, with fifteen randomly
chosen fields in each group. Cells cultured on the uncoated substrate show the highest
density as expected (Figure 6A). In contrast, cells cultured on nanoribbon coated-discs
demonstrate a significantly lower density (Figure 6B-F). We observe fewer viable cell
clusters and dead cells on the nanoribbon-coated surfaces. Of note, we observe a steep
decrease in the total cell density from the control group to the less dense nanofiber
coating and a coating thickness-dependence to cell density, likely resulting from inhibited
diffusion to the glass substrate and lower adhesion sites with increasing coating
thicknesses. We also observe that while the total density of dead cells decreases with the
addition of a nanoribbon coating, the ratio of dead-to-live cells increases with higher
surface coating densities. This indicates some evidence of cytotoxicity which is likely
attributed to lowered cell adhesion caused by the coating, and may partially also be

attributed to the stiffness of the nanoribbons comprising the coating.5’
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Figure 4.6 | Nanoribbon-coated surfaces show significantly lower adhered cell densities than uncoated controls after
3 days. Fluorescent microscopy images at a 20X magnification of a, an uncoated control; and b, 1.4 yg/mmz; ¢, 1.7
pg/mm2; d, 2.8 yg/mm?; and e, 4.0 pg/mm? nanoribbon coatings illustrate decreasing cell attachment with increasing
nanoribbon coating thickness. Scale bars: 250 um. f, Computational analyses of the fluorescence micrographs reveal
statistically significant adhered cell densities between coated and uncoated substrates. Data shown as mean + standard
error measurement of triplicate wells with 15 different fields for each well. Statistical significance determined by a two-
tailed Welch'’s t-test followed by a Bonferroni correction (*, p < 0.05 before Bonferroni correction; **, p < 0.05 after

Bonferroni correction).

Readily applied coatings which offer protection against the adhesion of biological
components are critical to the function of materials in a broad range of application
spaces.'%8-173 Harnessing control over the surface chemistry, internal stability, and
geometry of supramolecular nanostructures offers a route to produce thin films which
minimize nonspecific interactions with biomolecules. In this work, we investigated
zwitterionic aramid amphiphile (ZAA) nanoribbons which incorporate: a zwitterionic
head group to produce a highly hydrated surface; a structural domain to provide internal

cohesion; and an optimized geometry to yield high-aspect-ratio nanostructures to
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significantly reduce biofouling. Upon addition of water, ZAAs spontaneously formed
microns-long nanoribbons that maintain structure when dried to readily produce dense
nanoribbon mesh coatings. These coatings offered concentration-dependent
thicknesses and contact angles approaching superhydrophilicity, indicative of strong
nanoribbon-water interactions at the exposed coating surface. These surfaces showed
resistance to protein fouling, a two orders of magnitude reduction in bacterial adhesion,
and suppressed cell-mediated attachment. The simple strategy to producing water-
coordinating surfaces reported here offers insight into extending small molecule self-

assembled materials towards effective antifouling coatings.

Methods

All materials are from Sigma-Aldrich unless specified otherwise.

Chemical characterization

Proton ('H) nuclear magnetic resonance (NMR) spectroscopy to analyze the
chemical structure of the synthesized amphiphile and intermediates was performed on a
Bruker Avance Il DPX 400. NMR solutions were prepared by mixing 20 mg of dried
sample powder with 500 pL deuterated dimethylsulfoxide (DMSO-ak). (400 MHz, DMSO-
ds, 8): 10.56 (s, 1H, NH), 10.37 (s, 1H, NH), 10.11 (s, 1H, NH), 8.01 (m, 8H, Ar), 7.88 (d,
2H, Ar), 7.78 (d, 2H, Ar), 3.99 (m, 2H, CHz), 3.57 (s, 6H, CHs), 2.42 (t, 2H, CH>), 1.67 (m,
2H, CHy), 1.06 (s, 9H, CHs) ppm.

Mass spectrometry to confirm the molecular weight of the synthesized zwitterionic
aramid amphiphile was carried out on a Bruker Autoflex LRF Speed matrix assisted laser
desorption/ionization-time-of-flight (MALDI-ToF) spectrometer. A matrix solution for
analysis was prepared by mixing excess (>10 mg/mL) a-cyano-4-hydroxycinnamic acid
(CHCA) with 500:500:1 solution (by vol.) of deionized water:acetonitrile:trifluoroacetic
acid, vortexting for 30 s, centrifuging for 1 min, and retaining the supernatant. The solution
for MALDI-ToF testing was prepared by mixing 25:25:1 (by vol.) of this matrix

supernatant, a 1 mg/mL solution of the zwitterionic aramid amphiphile in deionized water,
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and a 1 mg/mL solution of SpheriCal Peptide Low (Polymer Factory) in hexane as an
internal calibrant. A 3 uL droplet of this MALDI-ToF solution was dried onto a sample plate
for analysis. MALDI-MS, m/z: [M + H]* calc’d for C31H3sN4OeS, 594.251; found, 594.257.

Observing nanoribbon self-assembly

Transmission electron microscope (TEM) images were captured on a FEI Tecnai G2
Spirit TWIN at an accelerating voltage of 120 kV. To prepare the sample for observation,
5 pL of a 1 mg/mL solution of assembled ZAAs was pipetted onto a TEM grid (200 mesh,
carbon film, Electron Microscopy Sciences), allowed to rest for 20 sec, and wicked off
with tissue paper. The grid was then stained with 5 pL of 1% phosphotungstic acid
solution (Electron Microscopy Sciences) which was pipetted onto the grid, rested for 20
sec, and then wicked off.

Cryogenic transmission electron microscope (cryo-TEM) images were captured on
an FEI Tecnai Arctica microscope at an accelerating voltage of 200 kV and with image
defocus between -1.5 and -3.5 um. Holey carbon grids (Ted Pella, 300 mesh, Cu) were
prepared using an FEI Vitrobot Mark I1V. A 3 pL droplet of a 2.0 mg/mL amphiphile solution
was pipetted onto the glow-discharged grids in 100% humidity. Grids were blotted for 4
S, plunged into liquid ethane, and stored and imaged in liquid nitrogen.

The small angle X-ray scattering (SAXS) profile of a 1 mg/mL aqueous solution of
nanoribbons in a quartz capillary (2 mm diameter, Hampton Research) was obtained at
the Advanced Photon Source at Argonne National Laboratory (beamline 12-ID-B) with a
13.3 keV X-ray radiation energy. A DECTRIS PILATUS 300K detector captured the two-
dimensional X-ray scattering pattern. Beamline software was used to subtract water and
capillary background and reduce the pattern to a one-dimensional curve. The data was
fit in SasView using computed X-ray scattering length densities (SLDs) of 9.44 x 106 A2
for solvent (water), 9.49 x 10-8 A-2 for the amphiphile head group region, and 10.9 x 106
A-2 for the amphiphile structural domain and tail group region. Fitting was attempted to
lamellar, rectangular prism, and cylindrical models which allow for separate SLDs for

head and tail group domains. The rectangular prism and cylindrical models fit to non-
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physical values based on dimensions observed in TEM and Cryo-TEM, so we selected

the lamellar model to extract a nanoribbon thickness.

Surface coating properties

Scanning electron microscope (SEM) images were taken on a Zeiss Merlin High
Resolution SEM with a 2 kV accelerating voltage in secondary electron mode. To prepare
the sample for observation, a 50 pL droplet of a 1 mg/mL solution of assembled ZAAs
was pipetted onto an SEM stub covered in copper tape and dried. The stub was then
coated with a 10 nm Au layer (EMS Q150T ES coater) to prevent sample charging.

Coating thickness was analyzed on a Bruker Dektak DXT-A Stylus profilometer
equipped with a 2 um diameter stylus operating at a 2 mg stylus force. Nanoribbon-coated
glass discs were scratched in their centers to reveal the underlying glass surface, and
height profiles were captured across these scratches. The film thickness for each coating
density is reported as average + standard deviation for n = 5 technical replicates.

Contact angle measurements were performed on a Ramé-Hart 500-F1 goniometer.
2 uL droplets of deionized water (HPLC grade) were dispensed onto control and
nanoribbon-coated glass coverslips and equilibrated for one minute. Side-view
photographs of the droplets were then captured and contact angle was measured on both
sides of the water spherical cap using DROPimage Advanced software. Contact angles

are reported as average + standard deviation for n = 5 independent replicates.

Protein fouling

Aqueous suspensions of ZAA nanoribbons (250 pg, 300 pg, 500 ug, and 700 ug
from 1 mg/mL solutions) were dropcast onto glass discs (15 mm diameter, German glass,
Electron Microscopy Sciences) and allowed to dry at room temperature. 100 uL droplets
of 1 mg/mL solutions of bovine serum albumin (BSA) and lysozyme in phosphate buffered
saline (PBS), and 10x diluted human serum (human male AB plasma, sterile-filtered)
were dropcast onto the discs and incubated in a humidified oven at 37 °C for 2 h. Discs
were washed four times with PBS and transferred to 24-well plates with 1 mL of 2% (w/w)

sodium dodecyl sulfate (SDS), which were placed on a shake plate for 1 h to detach
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adsorbed protein. A Micro BCA Protein Assay Kit (ThermoFisher Scientific) was used to
determine the concentration of adsorbed protein for each sample. Measurements were
taken using a PerkinElmer LAMBDA 850+ UV/Vis spectrophotometer set to 562 nm and
averaged between 3 replicates, with background contributions to the protein assay from

nanoribbons desorbed by the SDS detergent solution subtracted from each sample.

Bacteria culture, growth, and imaging

P. aeruginosa PAO1 (ATCC 15692) from a 20% frozen glycerol stock stored at -80
°C was streaked onto a Luria-Bertani agar (LB, Lennox) petri dish and grown overnight at
37 °C. A single colony was picked, cultured overnight at 37 °C, and shaken at 250 rpm in
Cation Adjusted Mueller Hinton-Broth (CAMHB), which is Mueller-Hinton Broth

supplemented with 25 ug mL-" calcium chloride and 12.5 yg/mL magnesium chloride.

Biofilm Growth and Staining

Nanoribbons were dropcast into wells of a glass bottom, black chimney 24-well
microtiter plate (Grenier Bio) and allowed to dry. Overnight cultures of PAO1 were
subcultured in CAMHB for 4-6 h to reach mid-log phase growth and normalized to an
optical density (ODsoo) of 0.01. 1 mL of bacterial suspension in 10% CAMHB in 150mM
sodium chloride was added on top of the dried nanoribbon coating in each of the wells.
Biofilms were grown statically in a humid chamber at 37 °C for 48 h.

After 48 h of growth, biofilms were washed three times with 150 mM sodium chloride,
ensuring that 1mL of sodium chloride is added first before removing 1 mL so as not to dry
out the biofilm. On the final wash, 1.1 mL of solution was removed and 100 uL of 20 uM
SYTO9 dye was added to each well to stain the microbes. Biofilms were stained statically
for 30 minutes in the dark at room temperature, and then washed again three times with
150 mM sodium chloride before imaging.

Image acquisition was performed using a confocal laser scanning microscope (LSM
800, Zeiss) with a 63x oil immersion magnification lens, and a step size of 0.5 ym. The
excitation wavelength for SYTO9 was set to 488 nm, and fluorophore emission was read

at 510 nm. At least three independent wells and five images from each well were taken
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and analyzed for each condition. Biofilm biomass was quantified using COMSTAT2.206,
207 Images shown in Figure 4.5 are Z-stack projections of the maximum intensity, as

performed in FIJI.

Cell attachment and imaging

All human material work was performed with the approval of the Institutional Review
Board of Harvard Medical School. Human astroglia cells SVG-p12 (hASC), obtained from
ATCC (US), were described in previous studies 29, Cells were grown onto Akron flask
(surface 75 cm?, vented cap, sterile, Nunclon Delta) in DMEM/F12 medium (Gibco) in a
low oxygen condition incubator (37 °C, 5% Oz, 5% CO2, 100% humidity) as a monolayer
culture to achieve high density. Upon reaching 80% confluence, cells were passaged
using 10X TrypZean and Hank’s Balanced Salt Solution (HBSS, no calcium, no
magnesium, ThermoFisher). Cell number and viability were estimated after each passage
using Trypan blue and a hemocytometer (Countess™ Il FL Automated Cell Counter,
Thermo Fischer scientific). Cells were then re-plated into a T75 flask at a density of 15,000
cells cm?in DMEM/F12 medium.

10° cells/mL suspended in saline or medium (previously described) were pipetted
onto nanoribbon-coated or uncoated glass discs. After 3 days of incubation with medium
or PBS, cells were incubated with 2.5 uM calcein AM (FITC laser line) and 10 uM ethidium
bromide (Cy3 laser line) in PBS for 15 min at 37 °C and 5% CO2. hASC were then washed
three times with PBS for 10 min at room temperature. Nanoribbon-coated coverslips were
mounted on poly-L-lysine microscope slides (1mm thickness, 75 mm length, 25 mm width,
Thermo Scientific Shandon) with low viscosity slide mounting medium (Fisher Scientific)
before imaging with an epifluorescence confocal microscope (Leica SP8, USA), for
live/dead imaging.

All samples were analyzed and images were taken using a Leica SP8 confocal
microscope. Images were taken with sequential scanning at 1024 x 1024 resolution with
the following laser intensities and characteristics: FITC-HyD at 4.3% with line average of
2 and gain of 107%, Cy3-HyD at 3.9% with line average of 2 and gain of 105%. hASC

viability images were taken at 20X magnification with a Z-stack of 50 ym and 10 steps,
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and maximum projection was applied as quantification. Cells in 15 randomly-selected
maximume-projected fields of view were counted with a cell counting and analyzing image

processing algorithm.2!
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Chapter 5

Aramid amphiphile nanoribbons for the

remediation of lead from contaminated water

This chapter was adapted from the publication “Aramid amphiphile nanoribbons for the remediation of lead

from contaminated water,” originally published in Environmental Science: Nano.212

Abstract: Lead poisoning causes over one million deaths annually, leading to the
designation of lead as one of the World Health Organization's “ten chemicals of major
public health concern”. To address this crisis, high surface area nanomaterials offer
promise for producing miniaturized technologies capable of effective lead remediation.
We present small molecules that spontaneously self-assemble in water to form
nanoribbons with lead-chelating surface groups. While supramolecular nanostructures
are typically fragile, we incorporate hydrogen bonding aramid domains to suppress
exchange dynamics, ultimately leading to nanoribbons with structural integrity. By
designing each amphiphile to have a chelating head group, every moiety on the
nanoribbon surface is capable of capturing lead from the aqueous environment. The
nanoribbons’ remediation capacity is affected by pH and the presence of competing
cations, and can be modulated by head group choice. We demonstrate that design of
small molecules is a route to new ion-selective chelating nanomaterials with tunable
surface chemistries, and thereby demonstrate the potential of small molecule self-

assembly for heavy metal remediation.
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Introduction

Self-assembled nanostructures from small molecule amphiphiles exhibit high
surface areas and tuneable surface chemistries, and are readily scalable.*? 52 68, 213, 214
These properties have led to their extensive investigation as a platform for biomedical
applications, including as materials for regenerative medicine, drug delivery, or
biosensing.% 215 216 |n these environments, the dynamic nature of small molecule
assemblies is harnessed as a design feature to mimic those of natural systems.”#76 Such
dynamics further enable the sensitivity of molecular assemblies to changes in their
solvent environments, such as fluctuations in pH or temperature.?'”- 218 However, this
property limits their application space to intentionally dynamic materials.

Molecular self-assembly could offer notable advantages to applications in non-
biological contexts if their typical dynamic instabilities were overcome. In particular, self-
assembled nanomaterials could provide a new strategy for point-of-use remediation of
contaminants from drinking water. Surface areas on the order of hundreds of m?/g,
resulting from nanostructure length scales determined by the length of the constituent
amphiphiles®8 2% may provide a platform for sequestering heavy metals. Namely, these
nanostructure surfaces could be entirely coated with moieties capable of heavy metal
remediation by presenting a hydrophilic chelator on every molecule. Realizing this design
rationale requires the suppression of amphiphile exchange to minimize the
rearrangement and release of amphiphile molecules from their assembled structures into
the solvent space. Suppression of these exchange dynamics may also reduce the
sensitivity of the assembly to variations in its environment such and temperature and
pH.27

The removal of lead ions, Pb2*, from drinking water is a critical target. Inorganic lead
is a potent toxin which can damage nearly all organs, with adverse health effects including
neurotoxicity, cardiovascular complications, cancer, and death.??%. 22! | ead enters
drinking water from a variety of sources, including the production and disposal of lead-
acid batteries, alloy manufacturing, and, particularly, the erosion of plumbing.2?2-224 ead

contamination crises persist globally, and increasing research indicates these
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Figure 5.1 | Aramid amphiphiles with a heavy metal chelating head group self-assemble into nanoribbons for the
remediation of lead from contaminated water. (a) Aramid amphiphiles contain an aliphatic, nonpolar tail group (black)
and hydrophilic head group (purple) to induce self-assembly via the hydrophobic effect. A structural domain (turquoise)
imparts structural stability to the assembled nanostructure. To chelate Pb2+ from water, head groups are selected with
a DOTA (compound 1) or DTPA (compound 2) moiety. (b) Aramid amphiphiles spontaneously self-assemble upon the

addition of water to form Pb2+-chelating nanoribbons.

events disproportionately occur in the United States along racial and socioeconomic
lines.63: 225227 Thus, there exists an urgent need to develop contemporary strategies for
point-of-use remediation of lead from drinking water streams.

Here, we present the design of small molecule amphiphiles which exhibit three
characteristics for the remediation of lead from contaminated water (Figure 5.1): (1)
amphiphilicity to induce spontaneous self-assembly in water into high surface area
nanostructures; (2) a structural domain to provide intermolecular cohesion and promote
their assembly into long nanostructures that may be further aligned or entangled; and (3)
a chelating head group capable of strongly binding to heavy metal cations in solution. To
accomplish these goals, we use the aramid amphiphile (AA) motif as the platform for
molecular self-assembly.5' AAs take advantage of a dense hydrogen bonding network to
impart structural stability on assembled nanoribbons with surface areas on the order of
200 m?/g. Of particular note for this application, the amphiphiles exhibit suppressed
exchange dynamics upon assembly, hindering the release of amphiphiles from their
nanostructure. The supressed exchange dynamics differentiate this self-assembly
approach from those that have been previously explored for water treatment.228. 229 |n

previous reports, heavy metal cations initiate physical crosslinking that induces

104



hydrogelation — a process that may impede surface chelation events by limiting diffusion
to the inside of the gel.53 This design presents advantages over other soft materials
systems, including polymers and polymer networks, because: (1) all chemical groups are
expressed on the nanostructure surfaces, and are thermodynamically prohibited from
being buried within a material; (2) surface chemistries and functionalities can be readily
tuned through careful selection of the hydrophilic head group, enabling tuning of heavy
metal remediation effectiveness and selectivity; and (3) the chemical character of the
chelating compounds is minimally impacted by requiring only one covalent tether to the

nanostructure surface, maximizing ionic interactions with dissolved lead species.

Results and Discussion

We designed and synthesized two AAs for the remediation of heavy metals from
drinking water: compound 1, an AA with a DOTA (dodecane tetraacetic acid; also known
as tetraxetan) head group, and compound 2, an AA with a DTPA
(diethylenetriaminepentaacetic acid; also known as pentetic acid) head group (Figure
5.1a). These groups were selected for their high binding affinity to lead ions in solution
and their capability of inducing amphiphilic self-assembly by providing sufficient head
group hydrophilicity (Figure 5.1b). Both AAs with DOTA and DTPA head groups harness
ionic interactions from charged carboxylic acid moieties and dipole interactions from
tertiary amines to sequester lead ions from water.23%: 23 Compounds 1 and 2 were
obtained by alternating carbodiimide-mediated amidation reactions and standard
deprotection reactions. Synthetic details and characterization of the final compounds and
their intermediates are provided in the Methods section.

We observe the spontaneous assembly of both compounds 1 and 2 in water into
nanoribbons with lengths extending at least several microns (Figures 5.2a and 5.2c) by
transmission electron microscopy (TEM). To ascertain cross-sectional dimensions, we

use cryogenic TEM (Cryo-TEM) to obtain high-resolution images of the nanoribbons in a
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Figure 5.2 | Compounds 1 and 2 self-assemble into high aspect ratio nanoribbons in water. a, Conventional TEM of 1
illustrates its assembly into microns-long nanoribbons. b, Cryogenic TEM of 1 reveals a 3.9 nm x 8.8 nm nanoribbon
cross-section (inset). ¢, Conventional TEM of 2 shows bundling of microns-long nanoribbons. d, Cryogenic TEM of 2

nanoribbons identifies a 3.9 x 5.1 nm cross-section.
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Figure 5.3 | SAXS of an aqueous suspension of compound 1 nanoribbons is fit to a lamellar model (red), which returns

a 3.9 nm nanoribbon thickness.
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solvated state and synchrotron small angle X-ray scattering (SAXS) for nanostructure
characterization. From these techniques, we find a 3.9 nm thickness and 8.8 nm width for
compound 1, and a 3.9 nm thickness by 5.1 nm width for compound 2 (Figures 5.2b, 5.2d,
and 5.3). These dimensions give rise to surfaces areas on the order of 200 m2/g.51

Having identified the geometries of the self-assembled nanostructures, we use a
variety of techniques to characterize the chelation performance of compound 1
nanoribbons. Ultraviolet-visible (UV-Vis) absorption spectroscopy allows us to observe
the formation of the DOTA and lead complex.?32 An absorption peak at A = 262 nm,
characteristic of this complex, emerges as lead ions are titrated into a solution of
compound 1 nanoribbons (Figure 5.4a). The rise of this peak plateaus at 50 mol% Pb?+,
most likely signifying a 2:1 complexation of DOTA to the lead ions. This sandwich-type
complex has been previously observed in similar systems where cyclic chelating moieties
are maintained in close proximity.233

We employ isothermal titration calorimetry (ITC) to quantify thermodynamic
parameters of the lead-binding surface reaction (Figure 5.4b). This experiment captures
the heat released from the injection of a concentrated lead solution into a dilute
nanoribbon suspension. Injection of the concentrated lead solution into nanoribbon-free
water is background-subtracted from these data to remove the heat of dilution. Negligible
signal is detected by the injection of water into the nanoribbon suspension. From fitting
sigmoidal curves to n = 3 runs, we calculate an equilibrium binding constant Ko = 2.2 +
0.5x 105 M. This value indicates an equilibrium which strongly prefers the binding of
lead ions to the nanoribbon surfaces, rather than the presence of lead ions free in solution,
and suggests that the nanoribbons are successful in remediating the heavy metal from
contaminated water. This equilibrium constant further suggests that compound 1
nanoribbons should be used in significant excess to the lead present in contaminated
water to thermodynamically drive remediation below the 15 ppb regulatory level for
toxicity.?2 We further observe the plateau of chelation signal at n = 0.5, corroborating
the saturation of the nanoribbons at 50 mol% Pb, and that the nanoribbons maintain their

morphology after lead chelation (Figure 5.5).
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Figure 5.4 1 Compound 1 nanoribbons remediate Pb2+ from water, exhibiting sensitivity to pH and the presence of
competing divalent cations. a, UV-Vis absorption spectra show the appearance of a peak at A = 262 nm, corresponding
to the binding of Pb2+ to compound 1 nanoribbon DOTA groups. This peak intensity plateaus at 50 mol% Pb?+, indicating
a 2:1 amphiphile:Pb?+ stoichiometry of binding. b, ITC reveals an equilibrium binding constant K, = 2.2 + 0.5 x 105> M-
of Pb2+ to compound 1 nanoribbons, while further corroborating a 2:1 amphiphile:Pb2+ stoichiometry. ¢, Adsorption
isotherms illustrate a drop in equilibrium Pb2+ saturation on the nanoribbons from Qo = 72 mg/g at pH 7, to Qo = 61
mg/g at pH 5, to Qo = 45 mg/g at pH 3. d, Adsorption isotherms with equimolar amounts of Pb2+ and either Ca2+, Mg2+,

Cu?+, or Ni2+ demonstrate lead saturation capacities of 61, 52, 32, and 27 mg/g, respectively.

Figure 5.5 | Compound 1 and 2 nanoribbons maintain their morphology through (a) Compound 1 and (b) compound 2

nanoribbons after the chelation of lead.
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We hypothesize that the remediation capacity of lead ions by AA nanoribbons should
be affected by pH, as protonation of the nanoribbon head groups would hinder ionic
interactions between the chelating moieties and lead ions.?3¢ Because lead species
become insoluble in basic environments?3®, we selected pH values of 7, 5, and 3 to test
remediation capacity. We observe no change in assembly morphology of compound 1
nanoribbons when the pH is adjusted to 3 post-assembly (Figure 5.6), likely because of
the stability imparted to the structure by the aramid domain.

Adsorption isotherm curves are constructed for the uptake of lead by compound 1
nanoribbons to test pH sensitivity (Figure 5.4c). Nanoribbons are mixed with Pb%+ 24 h
before testing to ensure equilibrium is reached. Equilibrium data are fit to a Langmuir
model, with R? values exceeding 0.97 in all cases (Figure 5.7). Compound 1 nanoribbons
demonstrate adsorption capacities (Qo) of 72, 61, and 45 mg/g at pH values of 7, 5, and
3, respectively. As predicted, the lead chelation capacity drops slightly when changing
from pH 7 to 5, and drops significantly at pH 3.

We further expect that the nanoribbons’ lead adsorption capacities may be sensitive
to the presence of other multivalent cations which could compete with lead to occupy the
chelation complex. To test this hypothesis, we constructed adsorption isotherms with
equimolar amounts of lead and either calcium, copper, magnesium, or nickel ions (Figure
5.4d). Fits of the equilibrium data to a Langmuir model (Figure 5.8) are used to extract
lead adsorption capacities in the equimolar presence of each ion: for Ca?*, Q, ppz+ = 61
mg/g; for Mg?*, Q, pp2+ = 52 mg/g; for Cu?*, Q, pp2+ = 32 mg/g; and for Ni2*, Q, ppe+ = 27
mg/g. Thus, from least to most interference with Pb2* binding to compound 1 nanoribbons,
we observe the following trend: Ca?* < Mg?* << Cu?*, Ni?*. This trend largely follows the
equilibrium binding constants of the ions to the free DOTA molecule in solution.23¢ To put
this data in perspective, remediating 1 L of water with 50 ppb Pb to below 15 ppb Pb at
pH 7 requires approximately 690 ug of compound 1 nanoribbons in the absence of
competing counterions, and 820, 960, 1560, and 1850 ug compound 1 nanoribbons in
the presence of equimolar amounts of Pb?* and Ca?*, Mg?+, Cu?*, and Ni?*, respectively.

These results confirm that the lead-binding capacity of compound 1
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Figure 5.6 | a, Compound 1 and b, compound 2 nanoribbons retain their morphology after adjustment of the aqueous

environment to pH 3.
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Figure 5.7 | Linear regression of pH-dependent lead adsorption for compound 1 obtained by fitting equilibrium data to
a Langmuir adsorption model. The fittings shown here are for a, pH 7; b, pH 5; and ¢, pH 3.

nanoribbons is reduced by the presence of competing multivalent cations and suggests
that this system may be used to simultaneously remove several contaminants from
polluted water.

The capacity of amphiphilic nanoribbons to remediate heavy metal ions from water
should be sensitive to the geometry and chemical structure of the head group. 234 Lead
ions likely percolate into the head group domain of compound 1 to sandwich between
neighbouring DOTA head groups. Conversely, the DTPA head group of compound 2 is
prone to facing outwards from the nanoribbon core due to steric hinderance and has four

carboxylic acids per molecule available for complexation. Therefore, we expect
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Figure 5.8 | Linear regression of competing counterion lead adsorption for compound 1 obtained by fitting equilibrium
data to a Langmuir adsorption model. The fittings shown here are for Pb2+ adsorption when present in equimolar
quantities with a, Ca2+; b, Cu?+; ¢, Mg2+; and d, Ni2+.

compound 2 nanoribbons to exhibit more effectively sequester Pb%+ from water than those
of compound 1.

The formation of a lead:amphiphile chelation complex on compound 2 nanoribbons
is monitored by UV-Vis absorption spectroscopy with the emergence of a peak at 255 nm
(Figure 5.9a). We observe that compound 2 nanoribbons maintain their morphology with
chelation (Figure 5.5) and, interestingly, find compound 2 nanoribbon chelators saturate
near 50 mol% Pb. This effect may result from hydrogen bonding between head groups,
which leads to the bundling of nanoribbons (Figure 5.2c-d), reducing the effective
accessible surface area. Compound 2 nanoribbons exhibit an equilibrium binding
constant of Kb = 7.1 £ 1.6 x 10° M" in n = 3 background-subtracted ITC experiments
(Figure 5.9b). This binding constant is statistically significantly higher than that of

compound 1, and predicts that compound 2 nanoribbons should thus exhibit enhanced
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Figure 5.9 | Compound 1 nanoribbons remediate Pb2+ from water, exhibiting sensitivity to pH and the presence of
competing divalent cations. a, UV-Vis absorption spectra show the appearance of a peak at A = 262 nm, corresponding
to the binding of Pb2+ to compound 1 nanoribbon DOTA groups. This peak intensity plateaus at 50 mol% Pb?+, indicating
a 2:1 amphiphile:Pb2+ stoichiometry of binding. b, ITC reveals an equilibrium binding constant K» = 2.2 + 0.5 x 105 M1
of Pb2+ to compound 1 nanoribbons, while further corroborating a 2:1 amphiphile:Pb2+ stoichiometry. ¢, Adsorption
isotherms illustrate a drop in equilibrium Pb2+ saturation on the nanoribbons from Q. = 72 mg/g at pH 7, to Qo = 61
mg/g at pH 5, to Qo = 45 mg/g at pH 3. d, Adsorption isotherms with equimolar amounts of Pb2+ and either Ca2+, Mg+,

Cu2+, or Ni2+ demonstrate lead saturation capacities of 61, 52, 32, and 27 mg/g, respectively.

lead-binding in adsorption isotherm experiments. As with compound 1 nanoribbons, this
equilibrium constant also implies that achieving lead remediation below 15 ppb requires
using a significant excess of compound 2 nanoribbons relative to the lead present in the
water.220

As with compound 1, the remediation capacity of compound 2 nanoribbons is
expected to be sensitive to pH as head group protonation inhibits ionic interactions with
lead ions (Figure 5.9c, Figure 5.10). Compound 2 nanoribbons are also demonstrated to
maintain their nanostructure upon environmental adjustment to pH 3 (Figure 5.6). At pH
7, compound 2 nanoribbons have an equilibrium saturation capacity of Qo = 96 mg/g. This
saturation capacity drops slightly to Qo = 93 mg/g at pH 5, and further declines to Qo = 81
mg/g at pH 3, following the expected trend and matching the pattern of compound 1.
Notably, the saturation capacity of compound 2 nanoribbons is higher than those of 1

across all pH values. This result, in conjunction with the elevated thermodynamic
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Figure 5.10 | Linear regression of pH-dependent lead adsorption for compound 2 obtained by fitting equilibrium data

to a Langmuir adsorption model. The fittings shown here are for a, pH 7; b, pH 5; and ¢, pH 3.
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Figure 5.11 | Linear regression of competing counterion lead adsorption for compound 2 obtained by fitting equilibrium
data to a Langmuir adsorption model. The fittings shown here are for Pb2+ adsorption when present in equimolar
quantities with a, Ca2+; b, Cu2+; ¢, Mg2+; and d, Ni2+.
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equilibrium binding constant of 2 nanoribbons, confirms that head group choice is a viable
parameter for tuning chelation capacity of small molecule amphiphilic nanoribbons.

The saturation capacities of the nanoribbon materials presented here match or
exceed those of functional materials investigated or in use today for lead remediation. For
example, the equilibrium saturation capacities of compound 1 and 2 nanoribbons exceed
that of activated carbon (50 mg/g)2%7, sulfur-functionalized silica (46 mg/g)238, acidified
carbon nanotubes (17 mg/g)33°, and apricot stone (21 mg/g).?*° In contrast, compound 1
and 2 nanoribbons offer comparable performance to Fe(lll)-modified zeolite (99 mg/g)?*!
and iron oxide nanomaterials (98 mg/g).24?

Finally, we sought to identify the effect of competitive binding for chelation sites by
divalent cations on compound 2 nanoribbons. We again performed adsorption isotherm
experiments with equimolar amounts of lead and either calcium, copper, magnesium, or
nickel ions (Figure 5.9d, 5.11). For compound 2 nanoribbons, we find for Ca?*, Q p2+ =
96 mg/g; for Mg?+*, Q, pp2+ = 90 mg/g; for Ni2*, Q, pp2+ = 42 mg/g; and for Cu?*, Q, pp2+ =
34 mg/g. From least to most interference with Pb2* binding to 2 nanoribbons, we observe:
Ca?* < Mg?* << Ni%* < Cu?*. These results indicate that remediating 1 L of water with 50
ppb Pb to below 15 ppb Pb at pH 7 requires approximately 520 ug of compound 2
nanoribbons in the absence of competing counterions, and 520, 560, 1190, and 1470 ug
compound 2 nanoribbons in the presence of equimolar amounts of Pb?* and Ca?*, Mg?+,
Ni2*, and Cu?*, respectively. This trend generally follows that of equilibrium binding
constants for these ions to free DTPA in solution.?®® Fractionally and in total saturation
magnitude, compound 2 is affected less by competitive binding with these cations than
compound 1, with the exception of copper(ll). This result suggests that head group choice
can be used not only to improve adsorption capacity, but also to tune ion selectivity.

Here, we presented two aramid amphiphile (AA) molecules to spontaneously self-
assemble in water, forming high-aspect-ratio nanoribbons, for the remediation of lead
from contaminated water. Both AAs produced microns-long nanoribbons upon assembly
with 4 nm x 5-9 nm cross-sections and surface areas on the order of hundreds of m?/g.
All nanoribbons exhibited the capacity to capture Pb?* with a 2:1 chelator:lead

stoichiometry. Nanoribbons coated with a surface of DTPA chelators expressed a higher
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thermodynamic binding constant to lead than those with a DOTA surface, giving rise to
higher equilibrium lead saturation capacities. The lead-binding capacity of the
supramolecular nanoribbons was sensitive to pH, dropping as the head groups became
protonated with decreasing pH. The lead-binding efficacy of the nanoribbons was also
impacted by the presence of other divalent cations which compete for chelation sites. This
result indicates that AA nanoribbons may be used for the synergistic removal of multiple
contaminants. Amphiphile head group choice was also identified as a parameter for
optimizing binding efficacy and ion selectivity. The small molecule self-assembly strategy
described here offers a paradigm for remediating contaminants from water that takes
advantage of the high surface areas, tunable chemistries, and scalability of

supramolecular nanostructures.

Methods

Synthesis and chemical characterization

Methyl 4-aminobenzoate (Sigma Aldrich, 98%), 3,3-dimethylbutyric acid (Sigma
Aldrich, 98%), N-Boc-p-phenylenediamine  (BPP, Sigma  Aldrich, 97%),
diethylenetriamine-N,N,N",N'-tetra-tert-butyl acetate-N*-acetic acid (DTPA-tetra(t-Bu
ester), Combi  Blocks, 95%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC, TCI Chemicals, 98%), 4-dimethylaminopyridine (DMAP, TCI
Chemicals, 99%), 1-hydroxybenzotriazole hydrate (HOBt, TCI Chemicals, 97%), lithium
hydroxide (LIOH, Alfa Aesar, 98%), sodium bicarbonate (NaHCOs, Alfa Aesar, 99%),
hydrochloric acid (HCI, Alfa Aesar, 36%), trifluoroacetic acid (TFA, Alfa Aesar, 99%), and
2-(4,7,10-tris(2-tert-butoxy-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetic  acid
(DOTA-tris(t-Bu ester), AstaTech, 95%), were used as received without further

purification.
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Scheme 5.1 | Synthesis scheme to obtain the tetraxeten amphiphile.

Compound 3 was prepared as previously described.?®> For reference, we briefly
outline the synthesis details to obtain this compound below:

Methyl 4-(3,3-dimethylbutanamido)benzoate (8): We mix a solution of methyl 4-
aminobenzoate (11.01 mmol), 3,3-dimethylbutyric acid (16.52 mmol), EDC (33.03 mmol),
and DMAP (33.03 mmol) in tetrahydrofuran (50 mL) for 24 h at room temperature. To
obtain the final compound, the solvent was removed in vacuum, and the residue was
washed with deionized water and extracted in chloroform. The final product was obtained
by performing column chromotagraphy of the organic layer using silica gel and 1:1 ethyl
acetate:hexane by volume (yield: 72%).

4-(3,3-dimethylbutanamido)benzoic acid (7): A mixture of 10 M LiOH (10 mL) and
compound 8 (4.25 mmol) in ethanol (40 mL) was heated to 60°C and refluxed for 3 h, and
then neutralized using an aqueous HCI solution. The precipitate was obtained by filtration
and washed with water several times, and the resulting crude product was purified by
reprecipitation from chloroform and methanol (yield: 98%).

Methyl 4-(4-(3,3-dimethylbutanamido)benzamido)benzoate (6): A mixture of EDC
(6.37 mmol), DMAP (6.37 mmol), compound 7 (2.13 mmol), and methyl 4-aminobenzoate

116



(6.37 mmol) in dimethylformamide (30 mL) was stirred for 24 h at 50 °C. To obtain the
final product, the solvent was removed in vacuum and the remaining residue was
precipitated in water. The crude mixture was collected by filtration, washed with excess
methanol, and dried (yield: 83%).
4-(4-(3,3-dimethylbutanamido)benzamido)benzoic acid (5): A mixture of 10M LiOH
(10 mL) and compound 6 (2.55 mmol) in tetrahydrofuran (20 mL) and ethanol (10 mL)
was refluxed for 6 h and then neutralized with an aqueous HCI solution. To obtain the
final product, the precipitate was filtered off, washed with water, and dried (yield: 98%).
tert-Butyl 4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenylcarb-
amate (4): A solution of compound 5 (0.85 mmol), BPP (2.55 mmol), EDC (2.55 mmol),
and DMAP (2.55 mmol) in dimethylformamide (20 mL) was stirred at room temperature
for 24 h. To obtain the final product, the solvent was evaporated, and then the crude
mixture was washed with water and methanol (yield: 81%).
N-(4-(amino)phenyl)-4-(4-(3,3-dimethylbutanamido)benzamido)benzamide (3): A
solution of TFA (500 uL) added dropwise into compound 4 (0.55 mmol) suspended in in
methylene chloride (15 mL) was mixed for 6 h at room temperature. To obtain the final
product, the volatile fraction was distilled off, the remaining mixture was washed with
saturated NaHCOs solution, and the solid precipitate was filtered and dried (yield: 99%).
Synthesis of 2,2',2"-(10-(2-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)
benzamido)phenyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triace-
tic acid (1): A solution of 3 (1.35 mmol), DOTA-tris(t-Bu ester) (1.62 mmol), EDC (4.05
mmol), and DMAP (4.05 mmol) in dimethylformamide (20 mL) was stirred at 60 °C for 24
h. After the reaction, the solvent was removed in vacuo. The residue was suspended in
deionized water and filtered to obtain a light-yellow precipitate. The isolated compound
was then reacted with TFA (8 mL) in chloroform (20 mL) for 17 h. The volatile fraction
was evaporated under reduced pressure. The remaining residue was suspended in ethyl
acetate and filtered to obtain compound 1 by filtration (yield: 43%). 'TH NMR (400 MHz,
Bruker Avance Il DPX 400, DMSO-d): 7.95 (m, 8H), 7.75 (t, 4H), 7.57 (d, 2H), 4.04 (m,
1H), 3.88 (s, 6H), 3.74 (s, 3H), 3.63 (s, 1H), 2.7 (m, 4H) , 2.25 (s, 2H), 2.00 (s, 1H), 1.91
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(s, 1H), 1.17 (m, 2H), 1.05 (s, 9H) ppm. MS (MALDI-ToF) [M + H]* m/z calculated: 831.40;
[M + HJ* found: 831.41.

Compound 2 was prepared as previously described.?® For reference, we briefly
outline the synthesis details to obtain this compound below:

2,2',2",2"-((((2-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenyl)
amino)-2-ox-oethyl)azanediyl)bis(ethane-2,1-diyl))bis(azanetriyl))tetraacetate  (2): A
solution of compound 3 (0.29 mmol), EDC (1.17 mmol), DMAP (1.17 mmol), and DTPA-
tetra(t-Bu ester) (0.58 mmol) in dimethylformamide (20 mL) was stirred at 50 °C for 72 h.
After the reaction, the solvent was removed in vacuum and the remaining residue was
purified by flash column chromatography using silica gel and 7:1
tetrahydrofuran:chloroform (by volume). The resulting compound was mixed with TFA
(500 uL) and methylene chloride (15 mL) for 48 h. To obtain the final product, the volatile
fraction was removed by vacuum, and tetrahydrofuran was added to suspend the product,

which was collected by filtration and dried (yield: 67%).

Mass spectrometry

The molecular weight of 1 was determined using a Bruker Omniflex matrix assisted
laser desorption/ionization-time-of-flight (MALDI-ToF) instrument with a Reflectron
accessory. The matrix solution used a-cyano-4-hydroxycinnamic acid in 50:50:0.1
water:acetonitrile:TFA by volume. SpheriCal Peptide Low (Polymer Factory) was added

to the MALDI-ToF solution as an internal calibrant.

Sample preparation

Nanoribbon suspensions were prepared by dissolving compounds 1 and 2 in
deionized water and sonicating for ten minutes in a bath sonicator. Lead solutions were
prepared by dissolving lead (Il) nitrate (99.999% trace metals basis, Sigma-Aldrich) in

deionized water. The concentrations of lead stock solutions were verified by ICP-MS.
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Transmission electron microscopy (TEM)

Self-assembled nanostructures were observed by TEM using a FEI Tecnai G2 Spirit
TWIN microscope at a 120 kV accelerating voltage. TEM grids were prepared by
depositing 7.0 yL of a 1 mg/mL amphiphile solution onto a continuous carbon grid
(Electron Microscopy Sciences, 200 mesh, copper) for 30 sec, blotting to remove the
solution, depositing 7.0 uL of a 1% phosphotungstic acid aqueous solution (Electron

Microscopy Sciences) onto the grid, and blotting to remove the stain.

Cryogenic transmission electron microscopy (Cryo-TEM)

Cryo-TEM images were captured on a Talos Arctica G2 Cryo-TEM at a 200 kV
accelerating voltage. Grids were prepared with an FEI Vitrobot Mark IV. To prepare a
sample for analysis, 3.0 uL of a 1.0 mg/mL nanoribbon solution was pipetted onto a glow-
discharged holey carbon grid (Ted Pella, 300 mesh, copper) in a chamber set to 100%
humidity. The grids were blotted for 4 sec and then immediately plunged into liquid ethane

and subsequently retained in liquid nitrogen.

Small angle X-Ray scattering (SAXS)

SAXS profiles of aqueous nanoribbon solutions were captured at Beamline 12-1D-B
of the Advanced Photon Source at Argonne National Laboratory using a 13.3 keV X-Ray
radiation energy and DECTRIS PILATUS 300K detector. Solutions were loaded into 2
mm diameter quartz capillary tubes (Hampton Research) for analysis. Reported SAXS
profiles were background subtracted using beamline software to subtract water and

capillary background.

Ultraviolet-visible (UV-Vis) spectroscopy
UV-Vis absorbance profiles of aqueous amphiphile solutions with variable Pb2*
concentrations were captured on a PerkinElmer LAMBDA 850+ UV/Vis

spectrophotometer. The amphiphile concentration was fixed at 0.05 mM.
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Isothermal titration calorimetry (ITC)

Binding isotherms were captured on a Microcal VP-ITC ultrasensitive titration
calorimeter. A 3.0 mM lead nitrate aqueous solution was injected into 0.3 mM nanoribbon
solutions prepared from the same deionized water source. A buffer was not used due to
the insolubility of lead species in most buffers. The ITC was run with 5 pL injection
intervals over 10 seconds in five minute intervals at 25 °C. Titrations were carried out
three times to ensure consistency and reproducibility. Data analysis was conducted using

instrument software.

Adsorption isotherms

Lead concentrations used to construct adsorption isotherms were analyzed on an
Agilent 7900 inductively coupled plasma-mass spectrometer (ICP-MS). Concentration
calibration curves were constructed using a 1 ppm lead ICP-MS stock solution from Ricca
Chemical. Internal calibration for each sample used a 10 ppm rhodium ICP-MS stock
solution from Sigma-Aldrich. Calcium chloride, copper chloride, magnesium sulfate, and
nickel chloride salts were obtained from Sigma-Aldrich. Adsorption isotherm solutions
were mixed for 24 h before analysis. After 24 h, the solutions were centrifuged for 5 min.

at 10,000 rcf and the supernatant was retained for testing.
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Chapter 6

Interfacial dynamics dictate the performance of
surface-mediated binding on supramolecular

nanostructures

Abstract: The dynamic behavior of biological materials is precisely controlled in nature
to imbue biological functionality, suggesting that harnessing interfacial dynamics could
enhance the performance of materials whose applications are dictated by surface-
mediated events. Here, we investigate the influence of surface flexibility and hydration on
heavy metal remediation by supramolecular nanostructures. We find that incorporating
short oligo-ethylene glycol spacers below the surfaces of these systems can drastically
increase the diffusion rate of remediating moieties while interacting with surrounding
water. In turn, we find the binding affinities of the most flexible surfaces for Pb?* are over
an order of magnitude higher than less flexible surfaces, enabling the remediation of
thousands of liters of Pb2*-contaminated water with single grams of material. These
findings establish nanoscale dynamics as a critical design factor for soft matter systems

where interfacial interactions are essential to material function.
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Introduction

The dynamics of soft matter systems play a critical role in enabling molecular
recognition and binding events.?43. 244 For example, the dynamics of protein relaxation
and fluctuation events control their ability to bind ligands.?4% 246 These findings have
replaced the static “lock-and-key” models for protein binding events with more complete
representations, such as the induced fit?*¢ and conformational selection models.?4” As a
result, the influence of flexibility — a critical design parameter for controlling soft matter
dynamics — on the binding affinities of biological systems is now considered a
“fundamental determinant of intermolecular interaction strength.”>43 Despite progress in
the past few decades in uncovering dynamics-function relationships in biological
systems,?4® designing for molecular flexibility is largely overlooked on the surfaces on
synthetic soft matter systems.

The dynamics of water at and around soft matter interfaces are also intricately
coupled to the chemical identity of the interface, and can in turn mediate material
performance.?49-251 For example, interfacial water plays an active role in protein function,
including mediating protein binding and folding.?%2 253 Investigations into the role of water
at and around biomacromolecules has uncovered three “types” of water based on its rate
of translational motion: bulk water, hydration water, and structural water. Whereas bulk
water far from macromolecular interfaces behaves independently of solute influences,
hydration and structural water experience suppressed diffusion from their interactions
with a solute.”? 252 Of note, hydration water can facilitate or inhibit the ability of dissolved
species from interacting with a soft matter surface, impacting its performance.?5> 254
Therefore, characterizing and leveraging the dynamics of a material’s surface and its
surrounding environment offers a critical pathway to enhancing material performance.

Small molecule supramolecular assemblies formed by the spontaneous self-
organization of amphiphiles in water represent a material class where interfacial behavior
is critical to material function.® 2453 The tunable surface chemistries and high surface
areas hallmark of supramolecular assemblies offer promise for their use in a broad range

of applications, including regenerative medicine,?%® photonics,?° and water treatment.2'2
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Figure 6.1 | Tunable surface chemistries hallmark of supramolecular assemblies enable control over surface
dynamics and hydration. a, Prototypical aramid amphiphiles contain hydrophobic tail and hydrophilic head groups to
assist self-assembly, and a structural domain to suppress dynamic exchange and enhance mechanical properties. For
this study, a head group which is also capable of complexing heavy metals is chosen to assess the impact of surface
dynamics on material performance. b, The addition of oligoethylene glycol linkers between the amphiphiles’
hydrophobic and hydrophilic domains is hypothesized to enhance the local flexibility and hydration of the chelating head

groups, in turn enhancing material performance.

Several reports have demonstrated the significant influence of internal material and
hydration dynamics on the properties of supramolecular assemblies,*!- 72 257. 258 puyt such
dynamics at and above the assembly surface remain largely unexplored. Understanding
the influence of interfacial behavior in this regime could enable new molecular design
principles to enhance material performance.

Here, we characterize the interfacial dynamics of aramid amphiphiles (AA)
nanostructure surfaces and the impact of these dynamics on the nanomaterials’ heavy

metal remediation performance (Figure 1). AAs incorporate a triaramid structural domain
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to impart a cohesive hydrogen bonding and pi stacking network within the resulting self-
assembled nanostructures, As a consequence, AA nanostructures demonstrate
suppressed molecular migration between assemblies and mechanical properties rivaling
silk. Selecting the AA design allows us to more readily isolate impacts from changing
surface dynamics by minimizing dynamic instabilities pervasive in conventional

supramolecular assemblies.?? 41, 51

Results and Discussion

In this study, we incorporate oligo-ethylene glycol (OEG) units of varying length
between the AA structural domain and hydrophilic head group to systematically vary
surface dynamics (Figure 6.1). OEG groups are well-established for their backbone
flexibility and favorable interactions with water,259 260 so we hypothesize the incorporation
of these groups into the molecular design will enhance surface dynamics and hydration,
and consequent water decontamination performance. Compounds (1) - (3) are AAs with
anionic, heavy metal chelating head groups and either no (compound (1)), an oligo-
ethylene glycol dimer (OEG2, compound (2)), or an oligo-ethylene glycol tetramer (OEGa,
compound (3)) linker between the AA structural domain and the head group (Figure 6.1).
All compounds were analyzed by NMR and mass spectrometry, and synthesis and
chemical characterization details are provided in the Methods section.

We observe compounds (1) - (3) spontaneously form nanoribbons upon suspension
in water via cryogenic transmission electron microscopy (cryo-TEM, Figure 6.2a-c). We
employed synchrotron small angle X-ray scattering (SAXS) in combination with cryo-TEM
to extract the dimensions of the nanoribbons (Figure 6.2d). The SAXS profiles of
compound (1) - (3) nanostructures were best fit to rectangular prism models which
accommodate different scattering length densities for head and tail group domains.2¢

From these methods, we extract average cross-sectional dimensions of 3.9 x 8.9 nm,
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Figure 6.2 | Compounds (1) — (3) spontaneously self-assemble into microns-long nanoribbons in water. The

self-assembled nanostructures of compounds a, (1); b, (2); and (c), 3 are observed with cryogenic transmission electron
microscopy. In all cases, the amphiphiles spontaneously assemble into a nanoribbon morphology. Some aggregation
of compound (2) nanoribbons is observed. Scale bars, 50 nm. d, Fitting of synchrotron small angle X-ray scattering
profiles of compound (1) — (3) nanostructures to a core-shell parallelepiped model corroborates approx. 4-6 x 9-12 nm

nanoribbon cross-sectional dimensions.

5.0 x 12.0 nm, and 5.8 nm x 10.0 nm for compound (1), (2), and (3) nanoribbons,
respectively. In all cases, the nanoribbons extend microns in length.

Electron paramagnetic resonance (EPR)-based techniques take advantage of site-
directed spin labeling to quantify localized dynamics with sub-nanometer resolution.?62 By
inserting radical nitroxide spin labels into a supramolecular structure, material dynamics
at the spin label site can be captured over megahertz to gigahertz range of rotational
diffusion rates (Dr, 106 — 10° rad? s'1).48 Typical spin labels minimally perturb the structure
of molecular systems,”? 263 and the high sensitivity of EPR techniques enable the use of
small amounts of spin labels to produce data.?> Thus, EPR offers a route to
representatively quantify the impacts of material flexibility and hydration dynamics on the
dynamics of supramolecular nanostructure surfaces.

Compounds (4) - (6) were synthesized to probe localized dynamics at the sites of
the chelating head groups through co-assembly in nanoribbons of compounds (1) — (3),
respectively (Figure 6.3a). Compounds (4) — (6) are analogous AAs to compounds (1) -
(3) where the amphiphile head groups have been replaced with electron paramagnetic
resonance (EPR)-sensitive TEMPO spin labels. With the inclusion and lengthening of an

OEG linker into the head group’s design, we find the rotational diffusion rates of the
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Figure 6.3 | Interfacial material and water dynamics are mediated through incorporation of flexible, hydrated surface
linkers. a, Compounds (4) — (6) are spin-labeled (purple) aramid amphiphiles which are co-assembled into compounds
(1) — (3) (Figure 6.1a), respectively, to probe dynamics near surface-tethered chelators. b, Electron paramagnetic
resonance (EPR) spectroscopy of indicated co-assemblies reveals an over three-fold enhancement in the rotational
diffusion constant of probes on nanoribbon surfaces with the incorporation of the longest oligoethylene glycol linker

relative to nanoribbon surfaces with no linker.

surface functionalities systematically increase (Figure 6.3b). Notably, Dr nearly triples
with the incorporation of OEGa4 onto the surface over nanoribbons without a flexible linker.
This enhancement may attributed to both the flexibility of the oligoethylene glycol linkers
and their capacity to preserve bulk hydration dynamics beyond the first hydration shell
surrounding OEG moieties.?64

We expect modifying the interfacial behavior of supramolecular nanostructures will
have a significant impact on applications which harness surface interactions. Previously,
we investigated the ability to employ aramid amphiphile nanoribbons the removal of heavy
metal ions from contaminated water.?'> These nanoribbons rely on surface-mediated
interactions to complex dissolved heavy metal species with a chelating head group
tethered to every amphiphile. In this study, we incorporate a tetraxetan head group onto
compounds (1) — (3) due to its well-established affinity for binding to heavy metal ions,26°
and probe the impact of modulating surface dynamics and hydration on the capture of

Pb2+ by compound (1) — (3) nanoribbons in water.
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Figure 6.4 | Increasing surface flexibility and hydration enhances lead remediation performance. Isothermal
titration calorimetry (ITC) measures the heat released from the complexation of Pb2+ ions with tetraxetan head groups
coating the supramolecular assemblies’ surfaces. ITC profiles of compound a, (1); b, (2); and ¢, (3) nanoribbons with
Pb2+ demonstrate systematic increases in the equilibrium binding constant with increases in surface flexibility and
hydration. d, Fitting adsorption isotherms of compound (1) — (3) nanoribbons with Pb2+ to a Langmuir model reveals a
significant enhancement in Pb2+ remediation with enhanced surface dynamics. Notably, compound (3) nanoribbons

saturate at approx. 200 mg Pb2+ per gram of amphiphile.

Isothermal titration calorimetry (ITC), which measures the thermodynamics of
binding interactions in solution, offers insight into the affinity of the nanoribbons for Pb2*
by characterizing the stoichiometry and equilibrium binding constant (Kirc) for complexes
of the two species. We extract that the complex between tetraxetan head groups and Pb?+
ions for compound (1) and (2) nanoribbons saturates near 50 mol% Pb?* (Figure 6.4a-b),
indicating a 2:1 head group:Pb%* complex stoichiometry consistent with a sandwich-like
complex reported elsewhere.?®? In contrast, head groups tethered to compound (3)
nanoribbons saturate near 100 mol% Pb?* (Figure 6.4c), indicating recovery of the 1:1
tetraxetan:Pb?* complex observed in solution. We also observe notable enhancement in
Kirc with increasing lengths of the OEG linker, and an order of magnitude increase in Kitc
between compound (1) with no OEG linker and compound (3) with the longest tested
OEGu linker (Figure 6.4a-c). Of note, we observe two subsequent binding reactions for
compound (3) nanoribbons, which may indicate a switch between 2:1 sandwich-type and
1:1 head group:Pb?* binding to accommodate more Pb?* on the nanoribbon surfaces as

the Pb2*+ concentration increases.
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Figure 6.5 | Linear regression of lead adsorption isotherms for compound (1), (2), and (3) nanoribbons, obtained by

fitting equilibrium data to a Langmuir adsorption model, accompanying Figure 6.4d.

Finally, we characterize the maximum amount of Pb%* which can be removed from
solution by each nanoribbon assembly with lead adsorption isotherms (Figure 6.4d). The
maximum saturation capacities (Qo), reported as mg of Pb2* removed from solution per g
of amphiphile used, are determined by quantifying the plateau of the isotherms through
fitting the adsorption behavior to a Langmuir model (Figure 6.5). We identify a modest
improvement in Pb2* removal by incorporating a OEGz2 linker into compound (2) relative
to compound (1), and a significant enhancement in Pb?* removal by compound (3)
nanoribbons with an OEG4 linker. These Qo values suggest that 700, 450, and 250 pg of
compound (1), (2) and (3) nanoribbons, respectively, would be needed to remediate 1 L
of 50 ppb Pb?*-contaminated water. For context, the mass of a US penny is 2.5 g;?%¢ a
penny’s mass of compound (3) nanoribbons could treat up to 10,000 L of 50 ppb Pb%+-
contaminated water. These results confirm that mediating surface dynamics to improve
head group flexibility and surrounding water mobility greatly enhances the performance
of Pb%+*-remediating supramolecular assemblies where surface events dominate material
performance.

Nature’s pristine control over the dynamics of soft matter systems and their aqueous
environments provide a powerful contention for leveraging flexibility and hydration in
material design. In this report, we identified molecular design characteristics capable of
significantly enhancing interfacial material and water dynamics in a supramolecular

system designed for heavy metal remediation. We combined this control over dynamics
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with chemical design and the extraordinarily high surface areas hallmark of
supramolecular assemblies to create nanostructures capable of remediating thousands
of liters of heavy metal contaminated water per gram of material. These results suggest
material and environmental behavior dictate the performance of systems where interfacial
interactions are critical to material function, and offer design principles towards realizing

enhancing this performance.

Methods

Synthesis and Chemical Characterization

Full synthesis and characterization details to obtain compounds (1) — (6) are
provided below. In short, compounds (1) — (6) were synthesized using alternating
carbodiimide-mediated amidation and standard deprotection reactions. 'H nuclear
magnetic resonance (NMR) spectroscopy of samples in deuterated dimethylsulfoxide
(DMSO-ds) was conducted on a Bruker Avance Il DPX 400. Molecular weights of
synthesized compounds were investigated by matrix assisted laser desorption/ionization-
time-of-flight mass spectrometry (MALDI-ToF MS) on a Bruker Omniflex instrument with
a Reflectron accessory. The supernatant of a saturated a-cyano-4-hydroxycinnamic acid
in 500:500:1 water:acetonitrile:TFA by volume solution was used as the MALDI-ToF
matrix. MALDI-ToF samples were prepared by mixing amphiphile solutions with this

matrix and SpheriCal Peptide Low (Polymer Factory) as an internal calibrant.

Materials

Methyl 4-aminobenzoate (Sigma Aldrich, 98%), 3,3-dimethylbutyric acid (Sigma
Aldrich, 98%), N-Boc-p-phenylenediamine (BPP, Sigma Aldrich, 97%), N-Boc-3-[2-(2-
aminoethoxy)ethoxy]propionic acid (Ambeed Inc., 95%), Boc-15-amino-4,7,10,13-
tetraoxapentadecanoic acid (Chem Impex. 95%), 2-(4,7,10-tris(2-tert-butoxy-2-oxoethyl)-
1,4,7,10-tetraazacyclododecan-1-yl)acetic acid (DOTA-tris(t-Bu ester), AstaTech, 95%),
4-Carboxy-2,2,6,6-tetramethylpiperidine 1-oxyl (4-Carboxy-TEMPO, Sigma Aldrich,
97%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  hydrochloride (EDC, TCI
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Chemicals, 98%), N,N'-Diisopropylcarbodiimide (DIC, Chem Impex. 99%), 4-
dimethylaminopyridine (DMAP, TCI Chemicals, 99%), ethyl cyano(hydroxyimino)acetate
(TCI Chemicals, 98%), lithium hydroxide monohydrate (LiOH-H20, Alfa Aesar, 98%),
sodium bicarbonate (NaHCOs, Alfa Aesar, 99%), hydrochloric acid (HCI, Alfa Aesar,
36%), sodium sulfate (Na2SOs4, Fisher Scientific, 99%), magnesium sulfate (MgSOs, J.T.
Baker, anhydrous, 99%), sodium chloride (HCI, Fisher Scientific, 99%), trifluoroacetic acid
(TFA, Alfa Aesar, 99%), methanol (Fisher Scientific), acetonitrile (Fisher Scientific),
methylene chloride (Fisher Scientific), N,N-dimethylformamide (dimethylformamide,
Fisher Scientific), and ethyl acetate (Fisher Scientific) were used as received without

further purification.

Synthesis of chelating amphiphiles

0 )
0 ) o)
OH + HZN—O—Q — HN—@—( - HN—@—/{ o _,
o— OH HN—@—(
OH

(o] (o] o
(o]
HN—< :H (o] (o]
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(iii) ) 0 \ _/N\)Lo.

Scheme 6.1 | Synthesis scheme to obtain compound (1).

4-(3,3-dimethylbutanamido)benzoic acid (i): A solution of 3,3-dimethylbutyric acid
(50 mmol), methyl 4-aminobenzoate (33 mmol), EDC (100 mmol), and DMAP (100 mmol)
in dimethylformamide (150 mL) was stirred at 60 °C for 24 h. After the reaction, excess
deionized water was added to the solution to obtain a precipitate, which was collected by
filtration. The crude precipitate was further mixed with methanol and then precipitated in
a 5 wt% sodium bicarbonate (aq) solution. The precipitate was then obtained by filtration,
washed with 5 wt% sodium bicarbonate (aq) solution, and dried under vacuum. Lithium

hydroxide monohydrate (290 mmol) was dissolved in deionized water (60 mL), and added
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to a stirred solution of the precipitate compound in tetrahydrofuran (240 mL) and methanol
(120 mL). The mixture was refluxed for 24 h. The volatile fraction was then evaporated
under reduced pressure and neutralized with an aqueous 1% hydrochloric acid solution.
The precipitate was filtered off, washed with water, and dried under vacuum to afford the
product (yield: 89.4%).

4-(4-(3,3-dimethylbutanamido)benzamido)benzoic acid (ii): A solution of methyl 4-
aminobenzoate (45 mmol), compound i (30 mmol), EDC (90 mmol), and DMAP (90 mmol)
in dimethylformamide (200 mL) was stirred at 60 °C for 24 h. After the reaction, excess
deionized water was added to the solution to obtain a precipitate, which was collected by
filtration. The crude precipitate was further washed with methanol and acetonitrile, and
then dried under vacuum. Lithium hydroxide monohydrate (300 mmol) was dissolved in
deionized water (80 mL) and added to a stirred solution of the precipitate compound in
tetrahydrofuran (320 mL) and methanol (160 mL). The mixture was refluxed for 24 h. The
volatile fraction was then evaporated under reduced pressure and neutralized with an
aqueous 1% hydrochloric acid solution. The precipitate was filtered off, washed with water
and methanol, and dried under vacuum to afford the product (yield: 62.0%).

N-(4-(amino)phenyl)-4-(4-(3,3-dimethylbutanamido)benzamido)benzamide (iii): A
solution of BPP (36 mmol), compound ii (18 mmol), EDC (54 mmol), and DMAP (54
mmol) in dimethylformamide (200 mL) was stirred at 60 °C for 24 h. After the reaction,
excess deionized water was added to the solution to obtain a precipitate, which was
collected by filtration. The crude precipitate was further washed with methanol, and then
dried under vacuum. TFA (20 mL) and the precipitate compound were mixed in
chloroform (180 mL) for 24 h at room temperature. Then, the volatile components were
removed in vacuo and the remaining mixture was washed with saturated sodium
bicarbonate (aq) solution to afford the final product, which was obtained by filtration and
dried under vacuum (yield: 91.4%).

2,2',2"-(10-(2-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenyl)
amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (1): A solution
of DOTA-tris(t-Bu ester) (1.65 mmol), compound ii (1.38 mmol), EDC (4.13 mmol), and
DMAP (4.13 mmol) in dimethylformamide (25 mL) was stirred at 60 °C for 24 h. After the
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reaction, the solvent was removed in vacuo and the mixture was suspended in a solution
of 20 g sodium chloride dissolved in 100 mL deionized water to obtain a precipitate. The
precipitate was obtained by filtration and dried under vacuum. The precipitate was then
mixed with TFA (3 mL) and stirred for 24 h at room temperature. Afterwards, the volatile
components were removed in vacuo and the remaining residue was mixed with ethyl
acetate to afford the final product as a precipitate. The product was obtained by filtration

and dried under vacuum (yield: 43.2%).
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Scheme 6.2 ISynthesis scheme to obtain compound (2)

N-(4-(3-(2-(2-aminoethoxy)ethoxy)propanamido)phenyl)-4-(4-(3,3dimethylbutanami
do)benzamido)benzamide (iv): A solution of compound iii (0.90 mmol), N-Boc-3-[2-(2-
aminoethoxy)ethoxy]propionic acid (1.80 mmol), DIC (3.60 mmol), and ethyl
cyano(hydroxyimino)acetate (3.60 mmol) in a mixture of dimethylformamide (50 mL) and
methylene chloride (50 mL) was stirred at room temperature for 24 h. After the reaction,
the solvent was removed in vacuo, and the remaining residue was washed with deionized
water and acetonitrile. The isolated compound was then reacted with TFA (10 mL) in
methylene chloride (100 mL) at room temperature for 9 h. The volatile fraction was
evaporated under reduced pressure. A cosolvent of 9 : 1 diethyl ether : methylene chloride
was added to recrystallize the product, which was subsequently separated from the
solvent by centrifugation at 4000 rpm for 3 minutes. Afterwards, the precipitate was

collected. The remaining product in the centrifuge tube was resuspended in solvent and
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centrifuged to collect three more times. The solid precipitate was collected and dried
under vacuum (yield: 97.6%).
2,2',2"-(10-(2-((2-(2-(3-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)

phenyl)amino)-3-oxopropoxy)ethoxy)ethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclodo
decane-1,4,7-triyl)triacetate (2): A solution of compound iv (0.18 mmol), DOTA-tris(+-Bu
ester) (0.36 mmol), DIC (0.54 mmol), and ethyl cyano(hydroxyimino)acetate (0.54 mmol)
in a mixture of dimethylformamide (10 mL) and methylene chloride (10 mL) was stirred at
room temperature for 72 h. After the reaction, the solvent was removed in vacuo and the
remaining residue was dissolved in methylene chloride. The solution was washed by a
cosolvent of 5:5 deionized water:methanol via solvent extraction and the organic fraction
in methylene chloride was dried using magnesium sulfate and filtered. The organic layer
was retained and the volatile fraction was evaporated under reduced pressure. A
cosolvent of 9 : 1 diethyl ether : methylene chloride was added to recrystallize the product,
which was subsequently separated from the solvent by centrifugation at 4000 rpm for 3
minutes. Afterwards, the precipitate was collected. The remaining compound in the
centrifuge tube was resuspended in solvent and centrifuged to collect three more times.
All retained compound was then dried in vacuum. The isolated compound was then
reacted with TFA (4 mL) in methylene chloride (10 mL) at room temperature for 24 h. The
volatile fraction was evaporated under reduced pressure, and the remaining residue was
suspended in ethyl acetate. This mixture was centrifuged at 4000 rpm for 3 minutes and
the precipitate was collected. The remaining product in the centrifuge tube was
resuspended in ethyl acetate and centrifuged to collect three more times. All retained

product was then dried under vacuum (yield: 24.9%).
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Scheme 6.3 | Synthesis scheme to obtain compound (3).

N-(4-(1-amino-3,6,9,12-tetraoxapentadecan-15-amido)phenyl)-4-(4-(3,3-dimethy
Ibutanamido)benzamido)benzamide (v): A solution of compound iii (0.69 mmol), Boc-15-
amino-4,7,10,13-tetraoxapentadecanoic acid (1.37 mmol), DIC (1.37 mmol), and ethyl
cyano(hydroxyimino)acetate (1.37 mmol) in a mixture of dimethylformamide (35 mL) and
methylene chloride (835 mL) was stirred at room temperature for 24 h. After the reaction,
the solvent was removed in vacuo, and the remaining residue was washed with deionized
water. The isolated crude product was then reacted with TFA (10 mL) in methylene
chloride (100 mL) at room temperature for 5 h. The volatile fraction was evaporated under
reduced pressure. A cosolvent of 9 : 1 diethyl ether : methylene chloride was added to
recrystallize the product, which was subsequently separated from the solvent by
centrifugation at 4000 rpm for 3 minutes. Afterwards, the precipitate was collected. The
remaining product in the centrifuge tube was resuspended in solvent and centrifuged to
collect three more times. The solid precipitate was collected and dried in vacuum (yield:
77.3%).

2,2',2"-(10-(18-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenyl)
amino)-2,18-dioxo-6,9,12,15-tetraoxa-3-azaoctadecyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate (3): A solution of compound v (0.28 mmol), DOTA-tris(+-Bu ester)
(0.56 mmol), DIC (0.84 mmol), and ethyl cyano(hydroxyimino)acetate (0.84 mmol) in a
mixture of dimethylformamide (16 mL) and methylene chloride (16 mL) was stirred at
room temperature for 72 h. After the reaction, the solvent was removed in vacuo and the

remaining residue was dissolved in methylene chloride. The solution was washed by a
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cosolvent of 5 : 5 deionized water : methanol via solvent extraction and the organic
fraction in methylene chloride was dried using magnesium sulfate and filtered. The
organic layer was retained and the volatile fraction was evaporated under reduced
pressure. A cosolvent of 9 : 1 diethyl ether : methylene chloride was added to recrystallize
the product, which was separated from the solvent by centrifugation at 4000 rpm for 3
minutes. Afterwards, the precipitate was collected. The remaining compound in the
centrifuge tube was resuspended in solvent and centrifuged to collect three more times.
All retained compound was then dried in vacuum. The isolated compound was then
reacted with TFA (8 mL) in methylene chloride (20 mL) at room temperature for 24 h. The
volatile fraction was evaporated under reduced pressure. The remaining residue was
suspended in ethyl acetate and collected by centrifugation at 4000 rpm for 3 minutes and
the precipitate was collected. The remaining product in the centrifuge tube was
resuspended in solvent and centrifuged to collect three more times. All retained product

was then dried under vacuum. (yield: 44.5%).

Synthesis of spin-labeled compounds

HN'< ) HN_O_H{:—@—NH — HN_< ) HN—Q—H«:_@_HY&
(i) 4) °

Scheme 6.4 | Synthesis scheme to obtain compound (4).

N-(4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenyl)-1-hydroxy-
2,2,6,6-tetramethylpiperidine-4-carboxamide (4): A solution of compound (iii) (0.34
mmol), 4 Carboxy-TEMPO (1.02 mmol), EDC (1.02 mmol), DMAP (1.02 mmol), and
DIPEA (3.04 mmol) in 7 mL dimethylformamide and 7 mL methylene chloride was mixed
for 24 h at room temperature. The solution was then rotovapped to remove volatile
components and suspended in deionized water to obtain a precipitate, which was
obtained by filtration and dried under vacuum. The dried filtrate was suspended in cold

acetonitrile and filtered to obtain the final product (yield: 46.2%).
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Scheme 6.5 | Synthesis scheme to obtain compound (5).

N-(2-(2-(3-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenyl)amin

0)-3-oxopropoxy)ethoxy)ethyl)-1-hydroxy-2,2,6,6-tetramethylpiperidine-4-carboxamide

(5): A solution of compound iv (0.20 mmol), 4-Carboxy-TEMPO (0.40 mmol), EDC (0.60
mmol), and DMAP (0.60 mmol), and DIPEA (0.60 mmol) in dimethylformamide (4 mL)
and methylene chloride (4 mL) was stirred at room temperature for 72 h. After the
reaction, the solvent was removed in vacuo, and the remaining residue was washed with
deionized water. The crude product was suspended in acetonitrile and collected by
centrifugation at 4000 rpm for 3 minutes, and the precipitate was collected. The remaining

product in the centrifuge tube was resuspended in solvent and centrifuged to collect three

more times. All retained product was then dried under vacuum (yield: 36.5%).

N
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N-(15-((4-(4-(4-(3,3-dimethylbutanamido)benzamido)benzamido)phenyl)amino)-15-
0x0-3,6,9,12-tetraoxapentadecyl)-1-hydroxy-2,2,6,6-tetramethylpiperidine-4-
carboxamide (6): A solution of compound (v) (0.25 mmol), 4-Carboxy-TEMPQO (0.50
mmol), EDC (0.60 mmol), and DMAP (0.75 mmol), DIPEA (0.75 mmol) in
dimethylformamide (4 mL) and methylene chloride (4 mL) was stirred at room
temperature for 72 h. After the reaction, the solvent was removed in vacuo, and the
remaining residue was washed with deionized water. The crude product was suspended
in acetonitrile and collected by centrifugation at 4000 rpm for 3 minutes and the precipitate
was collected. The remaining product in the centrifuge tube was resuspended in solvent
and centrifuged to collect three more times. All retained product was then dried under

vacuum (yield: 45.3%).

Structural Characterization

Self-assembled nanostructures were imaged by cryogenic transmission electron
microscopy (cryo-TEM) on a Talos Arctica G2 microscope set to a 200 kV accelerating
voltage. Vitrified grids were prepared by pipetting 3 puL of 0.5 mg mL" nanoribbon
suspensions onto glow-discharged holey carbon grids (Quantifoil, 300 mesh, copper) in
a FEI Vitrobot Mark IV at 100% humidity. Grids were then blotted for 4 s, plunged into
liquid ethane, and preserved in liquid nitrogen.

Bulk structural characterization of nanostructure morphology was performed via
small angle X-ray scattering (SAXS) at Beamline 12-ID-B of the Advanced Photon Source
at Argonne National Laboratory. SAXS was performed on 5 mg mL"' suspensions of
molecular assemblies in quartz capillary tubes (Hampton Research, 2 mm diameter) at
13.3 keV X-ray radiation energy and with a DECTRIS PILATUS 2M detector. 1D SAXS
profiles for each sample and their background subtraction of a capillary filled with
deionized water was performed with beamline software.

Transmission electron microscopy (TEM) to verify co-assembly nanostructures was
performed on a FEI Tecnai G2 Spirit TWIN microscope set to a 120 kV accelerating
voltage. Grids were prepared by pipetting 5 uL of 1 mg mL-" nanoribbon suspensions onto

continuous carbon grids (Electron Microscopy Sciences, 200 mesh, copper) for 20 s,
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wicking to remove the solution, staining with 5 pL of 1% phosphotungistic acid (aq,

Electron Microscopy Sciences), and wicking to remove the stain.

Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectra were collected at 298 K on a Bruker EMXplus spectrometer with the
center field set at 3,315 G and a 150 G sweep width. EPR samples were loaded into
Teflon capillaries (1 mm inner diameter, 1.6 mm outer diameter, MSC Industrial Supply
Co.) which were capped with Critoseal before analysis. Co-assemblies were prepared by
mixing 5 mg mL-! solutions of compounds (1) — (3) dissolved in N,N-dimethylformamide
(DMF) with their respective spin labeled counterpart (4) — (6) dissolved in DMF with 5%
NH4OH (aq). These mixtures were held for 12 h at 80 °C to evaporate volatile
components, lyophilized for 24 h to remove trace volatiles, suspended in deionized water
to achieve an amphiphile concentration of 5 mg mL", and bath sonicated for 1 h to
produce nanoribbon co-assemblies. Exchange broadening is observed at spin label
concentrations exceeding 10 mol% in the co-assemblies, so we selected 5 mol% spin
label concentrations across all samples. Spectra were analyzed using the Chi-Squared
Cluster Analysis spectral simulation toolkit,?6” and the medoid is reported as the best

representation of the rotational diffusion constant (Dr) from this fitting.

Characterization of Heavy Metal Remediation

Aqueous solutions of Pb?+ refer to lead (ll) nitrate (Sigma-Aldrich) dissolved in
deionized water.

Isothermal titration calorimetry (ITC) was performed on a MicroCal VP-ITC
ultrasensitive titration calorimeter with 0.3 mM amphiphile and 3.0 mM Pb?* aqueous
solutions. Background heat of dilution from injecting Pb?* into nanoribbon-free water is
subtracted from all data. ITC experiments were performed in the absence of buffer due
to the insolubility of lead species in most buffers. However, negligible signal results from
the injection of water into nanoribbon solutions. Binding isotherms were captured at 25°C

and analyzed using instrument software.
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Measurements of Pb2* concentrations to construct adsorption isotherms were taken
on an Agilent 7900 inductively coupled plasma-mass spectrometer (ICP-MS). Samples
were digested in a 2% hydrochloric acid/2% nitric acid aqueous solution for analysis. The
instrument was calibrated using a 10 ppm Pb standard (Ricca Chemical) and all samples
were internally calibrated to a 10 ppm Rh standard (Sigma-Aldrich). To prepare samples
for adsorption isotherm testing, aqueous mixtures with constant concentrations of
compound (1) — (3) nanoribbons and variable concentrations of Pb%* were prepared,
mixed, and equilibrated for 24 h. These solutions were then centrifuged for 5 min at

10,000 rcf and the supernatants were retained for analysis.
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Chapter 7

Future Outlook

In this dissertation, | explored how incorporating robust intermolecular interactions
between molecules in a supramolecular assembly can give rise to unusual properties that
can enable the translation of such nanomaterials to a broad range of new application
spaces. The learnings from these studies offer promise to address a range of new

challenges spanning basic science to pressing applications.

Characterizing water dynamics above material surfaces

The behavior of water above material surfaces is a topic of intense scrutiny which
impacts nearly all scientific fields, spanning catalysis, mineralogy, tribology, biology,
atmospheric chemistry, and beyond.?%® Though it is widely accepted that the dynamics of
water generally differ greatly near material surfaces than in the bulk,2%% 269. 270 jt has
historically been difficult to experimentally systematically analyze the behavior of water
while holding material parameters constant (i.e. to isolate the behavior of water separately
from material dynamics). Outstanding questions in the field include: precisely what is the
dynamic behavior of water immediately above a charged material surface, and how does
this behavior change with high resolution further from a material surface? How do these
dynamics compare with nonpolar or polar uncharged surfaces? How does the introduction
of salts impact water behavior? How could manipulating water dynamics be used to
enhance material performance?

Both a material system with stable internal dynamics and customizable surface
chemistries and an appropriate experimental technique are needed to accurately address
these questions. Advances in electron paramagnetic resonance (EPR) spectroscopy and
Overhauser dynamic nuclear polarization (ODNP) spectroscopy may offer an appropriate

characterization approach to this end. EPR and ODNP are able to quantify the material
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and hydration dynamics, respectively, of a soft matter system with sub-nanometer
resolution around an introduced radical spin label.#® 72, 271 However, an appropriate
material platform for methodically varying surface parameters has thus far been missing.

The aramid amphiphile design may fill this gap. The suppressed exchange dynamics
identified in Chapter 2 enable the separation of material dynamics from water dynamics.
Aramid amphiphile co-assemblies of amphiphiles with varying head group chemistries
and spin labeled molecules would enable an understanding of the impact of surface
charge with surface water dynamics. Next, extending the spin label to fixed distances off
the nanomaterial surface (e.g. with “molecular rulers” 272) can be used to measure
changes in water dynamics from surface to bulk water with high resolution. Finally, the
impact of introducing changes to the aqueous environment (e.g. adding salts of differing
valencies and charges, manipulating pH, and altering temperature) on water dynamics

can be systematically characterized.

Interrogate recyclability and composites as a replacement for commodity plastics

When Karl Zeigler and Giulio Natta were awarded the 1963 Nobel Prize in Chemistry
for developing the first robust synthetic route to obtain polymers from fossil fuels, Prof.
Arne Fredga remarked in the Nobel presentation speech, “the scientific and technical
consequences of your discovery are immense and cannot even now be fully
estimated”.?”3 Today, we are beginning to understand the depth of this statement. With a
projected 25 billion metric tons of plastic produced by 2050, a radical shift must be
undertaken to develop alternative materials with significantly enhanced recyclability
towards realizing circularity of the materials’ life cycle.?74-276

Polymers comprising traditional single-use plastics have nanoscale entanglement
that imparts useful properties like low density and resistance to shattering, but limits
recyclability by making chains difficult to separate. The heat required to flow plastics
breaks covalent bonds in their backbone, resulting in limited downcycling of recaptured
plastics to lower value commaodities.?”” Supramolecular assemblies may offer a route to

overcome these limitations because of their underlying reliance on noncovalent
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intermolecular interactions. In other words, supramolecular materials could be triggerably
disassembled and reassembled without heat.

The stability and scalability of aramid amphiphile nanostructures offers promise as
a candidate foundation for alternative materials to commodity plastics. For example, |
found the stiffness of macroscopic aramid amphiphile materials is comparable to
conventional single-use plastics like polyethylene.>® To enhance other mechanical
properties (e.g. strength and elongation at break), composites with aramid amphiphiles
should be investigated. Aramid amphiphile threads thus far have been formed solely from
divalent, low molecular weight salts. Improved mechanical properties may be observed
coordinating nanoribbons with higher-order high-surface-energy materials, such as
charged carbon nanotubes or metal nano- or micro-particles. Composites can be tested
for recyclability with green solvents or salts to disrupt intermolecular interactions, and the

biodegradability of aramid amphiphile nanostructures may also be investigated.

Targeting challenging water contaminants via systems chemistry

The weakly polar or amphiphilic nature of some water contaminants renders them
difficult to remove using treatment strategies which rely on primarily ionic or dipolar
interactions. For example, arsenic is typically present in water as arsenic acid (HsAsOa)
or arsenous acid (HsAsQOs), the latter of which is uncharged at neutral pH.2’® These
species are pervasive in groundwater in and around Bangladesh, where an estimated 20
million people rely on tube well water laced with toxic levels of arsenic.?”® Failure to
respond to this crisis with appropriate material systems has led to widespread suffering,
leading to its designation as “humanity’s biggest mass poisoning.”?89

Chapters 5 and 6 demonstrated how the high-surface-areas and chemical tunability
of supramolecular assemblies could be used to remediate divalent heavy metal
contaminants from water. However, the formation of supramolecular assemblies requires
amphiphilic head groups which are intrinsically polar. In other words, the formation of
these assemblies was only possible due to the hydrophilic nature of chelating moieties

selected for the amphiphiles’ head groups. Nonpolar or weakly polar chemistries which
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are able to remove uncharged water contaminants like arsenic would likely not be
intrinsically successful as amphiphilic head groups.

To circumvent this design requirement, our group has explored the potential to use
a sacrificial head group which can induce assembly and then be cleaved off (Figure
7.1).195 We observed that the structural domain in aramid amphiphile assemblies imparts
significantly different stability to the hydrophobic core of the nanostructure than the
hydrophilic surface. As a consequence, the surface can be selectively thermally cleaved

after assembly to leave behind hydrophobic nanoribbons.

Thermally Labile
Hydrophilic
Domain

-

W
Annealing W

-

Selective
removal

Thermally Stable

Aramid Domain

Hydrophobic Tail

Figure 7.1 | Differential stability between amphiphilic head and tail groups can be harnessed in a systems chemistry
approach to use a sacrificial head group to form supramolecular assemblies and subsequently express an underlying
surface. lllustrated in this figure, our group demonstrated that the aramid structural domain is significantly more
thermally stable than the hydrophilic head groups. Consequently, the hydrophilic surfaces of aramid amphiphile
nanoribbons can be cleaved after assembly to produce hydrophobic nanoribbons. Image reproduced from “Domain-
selective thermal decomposition within supramolecular nanoribbons,” originally published in Nature Communications
by Cho, Christoff-Tempesta, et al.19

This systems chemistry approach may also offer a route to producing nanostructures
coated in nonpolar or weakly polar chemical groups to treat the aforementioned
challenging water contaminants. For example, a thiol-based chelator covalently linked to
the structural domain of an aramid amphiphile could be temporarily linked to a hydrophilic
group. These amphiphiles could then be self-assembled in water, and then chemical
reducing agents could be added to the surface to cleave off the hydrophilic groups. The
remaining nanoribbon surfaces would then be coated in thiols capable of complexing

inorganic arsenic acids.?®
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Solid-state materials for water- and gas-phase contaminant remediation

Producing macroscopic fabrics to treat aqueous and gaseous contaminants is highly
desirable for a range of targets. For water contaminants, fabric remediation technologies
are effective because the process for obtaining clean drinking water (e.g. straining water
through a fabric) is remarkably simple, and the fabrics are small, portable, and easy to
deploy.282. 283 For gaseous contaminants, fabrics are easily transportable to regions of
interest and may be readily incorporated into masks or ventilation streams.284

Combining principles from Chapter 2 to make solid-state aramid amphiphile
macroscopic materials and Chapters 5-6 to capture environmental contaminants on
nanomaterial surfaces offers a pathway to target these applications. Several avenues of
research are required to achieve these goals. First, nanomaterial surface chemistries
must be optimized for both contaminant remediation and structural gelation. This may be
achieved through head group chemistries which are capable of both characteristics or
through co-assembly of different components responsible imbuing each property. Next,
processing techniques can be investigated to produce macroscopic fabrics from aligned
nanoribbon gels, including solution blow spinning and electrospinning. Finally, the fabrics

may be investigated for remediation capacity, rechargeability, and degradation.
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