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ABSTRACT
Engineering Tailor-Made Polymers and Networks via Active Ester and Flow Chemistry
by
Declan Patrick Shannon

Natural network polymers are ubiquitous, leveraged for a diverse range of functions,
and controlled by modular chemical motifs at the molecular level. Synthetically, there is a
desire to borrow many of nature’s methods to build network materials with modular
approaches for screening and engineering materials properties. Yet in spite of the range of
chemical transformations available, most network development follows the classic approach
of network formulation, formation, and examination. This conventional methodology often
entails challenges in precise control of network structures, as well as limitations in functional
group compatibility with network polymerization approaches. Consequentially, there is a need
for modular, scalable synthetic strategies which can be performed as post polymerization
modifications of network pendant motifs for facile derivatization and screening of materials
properties. To address this, we can turn to active ester chemistry as a versatile, scalable
platform for control and manipulation of network functionalities using mild conditions and
simple wash protocols. Through integration of active ester containing monomer units into
widely used free radical network polymerizations, this thesis demonstrates the utility of this
straightforward approach for materials screening and design. Key discussions highlight the
ability to install biomimetic metal-ligand crosslinking motifs; modulate an array of properties
including mechanical, magnetic, and fluorescent behavior; and lastly leverage simple
derivatization strategies to interrogate the impact of chemical substituents on nanoscale water

transport behavior.



To begin we can take direct structural inspiration from well characterized iron-
catechol crosslinks of marine mussels and adapt these natural motifs to synthetic networks for
tuning and patterning mechanical properties. Through utilization of a pentafluorophenyl
acrylate as an active ester monomer unit, we can directly install catechol containing dopamine
into the network, crucially without the need for protection or deprotection of phenolic moieties
and avoiding their oxidation during substitution. Through this synthetic approach, large scale
films could be prepared with an array of catechol and covalent crosslinking contents, followed
by complexation and crosslinking of catechol groups with Fe** salts to achieve increases in
elastic moduli of nearly two orders of magnitude. Moreover, by conceptually mirroring the
mussels’ core-shell iron localization in the byssal thread, we can design diffusion controlled
gradients in ion incorporation in catechol functionalized networks to prepare materials with
patterned ion installation and heterogeneous, composite-like mechanical properties. Results
demonstrated sub-millimeter scale resolution control and appreciable changes in mechanical
behavior.

Building from these approaches, we can turn to other biological inspirations for
preparation of oxidation resistant materials which provide even greater degrees of tunability
through increased metal chelation scope. While literature examples abound of potential
ligands of interest, hydroxypyridinone (HOPO) motifs, adapted from the L-mimosine amino
acid used in plants, present an enticing moiety to work with. Structurally, these ligands are
similar to that of catechol moieties, but they have added benefits of increased oxidative
stability and wider metal ion chelation scope through their altered ring structure. Present work
builds on recent literature methods to prepare an active ester compatible, amine terminated

HOPO ligand in a one pot approach, without the need for multiple protection and deprotection
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steps. Leveraging the active ester network platform, ligands could be installed and complexed
with an array of metal salts, allowing for comparison mechanical reinforcement differences
between catechol and HOPO functionalized materials after complexation. By building on
prior patterning methods and utilizing the improved properties of the HOPO motif, materials
with heterogeneous mechanical, magnetic, and fluorescent responses could be prepared,
opening new doors for material preparation for soft robotic and encryption applications.
Lastly, this topology consistent approach for network substituent modification was
leveraged in hydrogel systems for measuring the impact of chemical identity on nanoscale
water transport behavior. To conduct such measurements, Overhauser Dynamic Nuclear
Polarization (ODNP) was leveraged as a combined electron paramagnetic and nuclear
magnetic resonance (EPR and NMR) technique to measure interactions between passing water
molecules and a nitroxide radical spin probe tethered to the network. Critically, ODNP
measurements place significant restriction on sample geometry and must be conducted in
narrow bore (0.6mm ID) capillaries. To address this challenge, prior work on active ester
network polymerizations was extended to a biphasic flow synthesis, enabling the formation
of microparticle networks with varied crosslinker and active ester content to modulate final
water content and network substituents. Moreover, via this approach, large batches of parent
materials could be prepared, split, and derivatized with both nitroxide spin labels and
hydrophobic or hydrophilic sidechains, allowing for measurement of final hydrogel materials
with consistent network topology and repeat unit sequence. Present results provide
fundamental insight into nanoscale water behavior at the polymer network surface and
highlight the impact of chemical identity on nanoscale water diffusivity, providing guiding

design rules for next generation membrane materials.
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Chapter 1. Introduction

1.1 Polymer Networks: Diverse Structure Function Relationships

1.1.1 Motivation

Polymeric and soft materials are widely leveraged in natural and synthetic systems
with varied macromolecular architectures including examples from simple linear chains to
combs, brushes, hyperbranched systems, and crosslinked network materials'. Among these,
polymer network materials represent a critical class of polymer architectures for their
utilization of crosslinking motifs between chains, providing structure and stability in both dry
and solvated systems ranging from rubbers to hydrogels. While simple in concept,
crosslinking of polymer structures results in a range of materials properties and emergent,
challenging to predict phenomena arising from the chemistry of the crosslinking site and
statistical nature of network architecture®*°. In response to challenges in predicting network
behavior from chemistry and crosslinking functionality, literature has developed an array of
models of network behavior, including affine®, phantom’, and now real elastic network
theory®>®°. However, model development is ongoing, and in-situ characterization of both
networks and defects remains an active area of materials research, with challenges
multiplexed by the nature and dynamics of the crosslinker chemistry®.

In developing our understanding of polymer network structure and contextualizing its
impact, we can build from the molecular level of the crosslinker up. Moreover, we can look
to both natural network systems!%12 and the history of synthetic crosslinked materials from
Staudinger onwards'®, However, this incredibly broad swath of materials research still offers
many opportunities for fundamental insight and design due to challenges of predicting

1



structure property relationships from molecular structure and tuning materials properties as a

function of substituents and crosslinker chemistry 24514,

1.1.2 Network Formation and Utility of Biomimetic Crosslinkers

In understanding the synthesis and formation of network polymers, it is essential to
grasp the significance of the crosslinker and its pivotal role in determining network properties.
Crosslinking units within network polymers can range from simple static, covalently bonded
linkages between chains to more complex dynamic or transient motifs designed to modulate
network behavior. Natural systems offer valuable inspiration for chemists and engineers, and
often circumvent classical synthetic property tradeoffs through cleverly architected
crosslinking strategies®>*%[could expand ref]. Building on biological approaches,
biomimetic and bioinspired synthetic systems have had success through modulation of
crosslinker chemistry and incorporation of a range of structures including transient
crosslinking species such as dynamic covalent bonding motifs, hydrogen bonding
crosslinkers, and metal-ligand bonds?316-2,

Among these approaches, biomimetic metal ligand bonds represent a crucial area of
synthetic materials development as they provide a facile, modular method for both network
crosslinking and tuning of crosslink strength through selection of the metal-ligand
pairt’182[expand ref]. Various well characterized natural systems provide excellent
approaches, including marine mussels'?, invertebrate jaws'®?7?8, and others?>®[expand ref],
which leverage metal-ligand crosslinking motifs for various functions, such as mechanical
reinforcement and stress dissipation. Utilization of this strategy can be contextualized in light

of fundamental, well documented chemical interactions at the metal-ligand crosslinking site,
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namely the association constants, dynamics, and stability of the metal ligand pair'”*=3, Such
interactions can be tuned as a function of individual metal ion species, or through mixed metal
ion systems to control materials propertiest’”**. Moreover, metal-ligand crosslinking
chemistry provides a facile route to change the crosslink functionality, or number of
potentially crosslinked chains'’ [expand ref], through modulation of the ligand coordination

3436 0rin

geometry. Such changes can be done either statically through selection of metal ion
more responsive contexts as a function of environmental variables such as pH!"*". These
inherent aspects of metal-ligand crosslinking motifs provide them with unparalleled ease of
tunability relative to other crosslinking strategies.

Expanding from the scale of an individual crosslink, be it static or dynamic, one must
then consider the impact of network formation and structure. While various methods of
network synthesis and crosslinker chemistry can be leveraged, the present discussion will
focus around the case of free radically polymerized networks, and various considerations of
crosslinking in this approach are extensible to other network systems*>25, It is worth noting
however, that such free radical systems deviate in both properties and topology from more
well controlled networks with ideal end linking of crosslinkers or preformed star
polymers>?38, Free radically polymerized networks play a key role in succeeding chapters,
and this method of network formation still represents an incredibly diverse group of materials.
In a classic free radical network polymerization, analogous to its linear analogues, materials
are prepared through initiation from a reactive radical species and propagation of the growing
chain end through reactive motifs of monomer units, such as the double bonds in vinyl,

(meth)acrylic, and related monomers. However, unlike linear analogues, multifunctional

monomer units are leveraged to intentionally form crosslinking sites needed to generate the



network®. As demonstrated in Figure 1.1, the radical chain end can react with vinyl motifs
from both free monomers, as well as pendant, unreacted motifs of the same chain or other
macromolecules, forming intra or intermolecular crosslinks*®, with comparable propagation
events occurring for related (meth)acrylic or (meth)acrylamide systems. Tuning the relative
distributions and types of crosslinking motifs can allow for reduction in network loop defects
and drastically alter system topology, and in some cases, keep the system below the gelation
threshold, forming hyperbranched, soluble materials*>3*41, However, for classical free
radical systems, topological control is limited and depends heavily on the structure and
functionality of crosslinking monomers as well as other pre-polymerization conditions (e.g.
solvent, concentration, etc.)*?>42-44 Consequentially, it can be challenging to determine the
impact of subtle variations in network topology and sequence during pendant group screening,
making direct comparisons of functionality challenging. Moreover, resultant materials can
present with heterogenous microstructures and fluctuations in crosslinking density leading to
statistical, emergent properties which can be challenging to predict from a molecular

understanding, which deviates from ideal, end linked networks®*52538:4245
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Figure 1.1: Potential propagation events in free radical network polymerization. From top to
bottom: (top) propagation with unincorporated monomers; (middle) intramolecular
crosslinking with pendant motifs; (bottom) interchain crosslinking with pendant motifs from
other macromolecular chains.

Despite the topological limits, free radical network polymerization has seen wide
adoption for network formation, and provided an efficient, effective method for forming a
diverse array of materials. It has been applicable at varied scopes from the chemical and
network architectural level, to larger scale applications in 3D printing and beyond??4¢-
2[expand ref]. The compatibility of this strategy with conventional vinyl, (meth)acrylic, and
acrylamide monomer chemistries has lowered the barrier to entry for preparing bespoke
monomer units and crosslinker chemistries which offer additional functionality and further
modulate materials properties®®*® [expand ref]. While challenges in network sequence and
topology can still exist during library formulation, post functionalization strategies can be
employed to conduct more direct comparison on substituent effects on the network without

concerns of changing polymerization conditions*’.



1.1.3 Active Ester Chemistry for Polymeric Materials and Networks

The use of active ester chemistry has been leveraged to prepare modular products for
a diverse range of applications due to its wide substrate scope, and it is an excellent method
to bring modularity to macromolecular and network material design*>*°¢. This chemistry
offers facile installation at reactive ester sites which are easily amidated (Scheme 1.1 — top to
afford a range of products. As such, macromolecules bearing these motifs can be easily
derivatized, and crucially, post polymerization modification can be leveraged to compare the
impact of sidechain chemistry in materials with identical polymer properties (e.g. Mn, Mw, B,
or network topology)*"5+57-% These approaches have found success in comparative screening
of macromolecular materials properties. While other approaches are available and widely
effective, such as thiol-ene click®®, copper(l) catalyzed azide-alkyne click®, or strain
promoted azide-alkyne click®®4, active ester chemistry finds its niche in being a radical and
metal-free technique to install a diverse array of amine functionalities, harnessing both
biologic amine terminated reagents, as well as cheap and widely available synthetic amine

building blocks.
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Scheme 1.1: (Top) Substitution of active ester motif represented by FG. (Bottom) Example
groups used in active ester chemistry. Left to right: NHS ester, pentafluorophenyl ester,
tetrafluorophenyl ester, phenyldimethylsulfonium triflate ester.

An array of activated ester chemistries has been developed to tune reactivity of the
pendant active ester moiety as well as impart added functionality. Common examples
(Scheme 1.1 — bottom) include moieties such as N-hydroxysuccinimide®® (NHS) and
fluorinated phenyl esters (pentafluoro and tetrafluorophenyl esters)>*¢%67. However, more
advanced species exist which provide systems with selective deactivation of active ester
motifs®®, Regardless of pendant moiety of choice, it is crucial to the success of this strategy
to identify both a functional motif which can be readily attached to monomer or initiating
groups, as well as survive polymerization and work up conditions, as some motifs are prone
to hydrolysis®. Many active ester derivatives have been extensively used as (meth)acrylate
monomers in radical polymerizations®*°"%° and further examples are seen in modification of

small molecule chain end moieties, including RAFT agents and ATRP initiators® %", Such



incorporation strategies have proven effective in both systems leveraging single activated
ester motifs, as well as copolymers of active ester structures with different reactivities®>>°,
allowing for preferential installation of different pendant groups at respective active ester
moieties.

While this approach is of great utility for screenings of soluble macromolecular
architectures, the utility of the active ester chemistry in network systems is comparable, if not
more useful, as it preserves network topology and monomer sequencing upon derivatization.
Network materials, as discussed in Section 1.1.1, present a challenging optimization problem
as many material properties function as emergent phenomena deriving from network
substituent chemical properties and statistical, architectural motifs of the network*°. While
various preparation strategies are available for forming network materials, alteration of initial
network polymerization conditions, monomer species, and solvent-monomer interactions can
significantly impact the incorporation, sequence, and structure of the network polymer#4244:45,
Consequentially preparation of libraries with varied network functionalities will likely result
in systems with both intentionally varied chemical motifs, and unintentionally altered network
topology; and disentangling the impact of these potentially subtle changes on materials
properties can become incredibly difficult. Even simple, single component poly(ethylene
glycol diacrylate) networks formed in free radical polymerization have shown mild changes
in solvent ratios can lead to heterogeneous networks with porous microstructures*. As a
result, being able to post-modify the network structure is of great utility for studying
fundamental materials properties in polymer networks and can be achieved via active ester

chemistry.
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Figure 1.2. Conceptual demonstration of pentafluorophenyl ester substitution in a network
polymer with varied primary amines creating an array of derivatized networks which maintain
the same network topology.

In addition to maintaining network topology during derivatization, post
polymerization modification opens doors to preparation of a wide array of materials systems
which would be challenging by other means. Notable advantages of active ester substitution
have been demonstrated for the preparation of systems with challenging or reactive
monomers, as well as heterogeneous, immiscible components. Present discourse focuses
around relevant examples of this approach and readers are encouraged to consult
comprehensive reviews for this synthetic method>. As detailed in literature*>*” and Chapter
2, active ester chemistry has demonstrated the capability to directly install challenging motifs,
such as easily oxidized catechol moieties. This is in contrast to prior incorporation strategies
of dopamine-mimetic motifs which require various protection and deprotection strategies to
avoid oxidation'®">73, Similarly, post polymerization modification has been leveraged in the
literature to prepare a range of tunable networks containing highly hydrophobic PDMS

acrylate and hydrophilic acrylamide motifs®® . Such approaches highlight the versatility and
9



effectiveness of this strategy, as their library preparation strategy maintains system topology
despite the highly immiscible monomer components, which would prove challenging by other
synthetic methods. In summary, post polymerization modification of network materials,
particularly through the use of active esters, offers many advantages for facile preparation and
derivatization of macromolecular systems. By bypassing concerns of pre-polymerization
condition changes impacting topology or network structure, such approaches enable greater
creativity in network design, facilitating the incorporation of challenging pendant groups with

differing properties than the parent material.

1.1.4 Polymer Synthesis and Network Formation in Flow

Present discourse has largely focused around examples of network materials leveraged
on the bulk, macroscopic scale, but comparable free radical network polymerizations have
seen wide adoption for microparticle networks prepared through flow and microfluidic
synthesis’™". As a result, active ester chemistry for facile network substitution and
derivatization can be utilized as an equally effective tool in tandem with flow synthesis for
microparticle network systems. Flow synthesis for preparation of polymer materials presents
an attractive area of research and development for its advantages over batch synthesis which
stem from its unique reactor geometry’”’®. Crucially, reactions in flow have greater tunability
in their surface area to volume ratios without the concomitant limitations of batch reactions
under similar constraints. This altered form factor allows for more uniform internal reaction
conditions with improved heat or light flux into the reactor either via improved heat
dissipation or reduced light attenuation’”"®. Moreover, by controlling reactor geometry, one

can leverage micro- and meso-scale reactors to access small length scale interfacial and
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droplet based reactions for preparing a range of products, which can be challenging to scale
at the macroscopic, batch level®2°. While the reader is referred to many excellent literature
reviews for comprehensive discussions of synthesis in flow for both small molecules’”"88!
and macromolecules® 83, an overview of relevant flow synthesis techniques is included here.

Critical to an understanding of flow synthesis is an appreciation of changes in reaction
conditions upon transition from batch to flow. While the impact of changing surface area to
volume ratio has already been touched on above, there are also notable impacts on the reaction
fluid behavior resulting from the reduced length scale and moving fluid stream. To
characterize the state the fluid flow operates in, various properties of fluid can be modeled in
terms of their dimensionless numbers, such as Reynolds number (Re), Capillary number (Ca),
Weber number (We, multiphase flows), etc., and an in depth discussion of these factors is
conducted in the literature’’8*. Moreover, at the relevant length scales for microfluidic
systems, there is increased impact of fluid properties, e.g. viscosity, wetting, and interfacial
tension, on fluid behavior and droplet generation’>848, While the increased impact of fluidic
properties may seem challenging, an understanding of these parameters can be harnessed to
generate a range of conditions in-situ and control various types of fluid flows. Liebfarth®-%°,
Guirronet®-*3, Di Carlo®, and others®>%[add refs] have demonstrated the impacts and utility
of various microfluidic flows on polymer product formation, and similar approaches are used
herein (Chapter 4) for biphasic plug flow synthesis. While other more complex microfluidic
droplet generation and mixing approaches are areas of ongoing research, they are beyond the
scope of this introduction and the reader is referred to more recent literature’ "7,

Biphasic plug flow provides a facile method to access a range of desirable flow reactor

behaviors, namely controlled residence time, droplet generation, and interfacial reactions. In
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a conventional biphasic plug flow system, two immiscible phases are used, a carrier phase
which wets the surface of tubing, and a droplet phase which segments the continuous carrier
(Figure 1.3)77828485.98 Many systems are employed which use biphasic gas-liquid systems
where the dispersed phase is an inert gas bubble, and the reaction occurs in the carrier solution
media. Similarly, liquid-liquid plug flows can be leveraged for higher viscosity biphasic
flows®*1% which avoid challenges of gas bubble compression. In liquid-liquid systems,
reactions can be conducted in either immiscible phase or at the droplet interface, leveraging
the high interfacial area. Example media include aqueous-organic, immiscible organic phases,
and frequently fluorous-organic systems using highly fluorinated oils as the carrier®86:90.95.101,
These approaches can be merged to create increasingly complex multiphase flows utilizing
three or more phases!®1%2, Regardless of selected medium, biphasic flow can be tuned to
control the relative volume and distribution of droplet and carrier phases through modulation
of flow rate, volumetric flow ratios, and critical dimension of reactor tubing in both gas-liquid

and liquid-liquid flows%®-107,
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Figure 1.3: Example diagrams of gas-liquid and liquid-liquid biphasic plug flow.

Liquid-liquid plug flow provides a facile method for droplet generation and
microparticle formation via in-situ network polymerization and is amenable to a range of
fluidic conditions™. In particular, fluorous-organic plug flow offers unique advantages
through the use of highly fluorinated oils, which are frequently immiscible with common
radical polymerization monomers (e.g. methacrylates, acrylates, and acrylamides) and will
preferentially wet many (fluoro)polymer tubing walls’”#101108 “Sych properties allow for
effective organic droplet encapsulation and reduce challenges associated with particle sticking
and reactor clogging®%. Moreover, free radical network polymerizations can be carried out
in dispersed droplet phases, forming the network in-situ, with controlled geometry. The
synthetic ease and versatility of this approach make such droplet formation strategies

amenable to a range of initiation conditions dependent on the system chemistry of interest.
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Such flow synthesis approaches represent a powerful tool to extend well studied network
chemistries to microparticle materials with controlled size and morphology for novel
applications” %1%, Through utilization of these synthetic strategies, in tandem with post
polymerization modification of active ester networks, we can combine these approaches to
design microparticle network systems which can be easily substituted from a single batch of

active ester materials, as demonstrated in Chapter 4.
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Chapter 2. Modular Synthesis and Patterning of High Stiffness
Networks by Post Polymerization Functionalization with Iron-

Catechol Complexes

This chapter was initially published in Macromolecules. Adapted with permission
Macromolecules, 2023, 56, 6, 2268-2276. Copyright 2023, American Chemical Society. CC

BY 4.0 https://creativecommons.org/licenses/by/4.0/

2.1 Abstract

Bioinspired iron-catechol crosslinks have shown remarkable success in increasing the
mechanical properties of polymer networks, in part due to clustering of Fe**-catechol domains
which act as secondary network reinforcing sites. We report a versatile synthetic procedure to
prepare modular PEG-acrylate networks with independently tunable covalent bis(acrylate)
and supramolecular Fe*-catechol crosslinking. Initial control of network structure is achieved
through radical polymerization and crosslinking, followed by post polymerization
incorporation of catechol units via quantitative active ester chemistry and subsequent
complexation with iron salts. By tuning the ratio of each building block, dual crosslinked
networks reinforced by clustered iron-catechol do-mains are prepared and exhibit a wide range
of properties (Young’s moduli up to ~245 MPa), well beyond the values achieved through
purely covalent crosslinking. This stepwise approach to mixed covalent and metal-ligand
crosslinked networks also permits local patterning of PEG-based films through masking

techniques forming distinct hard, soft, and gradient regions. -.
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2.2 Introduction

Structural biopolymers are characterized by outstanding performance and physical
properties yet are derived from simple building blocks and self-assembling network motifs!-
4. In addition to covalent crosslinking, enhanced performance can arise from metal-ligand
interactions and mineralization as in marine invertebrates®®, or through fiber reinforced
systems in wood', cartilage!!, tendon'?, and adaptive soft tissues'®. These structural
biopolymers rely on hierarchical network control through both localization of self-assembling
motifs and chemical control of covalent and noncovalent crosslinking?>’. This hierarchical
control allows biological systems to achieve an extensive range of materials properties while
also providing a set of design rules for the preparation of synthetic networks with enhanced
performance?.

Synthetic network design has sought to mimic the high stiffness and toughness of
biological materials through classical strategies such as modulating crosslink density4*°,
incorporating rigid fillers into soft polymer matrices'® or tuning network crystallinity'’ to alter
network mechanical properties. More recent approaches have directly used bioinspired
molecular motifs, allowing for the design of complex materials with hierarchical
strengthening motifs. Examples include double networks'®!® host-guest interactions?®?,
hydrogen bonding??, and metal-ligand interactions®?4, with metal-ligand systems having the
added advantage of tunability via the strength and nature of the metal-ligand bond. This
feature allows network stiffness and relaxation properties to be controlled through careful
selection of metal-ligand dissociation times?325-%0,

For accessing high stiffness networks, Fe3*-catechol bonds are of interest due to their
near covalent bond strength and pH dependent association number (mono vs. bis vs. tris) with
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the latter having a significant influence over the resulting crosslink structure®?%31-%, Recent
work from the Valentine group has demonstrated the importance of the Fe3*-catechol
clustering and ionomeric domains for toughening epoxy-based networks leading to high
stiffness materials in the dry state (E ~250 MPa)®*%’. In this system, the catechol unit was
introduced as a bis(triethylsilyl) protected epoxide during the epoxy/amine network formation
reaction followed by deprotection. This combination of a covalent network with a percolating
metal-ligand cluster network represents a promising approach to creating stiff, strong, and
tough load-bearing polymer networks. Building on this success, there is significant
opportunity for extending this design concept to a more modular synthetic strategy based on
initial rapid and orthogonal free radical crosslinking followed by secondary functionalization
with readily available catechol derivatives such as dopamine, alleviating the requirement for
protection/deprotection of catechol moieties®® (Figure 2.1). The versatility of radical
crosslinking systems and the wide availability of starting materials would also enable the
preparation of patterned materials for soft robotics*®*!, tissue engineering scaffolds*?, and

high strength, functional 3D printed materials*:.
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Figure 2.1. The modular processing of dual crosslinked networks leads to a highly tunable
and patternable material following the steps from left to right of the (a) precursor resin, (b)
active ester network, (c) catechol substitution, and (d) iron complexation with (bottom) images
of catechol networks before and after Fe3+ complexation.

2.3 Results and Discussion

In this work, we develop a synthetic platform for preparing and patterning high-
stiffness networks reinforced by non-covalent Fe3*-catechol crosslinks in simple, modular
network designs*. Previously, we have reported a two-step strategy for the general synthesis
of catechol containing films that uses initial radical crosslinking followed by post
polymerization modification of pentafluorophenyl esters with a variety of commercially
available functional amines including dopamine**. Grignon et al.*® recently described the use
of the same two-step strategy for the modification of RAFT derived polymers which illustrates
the utility of this approach*“¢. Application of these techniques to the functionalization of

PEG-acrylate crosslinked networks with dopamine-derived catechols and assembly with Fe3*
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salts leads to the formation of tough non-covalent crosslinks that reinforce the network
structure (Figure 2.1). Importantly, the inherent tunability of this strategy allows a wide range
of mechanical property changes and increased mechanical stiffness to be obtained.
Additionally, through use of soft lithography approaches, we demonstrate the selective
patterning of Fe3* incorporation into the network which provides novel spatial control of
metal-ligand crosslink formation and thin film strengthening.

Polymer networks were prepared according to Scheme 2.1 from a solvent-free mixture
comprised of three monomers: an active ester monomer, (pentafluorophenyl acrylate, PFPA),
a diacrylate crosslinker (poly(ethylene glycol) diacrylate, PEGDA, M, 700), and a
monofunctional diluent monomer (poly(ethylene glycol) methyl ether acrylate, PEGMEA, My
480). Initiation under UV irradiation at 365 nm for 2 minutes using 2,2-dimethoxy-2-
phenylacetophenone as the photo-initiator (0.1 wt.%, DMPA) led to effective polymerization
and crosslinking. Networks were prepared between quartz plates to form robust films, with
film thickness controlled by spacers placed between the plates. Key to the success of this
strategy was the ability to engineer mechanically tough films that could be swollen in a variety
of solvents and at different pH values and dried repeatedly without cracking or damage. To
achieve this, the amount of PEGDA crosslinker was maintained at low levels (~3-4 mol%) in
the active ester films to yield soft networks that avoided the observed brittleness with highly
crosslinked films (>5 mol%). Through facile radical copolymerization of active ester and
PEG-acrylate monomers, a diverse range of materials could therefore be prepared with varied

crosslinker content and active ester side chain densities (Tables 2.1, 2.2, and Table A.1).
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Scheme 2.1. Polymerization of networks, substitution of active ester groups with catechol
moieties and subsequent complexation with Fe®*.

Table 2.1. Library of iron-catechol reinforced network compositions (mixed crosslinkers).
Theoretical maximum crosslink density is determined from the combined content of covalent
(PEGDA) crosslinking units and metal ligand (Fe**-catechol linkages) divided by two,
assuming only bis complexation of two catechol moieties.

; ; Metal-Ligand
Network Composition Theor. M?r);rg&?gf’]!:gr)]k Density
to Covalent
Total Covalent Metal- Crosslink
mol% mol% mol% Crosslink  Crosslink Ligand
Catechol PEGDA PEGMEA . : Crosslink )
Density Density Density Ratio
4.4% 4.4% 91% 0.15 0.1 0.05 0.50
20% 3.9% 76% 0.35 0.1 0.25 2.5
35% 3.5% 61% 0.60 0.1 0.5 5.0
48% 3.2% 49% 0.85 0.1 0.75 7.5
58% 2.9% 39% 1.1 0.1 1.0 10
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Table 2.2. Control samples based on covalent-only network crosslinking. Theoretical
maximum crosslink density is determined from the mmol/cm?® content of covalent (PEGDA)
crosslinkers in the final network.

Network Composition
Theoretical Maximum Crosslink

mol% mol%
Density (mmol/cm?3)
PEGDA PEGMEA

4.5% 95.5% 0.1
12% 88% 0.25
24% 76% 0.50
54% 46% 1.0
100% 0% 1.6

As detailed previously®®, catechol units were incorporated into these networks via
active ester substitution of pentafluorophenyl esters using commercially available dopamine
(2-(3,4-dihydroxyphenyl)ethylamine). Films were soaked in a methanol solution of dopamine
hydrochloride (excess) for 24 hours at room temperature, with triethylamine added to
deprotonate the dopamine hydrochloride salt (1.5 equivalents of EtsN per dopamine HCI).
The reaction chamber was degassed with nitrogen, as catechols are known to oxidize in the
presence of oxygen and under basic conditions to form quinones which can undergo
dismutation and aryloxy crosslinking to form undesirable catechol-catechol covalent
crosslinks, as well as Michael-type addition with amines to form more complex polydopamine
structures®323%47 Monitoring by FTIR (Fourier Transform Infra-red Spectroscopy) confirms
complete substitution of the active esters with dopamine to form the corresponding amides

with no detectable quinone formation. As shown in Figure 2.2, resonances at 1780, 1520, and
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985 cm™* from the pentafluorophenyl ester group disappear after substitution with dopamine,

and a concomitant appearance of an amide stretching resonance is observed at ~1660 cm™.

PEGDA Network (No PFPA)

A

PFPA Network

Absorbance

Catechol Network (No Fe?*)
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4000 3500 3000 2500 2000 1500 1000 500
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Figure 2.2. FTIR-attenuated total reflection (ATR) of random copolymer networks. From
top to bottom: blue trace is a 4.5/95.5 mol% PEGDA/PEGMEA network without PFPA
monomer incorporation, yellow trace is a 4/61/35 mol% PEGDA/PEGMEA/PFPA network
before substitution, and red trace is PFPA-containing network after reaction with dopamine
in MeOH. Key resonances from PFPA (yellow highlighted peaks) at 1780, 1520, and 985 cm"
! disappear after substitution with dopamine, with an amide stretching band appearing near
1660 cm™.

To illustrate the reproducibility of this process, a wide range of PFPA networks were
prepared and after active ester substitution under an inert atmosphere, all samples were
transparent and colorless, indicating little or no catechol oxidation. In contrast, reactions
performed in the presence of air consistently yielded brown products, which is indicative of
catechol oxidation and crosslinking®:32%47 To demonstrate oxidation under controlled
conditions, control experiments were performed by intentionally oxidizing films in a solution
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of NalOg4 (0.05 M)3**“8, which immediately resulted in a change in physical appearance from
colorless to orange/red3-3348-50 (see Appendix A, Figure A.1). After catechol substitution,
films were dialyzed for 24 hours in 0.1 M HCI followed by an additional 24-hour dialysis in
1 mM HCI to remove residual, unreacted dopamine and triethylamine salts. The second
dialysis step raises the pH of the crosslinked network to be closer to that of the Fe3*
complexation solution (pH 7.5), which favors formation of Fe®*-catechol bis-complexes®!:2,

A wide range of conditions were examined for formation of Fe**-catechol complexes
within the crosslinked films and exposure of the catechol-containing networks to an aqueous
solution containing 0.05 M Fe(NOs)s and 0.2 M bicine buffered with KOH at pH 7.5 was
found to be mild and the most reproducible process®3’. This procedure allows soluble iron-
bicine complexes to diffuse into the covalently crosslinked films and subsequently exchange
with the catechol ligands to form a stable, secondary set of network crosslinks based on bis-
catecholate iron complexes. Excess iron salts and bicine were removed from films by
thoroughly dialyzing the swollen networks in DI water. To maintain mechanical integrity of
the films during drying, it was important to employ solvent gradients after the iron treatment
and washing steps. This involves slow addition of solvents with decreasing polarity to
gradually dehydrate large surface area films prior to drying under vacuum. This gradual switch
from aqueous to low polarity organic solvents mitigated cracking from film contraction during
drying and rapid solvent switching (see Appendix A for details).

Raman spectroscopy confirmed the primary formation of bis-Fe**-catechol complexes
in iron treated films (Figure 2.3). Raman signals at 630, 590, and 520 cm™ were observed and
are indicative of Fe3*-catechol vibrations with signals at 1200-1500 cm™ corresponding to

catechol ring vibrations after complexation3:%’. Significantly, Raman microscopy imaging of
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the crosslinked films showed the homogeneous appearance of signals for bis-Fe**-catechol

complexes throughout the thickness of the films and were observed to be absent in iron-free

catechol films.

Fe3*-Catechol Network
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Catechol Network (no Fe®*)
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Figure 2.3. Raman spectra of 3/39/58 mol% PEGDA/PEGMEA/PFPA films after substitution
with dopamine. From top to bottom: black trace is film after complexation with Fe®*, and red
trace is corresponding film without iron treatment. Resonances at 630, 590, and 520 cm™*
indicate presence of Fe*-catechol bis-complexes.31%’

Further analysis of the network morphology utilized small angle x-ray scattering
(SAXS) to identify the clustered microstructure of Fe-catechol units within the bulk films®¢=7.
Prior literature has highlighted the importance of Fe-catechol clustered domains on
reinforcing network structure®®3” as well as the impact of ionic structures on mechanical

properties®>®2. Initial SAXS measurements were therefore performed on control PEG
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networks and precursor films to correlate microstructural changes with variations in
crosslinker density, pentafluorophenyl ester incorporation, and Fe**-catechol complexation.
Scattering was conducted on both water swollen and dry films, with swollen structures
providing sufficient contrast for measurement (data from dry films is included in Appendix
A - Fig. A.11). Film compositions were chosen to be homogeneous in iron content throughout
the film cross section, as discussed below, by controlling thickness, Fe3* treatment, and
catechol grafting density.

In accord with previous work by Helgeson®®, pure PEGDA networks display
heterogeneous, star-like microstructures which deviate from ideal network topologies. Key
features are observed in the SAXS trace of the swollen, pure PEGDA sample (100 mol%
PEGDA, Fig. 2.4a) such as the low g upturn from the network and minimal contrast between
PEG sidechains and short acrylate backbones. Inclusion of PEGMEA as a comonomer results
in a brush-like structure with increased acrylate backbone lengths between crosslinks and
enhanced contrast between the network backbones and sidechains (4.5 mol% PEGDA, Fig.
2.4b). This results in the appearance of a shoulder peak at higher g in the SAXS trace. Here,
scattering from PEG sidechain-rich regions is superimposed on the network scattering of the
acrylate backbone with minimal other deviations from the pure PEGDA scattering patterns.
Such results suggest qualitatively similar levels of heterogeneity across the control samples,
and are comparable to expected literature morphologies®.

Significantly, introduction of the PFPA comonomer leads to the appearance of a peak
in SAXS traces, corresponding to a feature of approximately 5 nm in length scale for water-
swollen samples (Figure 2.4c). This feature is attributed to the correlation length between

PFPA rich domains resulting from the hydrophobic character of the pentafluorophenyl ester
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coupled with the reactivity ratios for PFPA and PEG acrylates (rerpa/rpec-acrylate Of 1.4/0.22)
leading to non-statistical incorporation of PFPA repeat units along the backbone®. These
PFPA rich domains serve as a template for catechol installation with Fe®'-treated films
forming clustered domains of Fe3*-catechol complexes at comparable length scale to initial
PFPA templating (i.e., ~5 nm) as seen in the shoulder of the swollen, iron treated film (Fig.
2.4d). The formation of these domains is further reinforced by a decrease in feature size in
SAXS when the samples are dried (Fig. A.11). For all samples, a lack of crystalline

microstructural features in wide angle x-ray scattering was observed and indicates an

amorphous structure (Fig. A.12).363
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Figure 2.4. Small angle x-ray scattering of water swollen polymer networks and
representative cartoons of polymer microstructure. (a) Scattering of 100 mol% PEGDA
network, (b) scattering of 4.5/95.5 mol% PEGDA/PEGMEA network, (c) scattering of
4/61/35 mol% PEGDA/PEGMEA/PFPA network, (d) Scattering of 4/61/35 mol%
PEGDA/PEGMEA/catechol network after substitution with dopamine and subsequent Fe3*
complexation.

The ability to control the level of covalent and non-covalent crosslinking permits
characterization of homogeneous, bulk network mechanical properties via beam bending to
reveal significant trends across both control networks and Fe**-catechol systems. For purely
covalent networks, the Young’s modulus increases from 1.7 MPa to 28.4 MPa as the PEGDA
content increases from 4.5 mol% to 100 mol% with the concomitant PEGMEA content
decreasing from 95.5% to 0%, This behavior is expected for networks with increasing
crosslinking density®®. Notably, the introduction of Fe3*-catechol units correlated with
significant increases in elastic moduli. For networks with constant PEGDA crosslinking (~3-
4 mol%), increasing the Fe**-catechol from 4.4 mol% to 58 mol% resulted in an increase in
modulus of ~2 orders of magnitude from 2.7 MPa to 245 MPa, approximately 10x that
observed for the purely covalent system (Fig. 2.5). Prior studies have attributed this substantial
increase in stiffness to the clustering of Fe**-catechol complexes, which reinforces the existing
covalent network framework via formation of ionic domains®-%.

The impact of the Fe**-catechol network was further investigated by rheological stress
relaxation experiments which shows minimal relaxation, suggesting the Fe3*-catechol bonds
exhibit quasistatic crosslink behavior during the timescale of beam-bending testing (see
Appendix A). Thus, the purely covalent networks can be directly compared with these dual
crosslinked networks (covalent + Fe3*-catechol) on the basis of their theoretical maximum

crosslinking density (cf., Tables 2.1 and 2.2) which is calculated based on diacrylate
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crosslinker content and the assumption that all grafted catechol units form bis-Fe**-catechol
crosslinks (Fig. 2.5). We find that bis-Fe3*-catechol networks are much stiffer than even the
most highly crosslinked covalent PEGDA networks, despite similarities between their
theoretical total crosslinking densities. To determine if the increased stiffness of networks
incorporating Fe3*-catechol bonds was in part due to oxidation and crosslinking of catechol
units, elastic moduli were measured for iron-free samples with 35 mol% and 58 mol% catechol
monomers after subjection to oxidative crosslinking by NalO4.334 It is notable that oxidized
films exhibited only modest increases in stiffness from 2.4 MPa to 3.7 MPa and 28 MPa,
respectively, which are an order of magnitude lower than corresponding Fe3*-catechol
networks, and are comparable to purely covalently crosslinked films. These values further
highlight the importance of metal-ligand complexes and associated ionic interactions for
achieving high stiffnesses in these materials. While this data demonstrates the impact of bis-
Fe3*-catechol complexes, tris-Fe3*-catechol complexes are possible via iron incorporation at
elevated pH which may lead to interesting future work as modulation of crosslink

functionality may change mechanical behavior, but is beyond the scope of this study®!.
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Figure 2.5. Young’s moduli, E, from beam bending measurements of dry samples vs.
theoretical maximum crosslinking density (mmol/cm?) for catechol-free PEGDA networks
(unfilled blue diamonds) and Fe®*-catechol networks with constant PEGDA covalent
crosslinker content of ~3-4 mol% (filled orange diamonds). Error bars represent standard
deviations from replicate measurements. Note some error bars are within the bounds of the
markers (See Appendix A for specific values).

An important advantage of this two-step approach to dual crosslinked materials is the
ability to independently tune the level of catechol incorporation and crosslink density of the
initial covalent network. To illustrate the potential of this step-wise strategy, gradients in iron
content were programmed into the secondary catechol-network by controlling the diffusion
rate of the external Fe(NOs)s solution into the crosslinked thin films through both covalent
crosslinking density and polymer-ion interactions which are both known to slow ion diffusion
into water-swollen networks®®-%%. Significantly, the penetration depth of Fe** ions into the
swollen catechol networks was shown to be modulated by changing covalent crosslinking
density, catechol grafting density, film thickness, and time. For example, by fixing catechol

grafting density and film thickness and varying covalent crosslinking density (i.e., increasing
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PEGDA content), optical microscopy reveals that iron incorporation into highly crosslinked
networks (7+ mol% PEGDA) is substantially slowed relative to more loosely crosslinked
networks (~3-4 mol% PEGDA). As can be seen in Figure 2.6, tuning of the iron diffusion
results in Fe**-catechol complex formation that is localized to thin “skin” layers at the external
surfaces of the films, with essentially no iron reaching the center of the films. Additional

sample specifications are located in Table A.1.
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| Increasing Covalent Crosslink Density>

Figure 2.6. Optical microscopy images of cross-sections of films with varied covalent
crosslinker content, illustrating differences in iron diffusion rates. (a) 3/39/58 mol%
PEGDA/PEGMEA/catechol, (b) 7/33/59 mol% PEGDA/PEGMEA/catechol, (c) 15/24/61
mol% PEGDA/PEGMEA/catechol .

Alternatively, at low covalent crosslinking density (e.g., 3-4 mol% PEGDA),
increasing the catechol grafting density from ~4 to 58 mol% results in an increase in the total
amount of iron uptake while also hindering ion diffusion into the center of the networks, again
forming a gradient in Fe concentration. This can be quantified by energy dispersive x-ray
spectroscopy (EDS) line-scans of SEM cross-sections which illustrate more homogeneous

Fe®'-catechol complexation in low catechol content samples (< 20 mol% catechol-containing
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monomers) and more surface-concentrated Fe-domains in networks with increased catechol
groups (> 35 mol%) (constant film thickness of 1 mm and 72-hour iron treatment) (Figure
2.7a). Finally, film thickness is also important for controlling homogeneous formation of Fe*-
catechol crosslinks. For samples with low PEGDA content (~3 mol%) and high catechol
content (58 mol%), homogenous Fe®*" distributions could be achieved by reducing film
thickness from 1 mm to 0.5 mm during the same 72-hour iron treatment (Figure 2.7b). The
further impact of iron diffusion timescales and surface driven gradients can be seen in
Appendix A (Fig. A.7 and A.8) and clearly illustrates that Fe3*-catechol formation can be
controlled by structural parameters to give a wide variety of mixed crosslink and gradient

systems.
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Figure 2.7. SEM EDS characterization of Fe3* distributions across film thicknesses. (a) Fe3*
distribution vs. dimensionless thickness for 1 mm thick films with ~3-4 mol% PEGDA and
varied catechol content after exposure to Fe3*-solution for 72 hours. (b) Comparison of Fe**
distribution vs. dimensionless thickness for 0.5 mm and 1 mm thick films of 3/39/58 mol%
PEGDA/PEGMEA/catechol film after exposure to Fe**-solution for 72 hours.

This ability to prepare gradient Fe**-catechol network structures also opens up the

possibility of controlling the patterning of Fe**-catechol domains in the X- and Y-directions.
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Soft lithography solution masking techniques coupled with controlled Fe3* diffusion allow 3D
network films to be prepared with a diversity of hard (Fe3*-catechol) and soft (catechol only)
network patterns*®6263, To illustrate the utility of this strategy, swollen networks were
covered with a PDMS mask that preferentially exposed distinct regions of the network surface
to Fe®" via a reservoir of buffered Fe(NOs)s solution (Figure 2.8a). As iron diffusion is
relatively slow in networks with high catechol grafting densities, this approach allows for
control of feature sizes at resolutions of ~700 [Om (cf.,, QR code in Figure 2.8b).
Representative patterned films can be seen in Figure 2.8b-d. Patterned sections of catechol
containing films further display increased rigidity relative to untreated sections of material.
For example, as observed in movie S1, the wings of the butterfly shown in Figure 2.8c are
significantly stiffer than the Fe3*-free matrix. To further demonstrate the dramatic change in
mechanical properties, a simple bending demonstration was conducted comparing a patterned
Fe3*-containing film and a corresponding precursor film (Fe3*-free) (Fig. 2.9). As can be seen
in Figure 2.9, the catechol containing film is flexible and bends evenly along its length. In
direct contrast, the film with a central section containing Fe**-complexed catechol groups
bends asymmetrically with the Fe3*-containing region being significantly stiffer than the
precursor film. This approach for patterning stiff regions in a functional network may further
provide a modular tool for generating composite-like soft materials®, as well as a method for
patterned adhesion from free catechol groups in iron free sections®. Additional details about

the techniques used for soft lithography solution masking are provided in Appendix A.
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Figure 2.8. (a) 3D rendering of the generalized schematic of the Fe®* patterning approach. (b-
d) Images of catechol-containing films (3/39/58 mol% PEGDA/PEGMEA/catechol) after
selective patterning with Fe3* through soft lithography styled masking displaying (b) a QR
code, (c) a butterfly, and (d) a demonstration of text.
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Figure 2.9. (a) Continuous film of 3/39/58 mol% PEGDA/PEGMEA/catechol with a central
section functionalized with Fe®*-catechol groups. (b) Comparison of folded film strips
between iron-patterned and iron free-networks. (c) Continuous film of 3/39/58 mol%
PEGDA/PEGMEA/catechol with no patterning or introduction of Fe**-catechol groups.

2.4 Conclusion

In this work, a modular approach for preparing mechanically tunable materials using
robust stepwise synthesis of dual crosslinked networks is presented. The versatility of free
radical crosslinking of vinyl monomers for preparation of an initial functionalized network is
combined with the ease of post-modification using active ester substitution to form catechol-
grafted networks without the need for protection/deprotection strategies. These catechol
functionalized networks can then be mechanically reinforced with Fe3*-catechol crosslinks
through simple solution processing to yield tough materials with stiffnesses that exceed those
of covalently crosslinked PEGDA networks by up to two orders of magnitude. Furthermore,
soft lithography solution masking techniques can leverage controlled iron diffusion into
catechol networks to spatially pattern 3D films with hard-soft regions with sub-millimeter
feature sizes and to prepare novel gradient systems. The user-friendly nature of this two-step
strategy for preparing mechanically tunable and patterned dual, covalent and metal-ligand
crosslinked networks enables the development of materials with enhanced properties for soft

robotic and bioinspired composite applications.
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Chapter 3. Bioinspired Metal-Ligand Networks: Facile
Preparation of Hydroxypyridinone (HOPO) Functionalized

Materials with Tunable and Patternable Properties

Text and Figures reprinted and adapted from Shannon, D., et al. (2024). Bioinspired
Metal-Ligand Networks: Facile Preparation of Hydroxypyridinone (HOPO) Functionalized

Materials with Tunable and Patternable Properties. doi.org/10. XXXX/XXXX in preparation.

3.1 Abstract

Bioinspired hydroxypyridinone (HOPO) functionalized materials have shown
remarkable capabilities for chelating a wide array of metal ions, creating systems with diverse
physical properties. In the present study we report a facile, one pot synthesis of a HOPO ligand
and simple, scalable installation into active ester network materials. This modular network
approach allows for preparation of HOPO containing networks amenable to chelating a range
of metals ions, such as transition metals (Fe**) and lanthanides (Ho®*, Tb%"), to modulate
mechanical, magnetic, and fluorescent properties. Moreover, networks with tailored,
heterogeneous properties can be prepared through localization and patterning of metal center
absorption via masking techniques, creating distinctly soft, hard, magnetic, and fluorescent

domains.

3.2 Introduction

Biomimetic and bioinspired polymer network systems display a wide range of

remarkable properties with tailored mechanical responses®—3, chemical functionalities*, and
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stimuli responsive behavior®. Synthetic design of such materials has leveraged, mimicked, and
expanded upon natural motifs, and represents an enticing area of research with a range of
strategies for network formation and property modulation'=3®°, While various approaches have
had demonstrated success in preparing bioinspired materials with controlled mechanical
responses® 10, there is great interest in developing resilient, biomimetic materials with added
functionalities and stimuli responsive characteristics>''2, Particularly desirable are properties
such as fluorescence and magnetic responsiveness, as they offer rapid responses with facile
control of external stimuli'®, While a myriad of strategies exists to target such properties,
implementing modular design strategies at the chemical level to achieve these materials
properties can prove challenging.

In pursuit of functional, mechanically resilient network materials, various synthetic
strategies have been employed to create materials with desirable properties. A wide array of
bioinspired approaches exist, with examples ranging from embedding of (nano)particulate
fillers'>%4 to property installation via metal-ligand chelation®'>1°, Among these, metal-
ligand networks present a facile pathway to access such desired, engineered network
functionalities and have demonstrated remarkable tunability for a range of applications
through selection of the metal-ligand pair®?°. Moreover, leveraging metal chelation enables
the ability to install varied properties as a function of the metal ion into the same bioinspired
polymer network scaffold, and selectively localize these properties via soft lithography
techniques®®*®, In particular, transition metal and lanthanide ions are of interest for their
ability to form mechanically robust crosslinking sites, as well as for their unique magnetic and

optical properties®162,
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Many bioinspired, metal-ligand polymer networks take inspiration from the chemical
structures of well-studied natural systems which leverage transition metal coordination?,
including marine muscles??, invertebrate jaws?>2°, tunicates?, and others?’~?°; and more
recent developments which have highlighted the potential of lanthanide use in bacteria®*-32,
While many bioinspired motifs are available, mimosine mimetic functionalities leveraging the
hydroxypyridinone (HOPO) motif have emerged as a useful series of chelating ligands®*-3¢,
mimicking the underlying motif used in mimosoid plants for ion transport®”¢. These ligands
offer similarly attractive features to siderophore-mimetic catechol ligands, but with increased
resistance to oxidation, lower pka, and wide chelation scope for capture of both transition
metals and rare earth elements®3263-42_ As such, HOPO containing small molecules have seen
wide adoption in metal chelating drugs such as deferiprone and ligand scaffolds for medical
and imaging applications33434°, Despite their utility, minimal literature*?4647 has explored
these motifs for metal-ligand polymer networks, likely owing to the multi-step ligand
synthesis®, and comparable materials represent an understudied segment of the polymer
network field with limited visibility.

In the present study we demonstrate an effective, scalable synthetic method to prepare
hydroxypyridinone functionalized, patternable network materials with an array of tunable
mechanical, magnetic, and fluorescent properties through selection of metal center identity.
Using recently developed boronic acid chemistry*® from Ke, Zhang, and coworkers, we adopt
their strategy to design a HOPO ligand compatible with well-studied active ester network
materials and compare to comparable catechol functionalized systems*®4°. Prepared HOPO
networks enable chelation of classical transition metals such as iron for mechanical

reinforcement®?, as well as chelation of lanthanides to prepare samples with inherent
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paramagnetic and UV-induced fluorescence through holmium and terbium
chelation?333%5051 “‘Moreover, leveraging prior patterning methods!®!®, we demonstrate the
ability to spatially control metal center incorporation, allowing for the preparation of
heterogenous, composite like materials with localized mechanical, magnetic, and fluorescent

behavior.

3.3 Results and Discussion

A recent method of hydroxypyridinone synthesis was leveraged to easily prepare an
active ester compatible HOPO ligand on a multigram scale in a one pot approach. Classic
preparation methods®3#24¢ for this and similar moieties require hazardous reagents and
crucially require a multistep synthesis with protection and deprotection of the starting maltol,
resulting in reduced yields of the final product. To circumvent these limitations in ligand
preparation, we leveraged the method developed by Ke, Zhang, and coworkers*® to prepare
our HOPO ligand from simple starting materials with water as the solvent, as seen in Scheme
3.1. This facile approach allows for gram scale preparation of materials from cheap reagents
and enabled large scale preparation of network materials. In brief, maltol was reacted with N-
boc-ethylene diamine in the presence of phenylboronic acid to create the protected
hydroxypyridinone intermediate. The product as a viscous oil was deprotected in-situ with
concentrated hydrochloric acid and purified via facile recrystallization. Ligand final product
was characterized by a range of spectroscopic techniques in good agreement with literature®?,
and detailed synthetic methods and characterization for the HOPO ligand are included in

Appendix B.
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Scheme 3.1: Synthesis of amine terminated HOPO ligand.
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Network synthesis was conducted following approaches detailed previously®® to
prepare materials containing an active ester site and additional details are listed in Appendix
B. In brief, networks were prepared from a solvent free monomer mixture containing
pentafluorophenyl acrylate (PFPA, active ester site), a PEG-diacrylate (PEGDA, M, 700,
crosslinker), a PEG-acrylate (PEGMEA, Mn 480, diluent monomer), and a small amount 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 0.1 wt.%) as a photoinitiator. The resin mixture
was dispensed between quartz plates with film thickness controlled by spacer gauges and

cured to form a free-standing network via UV irradiation for 2 minutes (365 nm, 3 mW/cm?).
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Scheme 3.2: (Top) Installation of HOPO ligand into PFPA networks and (Bottom)
complexation with metal salts in aqueous media. Complexation was conducted with Fe(NO3)s,
Ho(NO3)3, ThCla.
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To better contextualize the properties of the final HOPO functionalized networks,
PFPA networks were then substituted with either the synthesized HOPO ligand (Scheme 3.2
and Appendix B) or commercially available dopamine (2-(3,4-dihydroxyphenyl)ethylamine
hydrochloride salt) following prior procedures®® (Appendix B). Moreover, for both catechol
and HOPO functionalized networks, metal ions were incorporated according to Scheme 3.2
via washing procedures developed previously'’*8%3 from bicine buffered solutions at pH 7.5.
Iron was selected as a classical example for mechanical reinforcement of HOPO networks*,
and lanthanide ions were selected for their magnetic (Ho®* and Tb%*) and fluorescent (Th%*)
properties in addition to mechanical reinforcement. Following metal center installation,
samples were thoroughly dialyzed in deionized water to remove residual salts and buffer
components, followed by gentle deswelling using a series of solvent gradients with decreasing
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polarity. Metal ion solution preparations, detailed metal installation methods, and
representative solvent gradients are described in Appendix B.

Effective preparation of active ester networks and installation of ligands into the
network was validated via FTIR spectroscopy to confirm substitution of PFPA sites.
Polyacrylate networks containing PFPA moieties were prepared, and diagnostic peaks were
identified in accordance with prior literature!®#, Results in Figure 3.1 demonstrate the
presence of key diagnostic peaks from the pentafluorophenyl group at 985, 1520, and 1780
cmt in the precursor networks and disappearance of these peaks upon substitution with an
amine terminated ligand. For both catechol and HOPO functionalized networks, an amide

stretching band at ~1660 cm™ is observed after ligand installation.
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Figure 3.1: FTIR-attenuated total reflection (ATR) of random copolymer networks. From top
to bottom: a 3/39/58 mol% PEGDA/PEGMEA/ PFPA network before substitution (yellow),
a PFPA containing network after substitution with hydroxypyridinone ligand (purple), a PFPA
containing network after substitution with dopamine (red). Diagnostic peaks from the PFPA

moieties (gray highlighted peaks) at 985, 1520, and 1780 cm™ disappear after ligand
installation with amide stretching bands appearing at ~1660 cm™.

To highlight the stability of HOPO functionalized networks relative to their classical
catechol counterparts, a set of pH mediated ageing experiments were conducted. Catechol
containing materials demonstrate limited stability, particularly under basic, oxygenated
conditions, with known pH-dependent oxidation and autoxidation leading to crosslinking
between neighboring catechol moities!®®**, Conversely, HOPO containing materials
demonstrate improved stability under these conditions, in part due to their changes in electron
density in the aromatic ring, in line with prior literature33424656_In the present experiment, as
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visually demonstrated in Figure 3.2, punch samples of HOPO and catechol functionalized
networks were transferred from acidic storage solutions (1 mM HCI) to basic, aqueous
solutions buffered at pH 9 (KOH and 0.2M bicine) for 24 hours, imaged, and then returned to
acidic solution. Catechol samples were noted to display characteristic color changes of
quinone formation and oxidation!®®*% while no appreciable changes were observed for
HOPO functionalized materials, in line with prior studies*>*®. Visual changes in samples after
base mediated oxidation were corroborated by additional FTIR measurement at 24 and 72
hours of base exposure, and FTIR traces were compared to those of control samples oxidized
with sodium periodate (NalOs) (Figure B.2, Appendix B). Base treated catechol samples
showed changes in FTIR trace morphology progressing towards and consistent with oxidation
of catechols as observed in periodate controls® %, while negligible changes in FTIR traces
were observed for HOPO samples. Moreover, FTIR measurements of untreated and base
treated HOPO films are inconsistent with periodate oxidized HOPO samples, further
indicating minimal oxidation of the HOPO moiety and improved stability of the motif. Results
highlight the utility of the more resilient HOPO motif over traditional siderophore mimetic

catechol moieties.
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Figure 3.2: A visual demonstration of sample oxidative stability for catechol (top row) and
HOPO (bottom row) functionalized networks. From left to right, samples before, during, and
after 24 hours of aging in basic, aqueous media. Samples stored in 1 mM HCI solutions (left
column) were transferred to KOH solutions buffered with bicine (0.2 M) at pH 9 for 24 hours
(middle column), followed by dialysis and equilibration in 1 mM HCI storage solution (right
column).

Networks were further characterized after metal center installation and demonstrated
expected metal chelation via Raman spectroscopy (Figure 3.3). Prior literature!®?? has
demonstrated the utility of Raman spectroscopy for confirming the presence of metal-ligand
chelation in polymer networks, and comparable approaches were leveraged to elucidate the
nature of HOPO-metal center crosslinks. Crucially, as seen in Figure 3.3, diagnostic peaks
are present for both the ligand’s vibrations in the metal free samples (686 cm™) which are
dwarfed by appearance of a diagnostic peak after iron chelation ( ~570 cm™) in agreement
with literature reports for iron-hydroxypyridinone complexes and confirm the presence of Fe-
HOPO crosslinks®. Similarly, Raman spectroscopy provides indication of metal chelation for
HOPO-lanthanide complexes. While literature reports of Raman spectra for this metal-ligand
complex are sparse, comparable vibrational spectroscopy studies have been conducted with
tropolone-lanthanide and tropolone-transition metal complexes which demonstrate similar
diagnostic peak shifts from the metal free to metal complexed systems®'-®3, Crucially, as
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observed in literature for lanthanide complexes®:, we observe a diagnostic peak shift from the
metal free ligand (686 cm™) to the metal complexed sample (approx. 705 cm™), attributed to
changes in ring and M-O vibrational modes upon chelation as seen in the HOPO-Ho®*" sample

(Figure 3.3 and Appendix B for additional metal salts).
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Figure 3.3: Raman spectra of HOPO functionalized networks with and without metal ions.
From top to bottom: a 3/39/58 mol% PEGDA/PEGMEA/PFPA network after HOPO
substitution (purple), a HOPO containing network of the same composition after complexation

with Ho** (pink), and a HOPO network of equivalent composition after complexation with
Fe3* (red).

To build desired materials properties into these modular networks, an array of metal
ions was selected to complex with mimosine inspired ligands for development of materials
with tailored mechanical, magnetic, and fluorescent properties. Present results demonstrate an
approach to modulate these properties as a function of metal center and ligand selection, and

illustrate the potential of this synthetic approach for future systems such as magnetic
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tweezers®® and soft robotic applications'®®%7, Moreover, to further demonstrate the
applications of this synthetic system, materials were developed with patterned metal center
incorporation to localize mechanical, magnetic, and fluorescent response using methods

previously delineated in the literature!®8,

Mechanical behavior of polymer networks was examined in three-point bend testing,
and results demonstrated high elastic moduli after metal center incorporation with noticeable
property modulation based on selection of ligand and metal center. Iron-catechol data was
adapted from our prior publication®®, and crucially, catecholate and HOPO functionalized
materials both demonstrate high elastic moduli after complexation with iron ions, indicating
formation of elastically effective metal-ligand crosslinks compared to their metal free base
networks (elastic moduli of 3.1 MPa for catechol networks and 3.8 MPa for HOPO samples).
However, the advantages of the HOPO network relative to classical catecholate materials are
observed during complexation with lanthanide ions from aqueous media. Appreciable
differences in elastic moduli were noted, with HOPO networks demonstrating high elastic
moduli (~300 MPa) while catechol functionalized materials showed only moderate elastic
moduli increases (~12 MPa) after attempted lanthanide complexation in aqueous media. At
present these mechanical changes for catechol-lanthanide samples are predominantly
attributed to oxidation of catechol residues!®? and some potentially weak capture of
lanthanide ions by catechol moieties®®. No diagnostic catechol-lanthanide peaks could be
identified via Raman spectroscopy (Appendix B), but a paramagnetic moment was observed
in magnetometry (vide infra) indicating the presence of trace paramagnetic Ho®* ions. These
mechanical differences fall in line with prior literature expectations, which elucidate the

capabilities of HOPO ligands, and the limitations of catechol groups, for lanthanide capture
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from aqueous media in mildly basic pH338, Present results in Figure 3.4 demonstrate the
mechanical reinforcement achieved with iron and holmium complexes in catechol and HOPO
networks and additional mechanical testing data and methodology is included in Appendix

B.
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Figure 3.4: Elastic moduli, E, measured via 3-point beam bending of dry metal-ligand
polymer networks. Error bars represent standard deviations from replicate measurements.
Iron-catechol elastic moduli and standard deviation were taken from previous publication
using the same preparation and network composition®®,

To further leverage the wide ion scope and potential properties of HOPO networks,
magnetometry measurements were conducted to probe the strong paramagnetic response of

the lanthanide-HOPO networks. Data for catechol and HOPO functionalized films after
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complexation with holmium is presented in Figure 3.5 and reveals clear differences in the
magnetic response of each respective film. While both systems display a paramagnetic
response, HOPO films show a nearly two-fold increase in magnetic moment per gram of
material for the same applied field as catechol functionalized samples. These results are in
line with expectations of improved stability of HOPO-lanthanide complexes relative to
catecholate materials and correlate with present observations by Raman spectroscopy. This
suggests and follows expectations of consequentially higher uptake of the metal center from
the aqueous complexation solution by HOPO ligands than catechol ligands. While chelation
of lanthanides by catechol functionalized networks was not observed via Raman spectroscopy,
we anticipate small, trace amounts of lanthanide metal center may be retained within the

network via interactions between catechol hydroxyls and lanthanide metal ions 68°,
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Figure 3.5: Magnetization curves (moment vs. applied field) of holmium complexed polymer
networks substituted with either catechol (light brown squares) or HOPO (pink triangles)
moieties. A metal free HOPO network (purple circles) is provided for comparison.
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We further leverage these HOPO functionalized materials to prepare patterned
samples with composite-like properties, allowing for spatial control of mechanical, magnetic,
and fluorescent behaviors through selection of metal center identity. Leveraging prior
approaches!8 and literature insight*®'°, we demonstrate the ability to incorporate various metal
centers through selective surface exposure and soft lithography type techniques. Patterning
approaches can be leveraged for incorporation of metal ions into neat, metal-free samples as
well as for installation of metal ions into metal-containing samples via ion exchange.
Approaches build on prior methods'® for preparing samples with in single- or double-sided
systems as seen in Figure 3.6 to simultaneously incorporate more than one metal center. It
should be noted that while a double-sided patterning via ion exchange is displayed, this
approach is modular, and patterning can be done with single metal centers, directly into

unfunctionalized HOPO networks as in Figure 3.7.

Unchelated HOPO Film Fully Chelated Film Patterned Film via Exchange
3+_
Tb?*-Sol. Fe3*-Sol. .
K P __, _—|Ho*-Sol.
| ) ' | '
| i f / 3
A
» * T 7 €
I /f/ﬂ/j% .
‘\’3 Tb3*-lons.
| ' PDMS Y el
Mask = paftemed § . f__ PDMS
Tb3*-HOPO Film Mask

Figure 3.6: Selective patterning and installation of metal centers into HOPO functionalized
networks via Tb3" complexation and ion exchange using modular patterning approaches.
(Left) An untreated HOPO network. (Middle) A fully complexed Th3*-HOPO network.
(Right) Simultaneous surface patterning of Fe®* and Ho* by exchange of Tb* metal centers.
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To demonstrate these patterned properties, we can impart mechanical and magnetic
heterogeneity through selective localization of metal centers such as iron (Appendix B) and
holmium (Figure 3.7). Here in a simple demonstration, the metal-complexed region of the
film (Fig. 3.7a and 3.7b) displays increased rigidity and resistance to bending in comparison
to metal-free control samples (Fig. 3.7c and 3.7b). Furthermore, by selectively incorporating
holmium into the network, we demonstrate the ability to locally control the films paramagnetic
properties. As observed in Figure 3.7d, the metal-free control sample and metal-free regions
of the patterned sample display negligible magnetic response to a benchtop magnet.
Conversely, the holmium patterned region of the film displays a strong paramagnetic response
and enables the entire patterned sample to be raised. Present results are encouraging and
demonstrate an effective method to prepare materials with localized paramagnetic and
mechanical responses. Moreover, synthetic approaches used in this study are compatible with
a wide array of polyacrylate and related network chemistries and may enable development of

novel materials for soft-robotics applications and magnetic tweezer systems®+-¢’.
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Figure 3.7: (a) Polymer film of 3/39/58 mol% PEGDA/PEGMEA/HOPO with a central
section functionalized with Ho**-HOPO complexes. (b) Comparison of film mechanical
behavior under bending between metal-patterned (left) and metal free (right). (c) Polymer film
of 3/39/58 mol% PEGDA/PEGMEA/HOPO without any metal ions installed in the network.
(d) Still image showing the HOPO-Ho*" patterned film being lifted by a magnet with panels
(a) and (c) pictured again for clarity.

We further develop this materials platform by designing patterned samples with
localized fluorescence through chelation and exchange of terbium metal centers. Lanthanide
metal ions offer many attractive properties even as chelated species including paramagnetism
and UV induced fluorescence with large, diagnostic Stokes shifts'>2471, By leveraging the
similar chelation behavior of lanthanide ions’>”® and strong binding affinities of
hydroxypyridinone for iron ions®, we demonstrate the ability to pattern the negative or “dark”
image onto fluorescent Th**-HOPO films via exchange and installation of non-fluorescent
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metal centers. Here as seen in Figure 3.8b the base Th**-HOPO film glows green under 254
nm light, but the negative “dark™ pattern can be achieved through exchange of Tb centers with
other non-fluorescent metal centers such as holmium and iron. Moreover, these approaches
allow for potential applications in information storage and encryption®"* through careful
selection of metal centers patterned into the terbium laden film. As seen in Figure 3.8, after
patterning holmium centers into the material, the film is still optically transparent and clear in
ambient light, and nature of the full pattern can be challenging to discern via the naked,
unaided eye. However, under UV light (254 nm) the patterned holmium region of the film is
visible, and the entire nature of the image is revealed. While future work is needed to extend
the capabilities of this approach to encryption and soft robotics applications, present results
provide an encouraging step towards preparing designer materials with readily controlled and

localized mechanical, magnetic, and fluorescent responses.
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Figure 3.8: (a) Image of a polymer film of 3/39/58 mol% PEGDA/PEGMEA/HOPO under
ambient light after complexation with Th**, and patterning of Ho®* and Fe®* ions via metal
center exchange, with representative metal-ion containing areas denoted via the guide at left.
(b) Image of a polymer film of 3/39/58 mol% PEGDA/PEGMEA/HOPO under UV light (254
nm). Here Tb3*-complexed regions of the film glow green while Ho®*" and Fe3* patterned
surfaces do not fluoresce.

3.4 Conclusions & Future Work

Present results demonstrate a facile and scalable synthesis of HOPO ligands and use
in active ester polymer networks for tailored mechanical, magnetic, and luminescent

properties. Through utilization of readily available feedstocks, target motifs can be
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synthesized easily on gram scales and incorporated through simple wash procedures.
Installation of 3,4-HOPO moieties enables preparation of mechanically robust networks
which retain many advantages of their catecholate analogues without limitations or challenges
in ligand oxidation during long term air exposure. Moreover, this ligand scaffold enables the
capture and use of lanthanide ions which retain magnetic and fluorescent properties of interest
providing an easy route to locally embed desired functionalities into polymer network
materials. Future work on these material systems may enable the development of novel
materials for magnetic tweezers, soft robotic materials, and membrane materials for

lanthanide capture and recovery.
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Chapter 4. Solution-like Water Transport Across Molecular to
Macroscopic Length Scales in Crosslinked Poly(ethylene glycol

diacrylate) Networks with Tailored Sidechains

Text and Figures reprinted and adapted from Webber, T. R.*, Shannon, D.*, et al.
(2024). Solution-like Water Transport Across Molecular to Macroscopic Length Scales in
Crosslinked Poly(ethylene glycol diacrylate) Networks with Tailored Sidechains.

doi.org/10.XXXX/XXXX in preparation.

*denotes equal contribution

4.1 Abstract

Poly(ethylene glycol) (PEG)-based materials, like PEG-diacrylate (PEGDA), are
prized for their hydrophilic, inert properties, and leveraged in hydrogels and as membrane
mimics. While network chemistry is often tuned for selective transport and antifouling,
fundamental understanding of water dynamics at the network surface and impact on bulk
transport is limited. We utilize Overhauser dynamic nuclear polarization (ODNP) to measure
nanoscale water diffusivity near a tethered spin label at the water-polymer surface and
compare to bulk water diffusivity from pulsed field gradient (PFG) NMR. Via active ester
chemistry, spin labels and varied sidechain chemistries are introduced, modulating network
hydrophilicity. Tuning network hydration through crosslinker content and functional groups
further impacts water diffusivity. Results show rapid nanoscale water transport at the polymer

surface, reflecting network volumetric water content, with further modulation by sidechain
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functionality. These findings demonstrate PEGDA’s utility as a membrane mimic and the

critical impact of network chemistry on water transport.

4.2 Introduction

Polymer membrane technologies play a central role in water treatment and
desalination due to their energy and cost efficiency. Designing the next generation of high-
performance membrane materials requires a number of enhancements including high
permeability, selective separation of solutes, and improved antifouling behavior. To imbue
model membrane materials with tailored properties for ion selectivity and fouling resistance,
chemical modifications of the network structure should be leveraged, given that ion selection
and membrane fouling are molecular events that occur within sub-nanometer length scales
from the polymer surface.? However, current membrane design relies on empirical
approaches and lacks a fundamental understanding of the relationship between the network
structure, chemistry, and surface activity for the transport of water and solutes across model
membrane materials.’® Furthermore, even when tailored surface modifications are engineered
into membrane models, the majority of studies on membrane transport characterize
macroscopic diffusion effects.* These multiplexed problems, combined with synthetic
challenges and a vast design space, make it difficult to identify molecularly-informed design
rules and privileged building blocks on transport at multiple length scales.®

One of the most widely used polymers to impart hydrophilicity and antifouling
behavior to membrane materials is poly(ethylene glycol) (PEG).%® PEG-based cross-linked
networks further improve mechanical stability*>” while maintaining many of the desired

properties, such as high permeability and resistance to fouling, critical for applications as
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coatings for water treatment membranes.**8-2* In particular, cross-linked poly(ethylene glycol
diacrylate) (PEGDA) networks are a common material which exhibits high hydrophilicity and
facile control over water swelling behavior and transport properties through network
design.*1920.2425 Fyrthermore, they can be readily synthesized from low-cost materials in mild
(photoinitiated) radical polymerization conditions.>?® Still, the majority of studies on cross-
linked PEGDA hydrogels in membranes have focused on studying macroscopic bulk
properties, such as swelling, permeation, salt sorption, and fouling, driven by applications in
membrane coatings. However the desirable properties and utility of PEGDA-based materials
has been noted in other areas of research, leading to wide adoption in diverse settings from
biomaterials to microparticle systems, where molecular scale effects of network structure and
chemistry are also of interest.®2":28 |n particular, the degree of crosslinking and corresponding
water uptake of the network is critical across these applications, and it is well established that
varying the ratio of PEGDA monomers to pre-polymerization water, as well as the ratio of
PEGDA (cross-linking monomer) to a mono PEG-acrylate (diluent monomer) provides facile
control of network water contetnt.?#262° Hydrogels with higher water contents show increased
water permeability and diffusivity as measured by membrane permeation, with solute or ion
diffusion closely coupled to water diffusion.?*262%-3% However, what is not known is whether
it is strictly the network structuring of the cross-linked PEGDA that dictates transport or
whether polymer surface chemistry impacts water or solute dynamics, either near the surface
or across length scales.

Even though PEGDA networks have been widely used, the mesoscale, network
structural features of cross-linked PEGDA hydrogels and the associated impact of network

chemistry on transport are still active, developing areas of research®-. Cross-linked PEGDA
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is in many ways a non-ideal and structurally complex material. Work from Malo de Molina
et al. have demonstrated the heterogeneous nature of PEGDA networks, which arrange into
star-like structures with polymer-rich and water-rich domains, with characteristic length
scales controlled by the molecular weight of the cross-linking diacrylate.3* Previous transport
work in PEGDA hydrogels has focused largely on macroscopic permeation measurements to
extract water or ion diffusion coefficients using the solution-diffusion model.?#3%-32 More
recently, efforts by Nordness et al. have demonstrated successful characterization of PEGDA
hydrogels using PFG-NMR to obtain water and ion diffusion at micrometer length scales and
millisecond time scales to show that water content in the hydrogel is the primary driver for
diffusivity and is closely coupled to ion transport®®. Conversely, even for simple mixtures of
low molecular weight PEG and water, fundamental insights of nanoscopic water diffusion and
structuring at the polymer surface are new, as discussed in a recent study from Moon et al.
Their work combined experimental pulsed field gradient (PFG)-NMR measurements with
Overhauser dynamic nuclear polarization (ODNP) spectroscopy, in conjunction with
molecular dynamics (MD) simulations, to find that the molecular structuring of water around
the ethylene oxide repeat units directly impacted the dynamics of water local to and at a
distance from the polymer chain.®® Diffusion properties at the macroscale are modulated by
molecular scale water-polymer interactions, which have significant implications for tailoring
structure-property relationships in cross-linked polymer hydrogels. Moreover, recent work
from Jiao et al. applied MD simulation and ODNP spectroscopy to explore the effect of local
chemical modifications on surface water structure and dynamics®. Crucially, they
demonstrate that the sequence of nonpolar and polar sidechains on model polypeptoids

influences collective water properties, and that hydrophobic, nonpolar species give rise to
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slower, more tetrahedrally-oriented water structures.*® Such results in model systems on the
nanoscale demonstrate the appreciable impact of chemical identity on local water structure
and dynamics. Moreover, these studies highlight the potential of leveraging ODNP in tandem
with PFG-NMR to build a multi-length scale, molecularly-informed understanding of how
local chemical interactions and mesoscale polymer structuring impact water diffusion within
PEGDA and other membrane materials.

The use of ODNP to study water dynamics in complex polymer environments provides
critical molecular-level insight owing to the inherent sub-nanometer length scale of
observation. ODNP is a magnetic resonance technique that relies on the excitation of the
electron paramagnetic resonance (EPR) of a nitroxide radical-based spin label which induces
amplification of the *H nuclear magnetic resonance (NMR) signal. This dipolar interaction
between the electron spin label and nuclear spin of water leads to cross relaxation.*#? The
interaction strength between the free electron and *H nucleus depends on their distance of
closest approach and the relative speed of the water molecule within the dipolar field of the
spin label. Given that the EPR frequency is on the order of 10 GHz, the dipolar correlation
time of water near the spin label is on the order of sub-nanosecond timescales. In this way,
ODNP uniquely captures translational, diffusive water transport with nanometer scale spatial
resolution in complex, or even crowded, molecular surface environments. ODNP has been
successfully applied to study the hydration dynamics of DNA surfaces*3, CheY protein**, lipid
bilayers®, silica nanoparticles*®#’, and micellar polymer structures®®. ODNP provides new
insight into the dynamic nature of polymer or hydrogel environments not afforded by other

techniques.
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In this work, we leverage flow synthesis to form cross-linked PEGDA network
microparticles with tethered spin labels incorporated into the network to investigate the effect
of water content on nanoscale water transport measured by ODNP spectroscopy for the first
time. We compare ODNP water diffusivities to those derived from PFG-NMR to ask the
question: does diffusion measured at multiple length scales agree and does the irregular
microstructure of the PEG acrylate network hinder water motion at the molecular level?
Present results indicate that local polymer-water interactions underpin molecular scale
transport, which behaves in an unhindered, solution-like fashion. We further explore the
interplay between chemical functionalization of the polymer network and water dynamics by
the addition of secondary sidechain moieties with tunable hydrophilicity. We find at the
nanoscale, hydrophobic groups can slow local water diffusivity, while hydrophilic groups
further accelerate local water diffusivity, but broadly such effects are not observed using PFG-
NMR. These results are significant in demonstrating the importance of molecular-scale
techniques such as ODNP for probing local chemical interactions. The connection between
local chemical functionality and water dynamics suggests design rules for independently
modulating water and solute behavior near tailored surfaces while keeping macroscopic
transport unaltered. These findings establish important molecular insights to design rules
governing water dynamics in PEG-based hydrogels which inspire next-generation engineering

of advanced water treatment membranes.

4.3 Results and Discussion

In this study, cross-linked PEGDA serves as a model material to understand nanoscale

water diffusion in a dense polymer membrane, and biphasic flow synthesis was leveraged to
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prepare network microparticles amenable to the constraints of the capillaries needed for
ODNP. Our study relies on nitroxide radical-based spin labels, applying ODNP as a molecular
scale technique to measure inherently sub-nanosecond water diffusion local to the spin label
with nanometer scale spatial resolution. However, there are considerable practical challenges
we needed to overcome in order to perform ODNP experiments on water inside a swollen
hydrogel network. Since ODNP measurements are conventionally performed on agueous
solution samples loaded into a capillary (0.6 mm ID) with small internal volume (~5 pL)
placed within a modified NMR probe and EPR magnet, it is critical that a strictly controlled
sample quantity be loaded into the capillary for sample-to-sample reproducibility. To achieve
this, one must consistently synthesize, functionalize, and load a hydrogel into a narrow-bore
capillary without impacting the equilibrium water volume fraction of the network via
compression or wall constraints, and this is a non-trivial challenge.

Synthesis of active ester polymer networks as microparticles allows for the preparation
of EPR-active, functionalized materials which can be loaded into narrow bore capillaries
reproducibly at equilibrium water content. Recent work from Moon et al.> and others36:49-53
have demonstrated amidation of pentafluorophenyl acrylate (PFPA) active ester repeat units
as a simple and versatile method to install a wide array of functional groups into PEGDA
networks.® This method enables the direct installation of nitroxide-radical spin labels (e.g., 4-
amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPOQ)) at active ester sites through
simple synthetic protocols. This post-polymerization approach is compatible with
conventional radical polymerization techniques used to prepare PEGDA hydrogels and avoids
limitations of traditional approaches which would require protection-deprotection chemistries

to prevent loss of spin label radical electrons during the polymerization. This approach can be
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conducted on polymer gels of various geometries, enabling preparation of microparticle
networks which can be easily functionalized and loaded into narrow bore EPR capillaries at
equilibrium water content. This allows the synthesis of functional materials without
limitations of spin label protection, obstructed water content control, or constraints imposed
by capillary geometry.

A versatile approach to prepare polymer network microparticles was then developed
based on liquid-liquid plug flow, which allows a wide range of crosslinker compositions and
resulting network water contents to be screened (Figure 4.1 and Scheme 4.1). From a neat
mixture of monomers: diacrylate crosslinker (poly(ethylene glycol) diacrylate, PEGDA, Mn
700), monofunctional diluent monomer (poly(ethylene glycol) methyl ether acrylate,
PEGMEA, Mn 480), and active ester monomer, (pentafluorophenyl acrylate, PFPA),
crosslinker content was varied from 1.7 mol% to 92 mol%, allowing for a library of network
structures and water content values to be prepared. Mild initiation by UV irradiation (3
mW/cm?) at 365 nm using 2,2-dimethoxy-2-phenylacetophenone as the photo-initiator (1
wt.%, DMPA) led to efficient polymerization and crosslinking of microparticle networks
during flow synthesis with short residence times (ca. ~30 seconds). Microparticle size could
be controlled by concomitant flow of the monomer mixture and a fluorous oil through narrow
bore, 100-micron internal diameter PFA tubing, with flow being driven by separate syringe
pumps. Specific resin compositions, procedures, and additional parameters are provided in
Appendix C. Key to the success of this strategy was the selection of a highly inert fluorous
phase which preferentially wets the fluoropolymer tubing walls, encapsulating the monomers
into well-defined plugs, with minimal sidewall sticking. Moreover, the immiscibility of the

fluorous carrier with acrylate monomers allows for incorporation of both PEG-acrylate and
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active ester monomers into the microparticles followed by simple workup, via separation and
washing to remove any residual, unreacted monomers and carrier solvent. The resultant PFPA
(pentafluorophenyl acrylate) containing microparticle network polymers could then be
characterized by Fourier-transform infrared (FTIR) spectroscopy to determine relative active
ester content, followed by quantitative functionalization with 4-amino-TEMPO following

established techniques® (Scheme 4.1 and Appendix C).
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Figure 4.1. (a) Schematic of the microfluidic flow reactor to synthesize PEGDA
microparticles of varying cross-linking densities. (b) Optical microscopy image of water
swollen PEGDA microparticles (16 mol% PEGDA). (c) Optical microscope image of a
capillary filled with PEGDA microparticles
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Scheme 4.1. Polymerization of active ester microparticles and substitution of PFPA sites with
4-amino-TEMPO to prepare EPR-active particles for water diffusivity measurements.

Volumetric water content of swollen polymer networks was determined by measuring
dilatory changes in the wet and dry state with close agreement between values determined for
the microparticles and bulk sample networks of equivalent crosslinker content. Microparticle
dimensions and area were analyzed with optical microscopy using a Keyence VHX 5000
microscope, and image analysis was conducted with the associated software package.
Particles of varying water content and functionality could be measured in the native hydrated
state and again after overnight vacuum drying at ambient temperature (Figure 4.2a). Average
particle dimensions and area in each state were tabulated across large samples of
microparticles (e.g., > 200 individual particles per network composition) and used to
determine the average water volume fraction of the network, assuming isotropic swelling, as
per Equation 4.1.>* Equivalent methods to determine water volume fraction in bulk films
could be conducted by measuring punch sample diameters and areas in the wet and dry states.
Results of water volume fraction calculations by these methods are shown in Figure 4.2b. As

expected, networks with lower diacrylate (crosslinker) content have greater water volume
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fractions in both bulk films and microparticles. These results indicate good agreement
between the water content of bulk materials and microparticle networks substituted with 4-
amino-TEMPO, with slightly increased swelling in the microparticle networks. Figure 4.2c
depicts the network structure of cross-linked PEGDA, showing representative high and low
crosslinker contents and the effect on equilibrium water content. Additional water swelling

data for microparticles with mixed substitutions are included in Appendix C.
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Figure 4.2. (a) Schematic representation of water swelling in PEGDA microparticles and bulk
networks. (b) Water uptake in cross-linked PEGDA networks for microparticles (red) and bulk
film networks (blue). (c) Cartoon representation showing cross-linked PEGDA network
chemistry for low and high water content networks.
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Equation 4.1: Water content determination from particle or bulk film area changes with water
swelling.>* Vuwater represents the volumetric water content (in vol %) and Awet and Agry represent
the wet and dry area respectively of either microparticle area determined by microscope image
analysis, or by calculating circular, macroscopic punch sample area from diameter.

3
Ayet 2
Vwater =1 — (A‘:l/:y>

ODNP and PFG-NMR experiments were performed to characterize the water self-

diffusion across different length scales in PEGDA networks of varying water content. ODNP
experiments were significantly enabled by the ability to load the network microparticles into
narrow capillary sample holders in a reproducible and efficient manner (see Appendix C for
loading techniques and experimental details). All network samples targeted approximately
500 uM TEMPO spin concentration and were measured at 18 °C. PFG-NMR experiments
were then performed at 20 °C for water-swollen, bulk PEGDA hydrogel strips of the same
network composition following the methods of Nordness et al.3® PFG-NMR measurements
were performed on bulk films rather than microparticles to directly measure water within the
hydrogel samples and avoid errant signal contributions from water present in the interstitial
spaces between particles (see Appendix C for more details). Figure 4.3b shows PFG-NMR
bulk water diffusion coefficients measured for these PEGDA network hydrogels in
comparison to previously published PFG-NMR bulk water diffusion coefficients in linear
PEG polymer solutions, plotted along the water volume fraction calculated from solution
densities. Both the PEGDA and PEG solution water diffusivities increase with increasing

water content and display remarkable agreement despite the obvious differences in
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crosslinking and water environments. In line with prior literature®*®, we show that, at the
microscale, the main driver for water diffusion is the total water volume content, and that
water diffusivities within a solid, crosslinked network are unhindered, exhibiting solution-like
behavior. PFG-NMR bulk water diffusion coefficients and ODNP local water diffusion
coefficients within PEGDA microparticles are plotted in Figure 4.3c for networks of different
composition and water volume fraction upon swelling. ODNP results demonstrate that the
higher water content networks exhibit faster water dynamics, in line with previous studies
from PFG-NMR and permeation measurements.?*3238 |n addition, ODNP reveals that even
on the nanometer scale, water probed within 1 nm of the PEGDA acrylate backbone exhibits
water motion just as rapid as that sensed by PFG-NMR. The local water motion is relatively
unhindered through interaction with the polymer backbone even at the nanometer length scale.
Significantly, these two techniques show considerable qualitative and quantitative agreement,

despite the vastly different length scales probed during measurement.
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Figure 4.3. Water diffusivity from ODNP and PFG-NMR measurements as a function of
water volume fraction in cross-linked PEGDA. (a) Overview of property differences between
low molecular weight PEG solutions (upper left) and PEGDA networks (upper right) with
network structure and spin label cartoons for PEGDA hydrogels (lower right and left
respectively). (b) PFG-NMR water diffusion coefficients in cross-linked PEGDA (blue closed
squares) and in PEG solution (green closed triangles) demonstrate water dynamics increase
with increasing water volume fraction. (c) ODNP water diffusion coefficients in PEGDA
networks (red open circles) and PFG-NMR in PEGDA networks (blue closed squares).
PEGDA networks with higher water volume fractions allow for faster water transport local to
the network chains (ODNP) and throughout the hydrogel (PFG-NMR) in qualitative
agreement.

Critical to understanding this data is an appreciation of the vastly different observation
length scales of ODNP and PFG-NMR, and non-ideal network topology of PEGDA networks.
Our ODNP data here suggests water diffuses at approximately the same rate as PFG-NMR
diffusivities within PEGDA networks, and spin labels sample water which is solution-like in
its diffusion. This is in contrast to the findings in our previous study of water diffusion near
linear, low-molecular weight PEG in aqueous solutions, where water dynamics observed by
ODNP, local to the polymer backbone, were significantly slowed near the chain end
(Appendix C).* Indeed, the ODNP water dynamics are approximately two times faster in
cross-linked PEGDA networks than in non-cross-linked PEG solutions at the same nominal
water content (Figure C.8). These results, while unexpected, show that water near the
polymer network surface achieves comparable diffusivities as observed in PFG-NMR.
Moreover, these results suggest that this local water diffusivity is tied to polymer chemistry
and structure, rather than water movement via defects in network topology. Work from Malo
de Molina®* and others®>-3"°5%" have demonstrated that PEGDA networks display non-ideal
network structures with fractal or star-like microstructures, and comparable features are

expected in our materials. These reports elucidate the impact of topology and macromolecular
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crosslinkers on physical properties, leading to significant deviations from the expected
swelling behavior, as well as increased local rigidity the near high functionality, junction-like
crosslinking sites. While we anticipate that these irregular network structures could impact
water motion by changing local crosslink density, such effects would occur on length scales
appreciably smaller than the micrometer length scales measured via PFG-NMR, and their
influence would be washed out over the milliseconds timescale of measurement. However,
even when we zoom in on the polymer network surface and sample water motion within the
1 nm scale radius observed by ODNP, we still observe comparably fast water diffusion.
Consequentially, present ODNP diffusivities suggest that water motion near the hydrated
polymer surface is relatively unhindered and is a feature of PEGDA’s unique chemical
identity, rather than purely an effect of water movement through defects in network structure.
While these present results are encouraging, further research is needed to elucidate both the
exact transport mechanism and the impact of polymer surface chemistry on water structuring
and diffusivity via selective localization of spin probes in various chemical environments of
the network.

Local water dynamics were further modulated by incorporation of side chain chemical
groups within controlled PEGDA networks environments. The active ester chemistry
employed in our material platform is easily amenable to investigate this connection and
enables comparisons of sidechain chemistries with the significant benefit of a consistent
network structure and backbone monomer across all samples.®> Through modification of flow
rate and fluorous phase in the above plug flow approach (Appendix C), the active ester
monomer (c.a. ~20 mol%) could be incorporated into the network, verified by FTIR

spectroscopy measurement, and for a range of diacrylate crosslinker contents (1.7 mol%, 7

96



mol%, and 16 mol%), amidated with one or more amino derivatives. Through co-reaction
with a mixture of amino-TEMPO and a hydrophilic or a hydrophobic amine, particles with
varied crosslinker composition, water content, and sidechain chemistry were prepared. A key
benefit of this synthetic strategy is the ability to examine the impact of sidechain chemistry
on water diffusivity in networks of the same topology and crosslinker content. The stability
of the active ester group allows large parent batches of crosslinked particles to be synthesized,
and then libraries of samples with the same network structure and backbone prepared via
substitution with various mixtures of amino-TEMPO and hydrophilic or hydrophobic
derivatives. Hydrophilic oligo-ethylene glycol amines or hydrophobic lauryl amines can be
installed by reacting with amino-TEMPO and controlling the relative stoichiometry of each
amino derivative (Scheme 4.2). Hydrophilic amines, diethylene glycol amine (DEG) and
triethylene glycol ether amine (oligo-PEG), were selected to provide two key comparisons of
a hydrophilic moiety containing a pendant hydroxy group (DEG) as a hydrogen bonding donor
and acceptor, and a control (oligo-PEG) with comparable functionality to the ether terminated
PEG-acrylate monomer. While these moieties are expected to have comparable water
dynamics behavior, the oligo-PEG-amine allows for comparisons of near equivalent
functionalities to the acrylate monomer without concerns of pendant hydroxyls reacting at
active ester sites. The chain length of the oligo-PEG-amine is noted to be shorter than the

PEG-acrylate monomer.
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Scheme 4.2. Sub-stoichiometric, simultaneous reaction of TEMPO amine and either
hydrophilic or hydrophobic amines at active ester sites within PEGDA microparticles.

PFG-NMR measurements on bulk PEGDA hydrogel strips with hydrophobic or
hydrophilic sidechain groups incorporated were then performed. Figure 4.4a shows that, as
with the un-functionalized networks, each functionalized network shows increasing water
diffusion with increasing water volume fraction. PFG-NMR water diffusion coefficients in all
three chemically functionalized PEGDA networks fall roughly on the same line with water
content, in close agreement with the original, un-functionalized networks (c.f. Figure 4.3).
While the hydrophobic lauryl-functionalized PEGDA networks give slightly lower bulk water
diffusivities than the hydrophilic-functionalized PEGDA networks, the data collapses onto a
single trendline by accounting for variations due to the effect of the functional groups on

swelling behavior.
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Figure 4.4. Water diffusion coefficients in cross-linked and spin-labeled PEGDA networks
with a hydrophobic (lauryl amine, black data) or a hydrophilic (diethylene glycol amine,
purple data, or an oligomeric PEG amine, blue data) functional group, prepared by
simultaneous substitution with PFPA groups, measured by (a) PFG-NMR and (b) ODNP
spectroscopy with inset cartoons depicting respective water motion. We observe no significant
effect of local chemical groups on PFG-NMR bulk water diffusion coefficients, but slightly
faster ODNP-measured local water
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Figure 4.4b shows ODNP local water diffusion coefficients for cross-linked, spin-
labeled PEGDA network microparticles of the same network composition and
functionalization chemistries to determine if any local chemical effects emerge at smaller
length scales. Indeed, we show that oligo PEG-functionalized networks exhibit faster water
motion than the un-functionalized networks at all water contents (c.f. Figure 4.3b), while the
DEG-functionalized networks exhibit water diffusivities in agreement with the un-
functionalized networks. These effects may be due in part to slight changes in network
structure as a result of higher active ester content and comonomer reactivity differences®, as
well as the reduced occupied volume of the shorter oligo-PEG chains relative to the PEG-
acrylate, diluent monomer. We also note that the added functional groups bias the water
volume fraction as they directly affect network swelling (see Appendix C for water swelling
data in functionalized PEGDA networks). In contrast, the hydrophobic lauryl-functionalized
PEGDA networks exhibit slower water motion local to the spin labels. This is consistent with
observations from literature which show that water slows down near small length-scale
(nanometer) nonpolar interfaces.*>%%! The addition of hydrophobic functional groups
decreases water swelling in the networks. It should be noted that the ODNP data does not
collapse entirely onto one trendline as with the PFG-NMR data. This indicates that a purely
geometric water volume argument does not account entirely for changes in ODNP water
dynamics, and that local chemical interactions play a role in mediating water dynamics in
PEGDA networks.

We conclude that the local effects of these chemical modifications are confined to
nanometer-length scale water dynamic observations, leaving only water volume fraction as

the predictor for macroscopic water diffusion in cross-linked PEGDA networks. This supports
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widely adopted diffusion models for transport in cross-linked PEGDA, which describe
macroscopic diffusion as a function of volumetric water content. Significantly, the ODNP
studies suggest that it is possible to chemically control and program surface water dynamics
and local water-mediated interactions, such as solute capture and fouling near surfaces. For
example, we expect that the increase in organic fouling near hydrophobic surfaces may in part
be due to the low entropic cost to replace slower local water which exhibits stronger water-
water hydrogen bonds and enhanced tetrahedral structuring.t?%® Thus, the proposed design
rule for engineering antifouling polymer surfaces is the addition of hydrophilic surface
functionalities, which increase the entropic barrier for organic fouling adsorption while

maintaining fast bulk diffusion and high membrane permeation.

4.4 Methods

Additional information (e.g., reagents, microfluidic parts, equipment utilized, etc.) as
well as tabulated data (e.g., diffusivity data, FTIR characterization, network composition, etc.)
are included in Appendix C. Key experimental methods are provided here for ease and
context for the reader.

Particle synthesis was conducted according to Figure 4.1 and Scheme 4.1, from neat
mixtures of monomers: an active ester monomer, (pentafluorophenyl acrylate, PFPA), a
diacrylate crosslinker (poly(ethylene glycol) diacrylate, PEGDA, Mn 700), and a
monofunctional diluent monomer (poly(ethylene glycol) methyl ether acrylate, PEGMEA,
Mn 480). Initiation was done by UV irradiation (3 mW/cm?) at 365 nm using 2,2-dimethoxy-

2-phenylacetophenone as the photo-initiator (1 wt.%, DMPA). These mild conditions and
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efficient photoinitiation led to effective polymerization and crosslinking of microparticle
networks on short timescales appropriate for flow synthesis with short residence times (ca. 30
seconds). Amine installation at active ester sites was conducted with minor modifications to
previous procedures®>354° and additional details are included in Appendix C.

Network microparticles were prepared by concomitant flow of the monomer mixture
and a fluorous oil (FC-40 or FC-70) through sections of narrow bore, 100-micron internal
diameter PFA-Plus tubing (IDEX Health and Science), with flow driven by two separate
Harvard Apparatus PhD Ultra syringe pumps operated in continuous injection. The reactor
was configured from simple off the shelf parts available from IDEX Health and Science
(details in Appendix C). In brief, the flow diagram in Figure 4.1 shows the directions of flow
for each respective phase. The organic phase ran directly into a 4-way connector, while the
fluorous phase would be directed from the syringe pump, through a T-connector to split it into
two lines, and reconnected with the organic phase at the 4-way connector, with both phases
flowing out through the reactor tube.

In a representative procedure, monomer resin and fluorous phase would be withdrawn
into two separate BD-Plastipak, gas-tight syringes (3 mL) and connected via Luer connections
(IDEX Health and Sciences) to the reactor. The monomer syringe was then wrapped in foil to
prevent stray light exposure. Flow would be initiated and allowed to equilibrate for 15-20
minutes, and stable plug morphology would be confirmed via a USB optical microscope
camera of the reactor tube and outlet. See Appendix C for flow rates and additional
parameters. A shielding box would then be placed around the reactor tube and UV lamp to
reduce the risk of polymerization in the connectors and inlet lines, or residual monomer

polymerization at the collection point at the reactor outlet. The UV lamp would then be turned
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on, the system allowed to equilibrate for an additional 10 minutes, and then collection would
be started with the outlet transferred to an acetone filled collection vial. To prepare sufficient
volumes of particles, the system was allowed to run for many hours (e.g., 6+ hours) and was
observed to be stable even during overnight runs without clogging. Collection would then be
terminated, the outlet switched to an acetone filled, waste collection vial, the lamp turned off,
and the system allowed to purge. After flushing unreacted monomer, particles, and solvent for
an additional 5 minutes, syringes could then be disconnected and reactor tubing, mixers, and
connections cleaned with acetone via syringe.

Through this approach PEGDA microparticles could be prepared with varied network
compositions, as detailed in Tables C.1 and C.2. Key to the success of this strategy was the
selection of a highly inert fluorous phase (FC-40 or FC-70) which preferentially wets the
fluoropolymer tubing walls, encapsulating the monomers into well controlled plugs, with
minimal sidewall sticking. Moreover, the minimal miscibility of the carrier with acrylate
monomers allows for simple workup, via separation and washing of microparticles to remove
any residual unreacted monomers and carrier solvent (Appendix C).

Control, bulk, networks could be prepared by using the same monomer mixtures and
photoinitiator content used for microparticles, followed by dispensing the resin between
quartz plates, with film thickness controlled at 250 microns by spacers between the plates as
outlined previously work>3¢. Polymer network films could then be cured by UV irradiation (3
mW/cm?, 30s) and functionalized following prior procedures adapted for microparticle
networks.

Microscopy characterization of particle dry and wet dimensions was conducted to

determine water content in microparticle networks building on existing literature procedures
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for determining network water content®. Optical microscopy was conducted on a Keyence
VHX-5000 Microscope operated in mixed transmission and surface illumination modes.
Particle dimensions were determined through use of the Keyence’s built in area detection
software, and area detection was determined as a function of color saturation and contrast with
the transparent background (glass) stage. To aid in facile detection of particles in the installed
software suite, particles were stained with a 0.1 wt% erythrosine B solution in water rendering
the particles bright pink. Particles were then dialyzed in fresh DI water three times until the
solution was clear.

Water swollen particles were taken up in an aliquot of DI water, placed between a
glass slide and cover slip, and measurement was conducted using the auto area detection
function. Small corrections were made to remove visual artifacts, break up errantly detected
clusters of particles (e.g., two particles adjacent to each other), and remove incomplete
particles cut off by the image bounds. No significant changes were made to particle bounding
metrics by the software. Dimensions of particle width, length, cross sectional area, and
perimeter were then extracted for multiple images per particle sample-set. Values were
compiled and averaged to achieve final swollen dimensions and error for each sample set.
Swollen samples were then removed from the microscope, the cover slip was removed from
the sample, and samples were allowed to dry in air until no film of water remained. Particles
were then fully dried in a vacuum chamber held below 200 mTorr overnight prior to dry
dimension measurement. The same measurement protocols were used for dry and wet
samples. Values were tabulated, averages and error computed, and finally water content could

be calculated using Equation 4.1.
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To ensure that the presence of dye molecules did not significantly impact the overall
swelling and dimension of the microparticle networks, control studies were done to determine
the impact of the dye with details in Appendix C. In brief, a parent batch of microparticles
was split into two groups, a control (unstained group) and an erythrosine B (2',4',5".7'-
Tetraiodofluorescein disodium salt) stained group as per Figure C.4. Particle diameters in the
control group and stained group were measured manually using the Keyence’s image analysis
software and values were tabulated. Auto area detection was then done for the stained group
and particle diameters were extracted. Control study data indicates no significant differences
in dimension were observed as a result of the dye inclusion, and automated area detection
provides more consistent particle dimension measurement than manual image analysis.

Electron paramagnetic resonance (EPR) experiments were performed to determine
spin label concentration and rotational correlation times on TEMPO spin-labeled, cross-linked
PEGDA microparticles, as described above. PEGDA networks were synthesized with 0.5 —
0.8 mol% of TEMPO spin label, varied to keep spin concentration constant by compensating
for volumetric swelling of the networks with different cross-linker compositions. The
microparticles swelled in water to equilibrium before they were loaded into sample capillaries
for EPR and ODNP characterization. The samples were loaded into capillaries (round quartz
capillaries with 0.6 mm ID x 0.84 mm OD dimensions (Vitrocom, New Jersey, USA) cut to
20 mm in length) following the above described in Appendix C. This method provided the
most consistent loading of the microparticles into EPR capillaries by microscope inspection
and by EPR concentration assessment. The loaded capillaries were sealed on one end with
Critoseal and on the other end with melted beeswax. The continuous wave (cw)-EPR spectra

was obtained on an X-band (9.8 GHz) electromagnet with a Bruker EMXPIlus spectrometer at
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20 dB microwave attenuation. The magnetic field was centered at 3500 G and a sweep range
of 200 G. The modulation frequency was 100 kHz with a modulation amplitude of 1.0 G. Spin
concentration was determined by double integration of the dispersive spectrum and compared
to a calibration curve generated by free 4-hydroxy-TEMPO spin labels of various
concentrations in water. cw-EPR lineshape analysis to determine the rotational correlation
time of the spin labels was conducted using Multicomponent software®*. cw-EPR spectra and
fitting results are shown in Appendix C.

Overhauser Dynamic Nuclear Polarization (ODNP) experiments were conducted on
spin-labeled, cross-linked PEGDA microparticles suspended in and swollen with liquid water,
prepared as described in Appendix C. Samples capillaries were loaded into a home-built
NMR probe in a high sensitivity EPR resonator (Bruker ER 4119HS-LC) which was placed
in the center of the magnetic field in an X-band (9.8 GHz) electromagnet. EPR experiments
were performed with a Bruker EMXPlus spectrometer while NMR experiments were
performed with a Bruker Avance 11l NMR console (Bruker, Massachusetts, USA). *H NMR
measurements (tuned to 14.8 MHz) were performed during continuous wave EPR saturation
on the center peak of the nitroxide EPR spectrum, at 3484 G. To control the sample
temperature, dry air flowed over the sample capillary continuously at 18°C and 20 SCFH.
Determination of the H longitudinal relaxation time of water was acquired with no
microwave irradiation with (71(0)) and without (Ty ,(0)) the spin label present. The cross-
linked PEGDA microparticles without spin labels were prepared from the same parent batches
of PFPA containing microparticles and instead reacted with a diamagnetic (e.g., radical free)
TEMPO analogue. Low PFPA content microparticles were initially substituted with 4-

(aminomethyl)piperidine. To better match amine substituent reactivity in mixed substitution
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films and networks, high-PFPA content microparticles and control bulk materials were
substituted with 4-amino-2,2,6,6-tetramethylpiperidine (ATMP) and the respective
hydrophilic or hydrophobic secondary amines at equivalent molar ratios. ATMP presents a
good structural analogue to TEMPO but without the nitroxide radical and is expected to have
comparable incorporation to TEMPO during substitution at active ester sites in mixed amine
installations. ODNP hydration parameters such as the cross-relaxation rate k, self-relaxation

rate k,, coupling factor &, and ODNP local water diffusivity Dypyp Were calculated using

DNPLab%, a Python-based software package. Further details on the ODNP theory,
experiment, and data analysis are described thoroughly in previous work.*-44

Hydrated membranes samples were prepared for NMR measurement by slicing the
hydrated membranes into equivalent strips about 1 mm wide and packed into an NMR tube,
which was sealed with parafilm. NMR measurements were performed at 20 °C on a Bruker
Avance Il 300 spectrometer with a 7.05 T super-wide bore (150 mm) superconducting
magnet equipped with a Bruker DiffBB probe (maximum gradient strength of 17 T m™),
operating at 300.15 MHz for *H. Dry N, was pumped into the probe at a flow rate of 800 L h-
! to control temperature. Recycle delays for all experiments were calibrated such that all
nuclear spins relaxed to thermal equilibrium between scans (>5 X T1) and 7/2 pulses were
calibrated to be 7.75 ps (32.3 kHz). The stimulated-echo pulse sequence was used for all
measurements of self-diffusion coefficients, D, with 16 logarithmic-scaled steps from low to
high gradient strengths. The data were fit to mono-exponential decays using the Stejskal-
Tanner equation (Equation 4.2), here I(g) represents the signal intensity as a function of

gradient strength, g, Iy is the initial signal intensity, y is the gyromagnetic ratio, 6 is the
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gradient pulse length, and A is the diffusion time. The diffusion data were processed and
analyzed in Topspin 4.3.0.

Equation 4.2. Stejskal-Tanner equation utilized for PFG-NMR studies.

19) _ -trs7(a-5)0
I,

4.5 Conclusions and Future Work

This work demonstrates a methodology for measuring in situ nanoscale water
dynamics via ODNP in cross-linked PEGDA network microparticles with varied water
content and sidechain chemistry. By varying the composition of diacrylate crosslinker and
utilizing plug-flow synthesis, well-defined microparticles with a wide range of water contents
(40 — 90 vol%) can be prepared in a scalable manner, in comparison to bulk networks of the
same composition. ODNP diffusivity measurements of PEGDA microparticle networks yield
water diffusivity trends which correlate to those observed in PFG-NMR, namely increasing
diffusivity with increasing water content in the hydrogel. PEGDA is a material that exhibits
rapid, solution-like water diffusivities due to its hydrophilicity and high water content and
despite the presence of a solid network structure. We further show that libraries of derivatized
microparticles can be prepared from parent systems using active ester containing monomers
to tune the network water content and hydrophilicity through reaction of the active ester
groups with various amines, allowing for controlled incorporation of hydrophilic or
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hydrophobic moieties. Again, using ODNP we show that hydrophobic groups both decrease
the water content in the network as well as the local water diffusivity in the vicinity of the
polymer backbone relative to hydrophilic substituents and control PEG-acrylate networks.
This observation agrees with previous work on nonpolar interfaces and builds greater
molecular understanding of water diffusivity in PEG-acrylate hydrogels. Interestingly, PFG-
NMR demonstrates that the distinct local effects of these chemical groups become diminished
during diffusivity measurements at longer length scales, leading to minimal impact on
macroscopic diffusivity for materials of comparable water content. The ability to prepare
libraries of well-defined crosslinked systems demonstrates the effect of network chemistry on
local water dynamics and opens significant new possibilities for future studies with varied
backbone chemistry and cross linking. The consistent network structure between samples will
also enable modeling of different diffusion theories and structure-property relationships.
These results offer critical insight and a roadmap into the molecular design of highly

permeable coatings for water treatment membranes engineered for advanced separations.
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Chapter 5. Conclusions

In summary, modular design of polymer networks via post polymerization
modification with active ester chemistry presents a facile method to prepare designer materials
for a diverse range of applications. The pentafluorophenyl acrylate (PFPA) active ester
network platform was leveraged in Chapter 2 to conduct facile installation of dopamine into
PEG-acrylate networks, crucially without the need for protection or deprotection chemistry.
Such approaches enabled large scale preparation of catechol functionalized network materials
through simple wash procedures on multi-gram scale without oxidation of sensitive catechol
moieties, and the complexation of catechol motifs with Fe3* salts demonstrated the ability to
tune mechanical properties over a wide range of elastic moduli, spanning two orders of
magnitude. This was demonstrated in a range of approaches, either through tuning the catechol
content of the patent network, or via gradients in iron ion diffusion and complexation into the
material. Moreover, these gradients in iron diffusion into the network could be exploited and
combined with soft lithography techniques from the literature to prepare patterned materials
with heterogeneous, composite like behavior in a continuous network sample. This approach
provides a user-friendly strategy for preparing bespoke materials with an array of tunable and
localizable mechanical behavior and enables the development of novel materials for potential
applications in soft robotics and bioinspired composite systems, though further research is
required.

Building on the concepts developed in preparation of catechol functionalized
materials, these approaches could be extended to prepare novel hydroxypyridinone (HOPO)
containing networks, as detailed in Chapter 3. HOPO motifs offer many of the same

advantageous metal-chelation behaviors of catechol analogues, but without their concomitant
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drawbacks in oxidation, presenting an enticing motif to incorporate into network polymers.
To leverage the PFPA active ester network platform, an amine terminated HOPO ligand was
designed, building upon recently developed boronic-acid chemistry to prepare the target
material on multi-gram scale, in a one-pot approach. Functionalization of network materials
could again be conducted in simple wash procedures, and HOPO motifs could be complexed
with metal salts. Crucially, owing to the wider chelation scope of the HOPO ligand, networks
were able to be complexed with both transition metal ions (Fe®*) as well as lanthanide ions
(Ho®*", Tb®") to impart a diverse range of behaviors. While all metal ions were able to introduce
significant enhancements in mechanical properties, the inherent paramagnetic nature and
fluorescent nature of lanthanide species could be leveraged to prepare materials with added
functionalities. Moreover, patterning approaches could be extended and expanded upon to
incorporate one or more metal centers into HOPO functionalized networks. In the simple case
of patterning one ion, it was demonstrated to prepare samples with mechanical and magnetic
heterogeneity by localization and complexations of Ho®" ions into the network. This was
extended to prepare surface patterned samples via ion exchange into a Th3" chelated film,
demonstrating localization of Fe3*, Ho3*, and Tb**, for control of mechanical, magnetic, and
fluorescent properties. These approaches complement earlier work and further demonstrate
the utility of this network platform for preparing bespoke materials. Moreover, present work
provides further tools for preparing materials for soft robotics and materials scale applications
through incorporation and localization of magnetic and fluorescent responses in addition to
mechanical property control.

Lastly, this versatile network chemistry was extended for hydrogel systems to install

electron paramagnetic resonance (EPR) active TEMPO motifs and a range of sidechain groups
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into the network to conduct in-situ measurement of nanoscale water diffusivity and identify
the impact of sidechain chemistry. By leveraging the fast, facile, free radical network
polymerization of PFPA and PEG-acrylates, networks could be prepared as microparticles in
a biphasic flow synthesis at a range of crosslinker and PFPA contents to control final material
water content through network structure and chemistry. Moreover, through utilization of this
approach, large batches of parent (PFPA) materials could be prepared and derivatized with
amine terminated TEMPO and sidechain chemistries, without the need for
protection/deprotection of TEMPO motifs and simultaneously maintaining network topology.
This synthetic methodology allows for direct comparison of network functionality without
limitations of changing network structure with changing pendant moieties, or repeated
synthesis of microparticles. Fundamentally, this approach enabled effective preparation of
microparticle networks with varied crosslinker and water contents for nanoscale
measurements of water diffusivity at the polymer surface via Overhauser Dynamic Nuclear
Polarization (ODNP, a combined EPR and NMR technique). In the simple case, measurement
of water transport in networks with water content varied by crosslinker content, nanoscale
water transport was observed to be solution-like in character and unhindered by the non-ideal
PEGDA network architecture. Such measurements are in agreement with pulsed field gradient
(PFG) nuclear magnetic resonance (NMR) measurements of networks with the same
composition. Critically though, for materials with varied sidechain chemistry, nanoscale
water diffusivities at the polymer surface were found to change with pendant motif while bulk
(PFG) based diffusivities were unaffected, highlighting the crucial impact of network
substituent chemistry on water diffusivity and transport. These results demonstrate an exciting

step forward in understanding how chemical identity at the nanoscale impacts local water
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behavior and provide fundamental insight for design rules in preparing next generation
membrane materials.

To close, present work entailed in this thesis has demonstrated the versatility of active
ester polymer networks as a tool for engineers and chemists to prepare bespoke materials with
a range of tunable materials properties through post network polymerization modification of
sidechain groups. This approach has enabled direct preparation of functional and patterned
materials which would otherwise prove challenging due to their protection and deprotection
chemistry, and it has further demonstrated the utility of easily preparing and derivatizing
parent network materials without concerns of topological changes. As a whole, these
methodologies present a facile way to screen and design network polymers for next generation

materials systems.
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Appendix A. Supporting Information for Chapter 2

Materials and Instrumentation

All chemicals were purchased and used as received. Poly(ethylene glycol diacrylate)
(PEGDA, M, 700, with inhibitor), poly(ethylene glycol methyl ether acrylate) (PEGMEA, Mx
480, with inhibitor), pentafluorophenol, acryloyl chloride (with inhibitor), dopamine
hydrochloride salt, triethyl amine, and DMPA (2,2-dimethoxy-2-phenylacetophenone), were
purchased from Sigma Aldrich and used as received. Bicine was purchased from TCI, and
Fe(NOs)s (nonahydrate, ACS reagent Grade) was purchased from Fischer Scientific (Acros
Organics). Isopropanol, hexanes, methanol, and other solvents were procured from Sigma
Aldrich and used as received without further drying or distillation, with the exception of DCM

used in PFPA synthesis, which was dried via a PureSolv MD-5 dry solvent system.

Fourier Transform Infrared Spectroscopy with Attenuated Total Reflection (FTIR-ATR)
analysis of polymer films was conducted on a Thermo Nicolet iS10 spectrometer equipped
with a diamond ATR accessory using 64 scans. FTIR measurements were taken at room
temperature under ambient atmosphere. Data were corrected using automatic baseline

correction.
Raman Spectroscopy was conducted on cut film interior surfaces using a Horiba Jobin Yvon

instrument with confocal microscopy and a 632 nm laser. Hole and slit sizes were both set to

500 microns, with 20 accumulations at 2 seconds each.
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Optical microscopy images were taken on samples using a Keyence VHX-5000 optical

(digital) microscope. Surface illumination was used unless otherwise specified.

Nuclear Magnetic Resonance (NMR) Spectroscopy measurements were collected on a Bruker

400 MHz NMR-Spectrometer in deuterated chloroform (CDCls).

PDMS sheeting used in masking procedures was obtained from B & J rubber products with
mylar backing and a PDMS sheet thickness of 250 microns. Sheets were cut to the desired
geometry using a Trotec Speedy 100 laser cutter. Acrylic panels and holders were laser cut

using the same equipment.

Synthesis of PFPA Monomer

0]

0 \)J\O
F F \)J\CI F F
—
F F EtsN F F
F DCM E
Scheme A.1. Synthesis of pentafluorophenyl acrylate (PFPA) monomer.

A revised version of prior synthetic procedure® was followed for PFPA synthesis. In short,
pentafluorophenol (50 g, 0.27 mol) and EtsN(40 mL, 0.29 mol) were dissolved in anhydrous
DCM (700 mL) and cooled to 0 °C. In a separate flask, acryloyl chloride (24.5 mL, 0.303
mol) was dissolved in 50mL of anhydrous DCM and was added dropwise to cooled
pentafluorophenol solution. The mixture was stirred and allowed to warm to room temperature

overnight. The reaction was washed with 1M HCI (3x 300mL), then washed with concentrated
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NaHCOs3 (2x 300mL), and dried over MgSO4. The organic phase was then filtered through a
layered plug of basic alumina and charcoal and allowed to sit with additional charcoal for 3
hours to remove yellow coloration, filtered, and then concentrated to obtain a clear oil (75%

yield). 6.70 (d, J= 17.5Hz, 1 H), 6.36 (dd, 1 H), 6.18 (d, J=10.5 Hz, 1 H)

Polymer Network Synthesis

In a representative procedure of network preparation, DMPA as photoinitiator, PEGMEA,
PFPA, and PEGDA were mixed and sonicated for 2 minutes. Monomer resin was dispensed
between two quartz plates, with film thickness controlled by steel spacers placed between the
plates. Samples were irradiated on one side with 365 nm UV (3 mW/cm? power density) for
2 minutes to crosslink the networks. Samples containing PFPA were then immediately placed
into a degassed methanol solution containing excess dopamine hydrochloride salt (3
equivalents relative to PFPA), and EtsN (1.5 equivalents relative to dopamine) was added to
begin the catechol substitution. The reaction was gently stirred at room temperature under
nitrogen sparging for 24 hours, and films were then placed in increasingly dilute HCI washes
for 24 hours (0.1 M and 1 mM) to neutralize unreacted starting material and gradually adjust

pH. Swollen films were stored in dilute HCI (1 mM).

Deswelling f Large Area Films

To prepare large area films for patterning and mechanical testing, a solvent deswelling
procedure was developed. Films swollen in agueous solutions frequently cracked during direct
dehydration under vacuum, so a gentle solvent gradient was developed to slowly remove water

from the networks. Water swollen films were placed into a solution with a 3:1 volumetric ratio
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of DI water and isopropanol (IPA). IPA was gradually added to achieve a 2:1, 1:1, 1:2, and
finally 1:3 volumetric ratio of water to IPA with 30 minutes to 1 hour between solvent
additions depending on film thickness. Films were then transferred to pure IPA, and hexanes
was added stepwise to achieve the same volumetric ratios. Films were then removed from the

mixed organic solvent solution and dried directly in vacuum.

Bulk Iron Treatment of Catechol Films

Catechol substituted films were removed from their 1mM HCI storage solutions and blotted
dry to remove excess solution. Films were then immediately transferred to a solution of 0.05
M Fe(NOs)s and 0.2 M Bicine buffered with KOH to pH 7.5. Solution volume was adjusted
to be in significant excess (>5x) of the iron content need to fully crosslink films. Unless
otherwise noted, bulk samples were left in the iron treatment solution for 3 days. Samples
were then removed, blotted dry, and placed into deionized (DI) water to remove residual salts.
Films were dialyzed for 3 days with daily exchange of the DI solution, followed by the

deswelling procedure described above.

Optical Microscopy Images of Fe3*-Catechol Films with High PEGDA Content

Optical microscopy images in the main text (Fig. 2.6) were taken on cross-sectioned samples
using a Keyence VHX-5000 optical (digital) microscope. Mixed transmission and surface
illumination was used to highlight dark, opaque regions that were complexed with iron and
more transparent regions that were relatively iron free. Samples were noted to have decreasing
iron intrusion depths with increasing covalent crosslinker density at high catechol grafting

densities.
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Table A.1: Network compositions for high covalent crosslinker content films. Note, metal-
ligand crosslinking ratio targets were not achieved through the bulk of the film due to limited

iron diffusion.

Theoretical Maximum
Network Composition Metal-
Crosslink Density (mmol/cm?)

Ligand to Iron

Metal-
Total Covalent Covalent Treat.

mol% mol% mol% Ligand

Crosslink  Crosslink Crosslink  Duration
Catechol PEGDA PEGMEA Crosslink
Density  Density Ratio

Density
58% 3% 39% 1.10 0.10 1.00 10 6 days
59% 7% 33% 1.25 0.25 1.00 4.0 3 days
61% 15% 24% 1.50 0.50 1.00 2.0 3 days

Oxidation of Control Samples

To conduct control studies of intentionally oxidized films, a 0.05 M solution of NalOs was

prepared. Catechol containing films were removed from their 1 mM HCI dialysis, blotted dry,

and placed in significant excess of the periodate solution (>5x excess mol. catechol groups).

Samples were allowed to oxidize for 4 days, removed, and dialyzed in DI water for 24 hours

before deswelling and drying. Note, caution should be exercised when handling strong

oxidizers. Upon exposure to oxidizing conditions, films were noted to have an immediate

color change from transparent to a light orange or yellow hue, deepening to the orange/red

hues observed in Figure A.1.
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Figure A.1: Images of catechol films after oxidation with NalO4. (a) 3.5 mol% / 35 mol% /
61 mol% PEGDA/catechol/PEGMEA network after oxidation with NalO4, (b) 2.9 mol% / 58

mol% / 39 mol% PEGDA/catechol/PEGMEA network after oxidation with NalO4 (c-d).
Oxidized films held vertically to demonstrate transparency.

(=3

Fe®* Patterning of Catechol Films

Patterning of iron-catechol domains could be conducted through a modified literature
procedure from a solution-soaked filter paper? or directly from solution. For patterning from
a soaked filter paper, catechol containing films were removed from a 1 mM HCI storage
solution, placed against a glass slide and blotted dry of excess solution. The PDMS mask was
then adhered to the film, completely covering the sample, and was then secured to a glass
substrate to form an effective seal and prevent iron solution intrusion. The edges of the mask
were then secured to the slide using Kapton tape to further prevent leakage. Next, a stack of 4
sheets of filter paper, soaked in the Fe(NOz3)s solution, was gently pressed against the masked

catechol film. The entire assembly was then secured with a top glass slide and fixed in place

126



with binder clips. The assembled patterning holder was then submerged in the iron solution

for the desired patterning duration.

_ . ¢
Fe(NO,); Solution Reservoir 'y &
(Filter Paper)

Kapton tape to maintai - l

seal

PDMS Mask @ Assembled patterning
stack
Catechol Film i /

Sample adhered to
Glass Slide Base baseplate and mask

Figure A.2: Graphic depicting the components and setup for patterning catechol films from a
soaked filter paper.

To pattern samples directly from solution, a similar PDMS masking approach was used, and
films could be patterned from both sides. To pattern films from solution, a porous, rigid
sample holder (Figure A.3A) was prepared from laser cut acrylic sheeting to allow the
solution to reach the film surface. Two PDMS masks were laser cut for the front and back of
the film, and a PDMS “spacer” of comparable thickness to the catechol film (c.a. 250 microns)
was cut to act as a gasket to seal the film between the PDMS masks. To prepare the sample
for patterning, one PDMS mask was adhered to the porous acrylic backing, then the PDMS
spacer was placed on top of the mask forming a border around the edge of the sample holder
(Figure A.3B). The catechol film was blotted dry and adhered to the mask on the sample
holder, and the top mask was aligned and placed on the surface of the catechol film, sealing
with the PDMS spacer below (Figure A.3C). The top porous acrylic holder was placed on the

assembly (Figure A.3D), secured with binder clips, and submerged in iron solution for the
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desired time period. The sample could then be removed (Figure A.3E), dialyzed, and opened

(Figure A.3F) to reveal the patterned sample (Figure A.3G).

Figure A.3: Solution patterning holder assembly. (a) Laser cut, porous acrylic back panel, (b)
adhered rear mask and gasket PDMS layers, (c) adhered catechol film and top mask layer, (d)
top acrylic panel secured to stack with clips, () sample after immersion in iron solution, (f)
sample after immersion in iron solution with top acrylic panel removed, (g) solution patterned
sample.
Rheological Experimental Procedures and Results

Rheological measurements were made on an ARES-G2 strain-controlled rheometer
manufactured by TA instruments. Stainless steel 8 mm parallel plates were used for all
measurements. Rheology samples were prepared by using an 8 mm diameter die-punch to
prepare flat, circular samples from vacuum dried films. Samples were placed on the rheometer
and compressed at 90 °C and 5N of force. During operation all samples were enclosed in a
nitrogen-purged oven chamber. Final sample thicknesses were maintained within a range of

0.5 mm. All measurements were made in the ‘linear regime’ as determined via strain sweep

measurements. Temperature-dependent frequency measurements for time temperature
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superposition were performed as a sequence of experiments with 5 minutes of soak time
between steps. To investigate long-time responses of the materials, linear stress relaxation
experiments were also performed. The glassy timescale of the material was determined using
fitting to the phenomenological Kohlrausch-Williams-Watts (KWW) expression for the time-
dependent modulus G(t). Fitting was performed in frequency space as described in our
previous work® and utilized the ‘libkww’ library which provides an approximation for the
Fourier transform of stretched exponential functions®.

Rheological testing of Fe®'-catechol networks at elevated temperatures revealed
minimal stress relaxation during the timescale of beam bending (hominally ~5s, Figure A.4).
These results indicate that during the timescale of beam bending testing, Fe**-catechol
crosslinks behave as quasistatic crosslinks rather than dynamic linkages. To further evaluate
the amount of stress relaxation relative to the crosslinked plateau modulus of the iron free
network, frequency sweeps at varied temperatures were conducted to generate master curves
from the time temperature super positions and the rubbery plateau was identified from (Fig.
A.5). Even at extended timescales (1000s), samples do not relax to the value of the long

timescale crosslinking plateau (Figure A.5).
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Figure A.4: Stress relaxation measurements at elevated temperature of a 2.9/39/58 mol%
PEGDA/PEGMEA/catechol network after complexation with Fe®". Storage moduli of
elevated temperature stress relaxation measurements at 65°C (red squares), and 95°C (blue
circles) demonstrate minimal stress relaxation during the timescale of beam bending tests
(nominally 5s).
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Figure A.5: Master curves of storage (red circles) and loss (blue squares) moduli from time
temperature superposition vs. (shifted) frequency of iron free catechol network, with
composition of 2.9/39/58 mol% PEGDA/PEGMEA/catechol, demonstrating expected
crosslinking plateau and viscoelastic behavior.

Beam Bending Methods and Summary Data
Beam bending was conducted on sectioned samples. Three-point beam bending was

performed on a TA.XT Plus Connect Texture Analyzer with a 50 N load cell. Samples were
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cut into rectangular strips and deformed at a displacement rate of 0.1 mm/s to a turnaround
force between 10 and 30 mN depending on sample stiffness. Beam spans were also altered
between 15 and 25 mm to control sample stiffness. Summary data and an example plot
showing these tests are shown in Figure A.6 and Tables A.2, A.3, and A.4. Moduli were
calculated according to Equation A.1, using the sample stiffness k, beam length L, beam
width b, and beam height h according to the bending equation for a center loaded beam with

simply supported ends®.

kL3

E= 1o

Equation A.1: Moduli calculation from the bending equation for a center loaded beam.
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Figure A.6: (Left) Diagram of 3-point bending test and (right) example plot of force vs.

displacement data (black) and curve fitting of sample stiffness in linear regime (red overlay
trace).
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Table A.2: Beam bending summary data of Fe3*-Catechol films.*Note: Samples at this
composition frequently cracked due to brittle nature of the film, resulting in insufficient

surface area for multiple measurements

mol% Catechol 4.40% 20% 35% 48% 58%
Network mol% PEGDA 4.40% 3.90% 3.50% 3.20% 2.90%
Composition
mol% PEGMEA 91% 76% 61% 49% 39%
Total Crosslink 0.15 0.35 0.6 0.85 11
. Density
Theoretical
Maximum .
Crosslink Covalent Crosslink 0.1 0.1 0.1 0.1 0.1
. Density
Density
(mmol/cm?) Metal-Ligand
Crosslink Density 0.05 0.25 0.5 0.75 1
Metal-Ligand to qualent Crosslink 05 25 5 75 10
Ratio
Young’s
Modulus, E, (MPa) 2.7 10.2 30.3 46.5 245
Standard
Deviation (MPa) -- 1.2 2 8.5 26
Number of n 1* 3 5 6 6
replicates,
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Table A.3: Beam bending summary data for control PEGDA/PEMGEA films

Network Composition Theoretical
Young’s Standard Number of
Maximum
mol% mol% Modulus, E, Deviation replicates,
Crosslink Density
PEGDA PEGMEA (MPa) (MPa) n
(mmol/cm?d)
4.5% 95.5% 0.1 1.7 0.7 6
12% 88% 0.25 5.2 0.7 4
24% 76% 0.50 9.2 1.0 7
54% 46% 1.0 16.3 0.9 4
100% 0% 1.6 28.4 3.2 7

Table A.4: Beam bending summary data of oxidized catechol films

Network Composition Young’s

Modulus, Standard Number of

mol% mol% mol% E, Deviation replicates,
Catechol PEGDA PEGMEA (MPa) (MPa) n

35% 3.5% 61% 3.7 0.4 3

58% 2.9% 39% 28.4 55 3
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SEM EDS Characterization of Fe** Content

Fe3* distribution through the film was further characterized by scanning electron
microscopy (SEM) using a ThermoFisher Apreo C with accelerating voltages of 5 keV. Flat
cross sections were prepared by cutting the samples with a blade after quenching in liquid
nitrogen. The samples were sputter-coated with 2-3 nm of platinum before imaging. The
chemical compositions across the film were analyzed by line scan of energy-dispersive X-ray
spectroscopy (EDS).

Iron diffusion gradients could be designed bulk samples (Figure A.7) or in surface
patterned films (Figure A.8) through both temporal and directional control. During iron
treatment of bulk catechol films, significant gradients in iron content from the film exterior to
interior could be designed through short exposure to the Fe®* solution, with increasing iron
content until a homogenous film was achieved. Similarly, in a filter paper patterned sample,
iron diffusion gradients could be designed to be directional from a single side of the film and

intrusion into the film could be controlled through the duration of patterning.
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Figure A.7: SEM EDS characterization of Fe*" distributions across film thicknesses in a
3/39/58 mol% PEGDA/PEGMEA/catechol film at various timepoints during iron treatment.
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Figure A.8: SEM EDS characterization of Fe®* distributions across film thicknesses in a
3/39/58 mol% PEGDA/PEGMEA/catechol film at various timepoints during selective
patterning and iron treatment from a saturated filter paper.
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SAXS and WAXS Experiment

A standard procedure for scattering was as follows. Silver behenate was loaded into a
capillary tube and used as a calibration standard. X-ray scattering was conducted using a 1.54
angstrom X-ray beam from a XENOCS Genix 50 W x-ray micro-source, focus size 50
microns, with a XENOCS FOX2D monochromator and Dectris EIGER R 1M detector. X-ray
scattering was conducted on each sample for 30 minutes of exposure. Fitting and circular
averaging was conducted in Igor pro using the Nika macro program®. During SAXS
measurements, sections of film in water swollen and dry states were individually placed
between protective layers of Kapton tape and affixed to the sample holder. For WAXS
measurements, the same instrumentation was used, but no Kapton film was used to cover the
material, and dry film sections were suspended in air to reduce noise from Kapton tape layers.
All measurements, both SAXS and WAXS, were conducted in triplicate on separate batch of
polymer network samples, with no significant deviations in trace morphology observed.
Representative data is shown in the main text and in Figures A.10, A.11, A.12, and A.13.

SAXS measurements of water swollen PFPA or Fe®*'-catechol films at higher
PFPA/catechol content reveal similar morphological features to films discussed in the main
text. Notably for water swollen PFPA samples a significant peak is observed (Figure A.9C),
corresponding the correlation lengths between PFPA rich regions. Moreover, similar to lower
active ester and catechol content networks, upon substitution and Fe** complexation in
catechol films, a shoulder is observed at comparable length scale to the PFPA rich domains,
indicating the formation of clusters (Figure A.19D). Scattering of control, catechol networks

without iron was alco conducted and is shown in Figure A.10.
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SAXS and WAXS was also conducted on dried films and demonstrated a decrease in
feature size for Fe**-catechol clusters (cf., shift of peak/shoulder features to the right in Figure
A.11D & A.11F) and a lack of crystalline domains (Figure A.12) in iron complexed films.
Minimal information was gleaned from dried control PEG-acrylate films and PFPA
containing films due to their collapsed structure. WAXS traces of Fe®*-catechol films and
control PEG-acrylate films reveal smooth, non-crystalline features indicating the amorphous

structure of the catechol clusters.
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Figure A.9: Small angle x-ray scattering of water swollen polymer networks with
comparisons between control and 58 mol% PFPA or catechol networks (a) Scattering of 100
mol% PEGDA network, (b) scattering of 4.5/95.5 mol% PEGDA/PEGMEA network, (c)
scattering of 2.9/39/58 mol% PEGDA/PEGMEA/PFPA network, (d) Scattering of 2.9/39/58
mol% PEGDA/PEGMEA/catechol network after substitution with dopamine and subsequent
Fe3* complexation.
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Figure A.10: Small angle x-ray scattering of swollen catechol grafted networks in 1mM HCI
solution with 3.5/61/35 mol% PEGDA/PEMGEA/catechol (orange) and 2.9/39/58 mol%

PEGDA/PEGMEA/catechol (purple)
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Figure A.11: Small angle x-ray scattering of dry polymer networks with comparisons between
control, PFPA, and Fe3*-catechol networks. (a) Scattering of 100 mol% PEGDA network, and
(b) scattering of 4.5/95.5 mol% PEGDA/PEGMEA network. (c) Scattering of 4/61/35 mol%
PEGDA/PEGMEA/PFPA network before dopamine substitution and (d) scattering after
substitution and Fe®" incorporation to form a 4/61/35% PEGDA/PEGMEA/catechol-Fe®*
film. (e) Scattering of a 2.9/39/58 mol% PEGDA/PEGMEA/PFPA network and (f) after
substitution with dopamine and subsequent Fe* complexation.
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Figure A.12: Wide angle x-ray scattering of dry polymer networks with comparisons between
control (a) 4.5/95.5 mol% PEGDA/PEGMEA network, and catechol networks after
substitution with dopamine and subsequent Fe®* complexation. (b) Scattering of a 4/61/35%
PEGDA/PEGMEA/catechol network, and (c) scattering of 2.9/39/58 mol%
PEGDA/PEGMEA/catechol network.
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Appendix B. Supporting Information for Chapter 3

Materials and Instrumentation

All chemicals were purchased and used as received. Maltol, phenylboronic acid,
dopamine  hydrochloride  salt, DMPA  (2.2-dimethoxy-2-phenylacetophenone),
pentafluorophenyl, acryloyl chloride (inhibited), PEGMEA (poly(ethylene glycol) methyl
ether acrylate, Mn 480, with inhibitor), PEGDA (poly(ethylene glycol diacrylate), Mn 700,
with inhibitor), triethyl amine, concentrated hydrochloric acid (12.1 M, 37%), Ho(NO3)3
(pentahydrate), DyCls (hexahydrate), ThCls (hexahydrate), and NalO4 were purchased from
Sigma Aldrich. Bicine was purchased from TCI, N-boc-ethylene diamine was purchased from
A2B Chem., and Fe(NO3)3 (nonahydrate, ACS reagent grade) was purchased from Acros
Organics. All solvents (isopropanol, hexanes, tetrahydrofuran (inhibited), methanol, dimethyl
sulfoxide (dry, sure seal)) used were purchased from Sigma Aldrich and used as received
without further drying or distillation, with the exception of dichloromethane (DCM) used for

synthesis of the PFPA monomer. DCM was dried using a PureSolv MD-5 dry solvent system.

Nuclear Magnetic Resonance (NMR) spectroscopy measurements were collected on a
Bruker 400 MHz NMR-spectrometer in deuterated solvents. Measurements of PFPA
monomer were taken in deuterated chloroform (CDCIs) and measurements of the amine

terminated HOPO ligand (salt final product) were measured in D20.

Fourier Transform Infrared Spectroscopy was conducted with attenuated total

reflection (FTIR-ATR) on a Thermo Nicolet iS10 spectrometer equipped with a diamond ATR
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accessory. 64 scans were taken for all polymer films measured at room temperature under

ambient atmosphere.

Raman spectroscopy was conducted on dry polymer films using a Horiba Jobin Yvon
spectrometer with confocal microscopy and a 785 nm laser. Hole and slit sizes were set to 500
microns. Accumulation numbers and times were adjusted appropriately to collect high

resolution data without burning the sample.

Magnetometry measurements were conducted on Quantum Design SQUID MPMS3
magnetometer. Magnetization versus field measurements were recorded at room temperature
from -70 kOe to 70 kOe, with samples secured to a quartz paddle with Kapton tape to secure

the sample.

Optical microscope images of dry samples were taken using a Keyence VHX-5000
optical, digital microscope. Samples were imaged with surface illumination unless otherwise

noted.

A Trotec Speedy 100 laser cutter was used for manufacture of all PDMS and acrylic

sample masks and holders. PDMS sheeting was purchased from B&J Rubber Products with

mylar top and bottom backing with 250 micron thickness.
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Mechanical testing was conducted on a TA.XT Plus Connect Texture Analyzer with a
50N load cell. The system was operated in compression using the manufacturer’s three-point

bend test stage.

Synthetic Methods

Synthesis of the PFPA Monomer

0]

0 \)J\O

F F \)J\CI F F
—

F F EtsN . .

F DCM ¢

Scheme B.1. Synthesis of the PFPA (pentafluorophenyl acrylate) monomer.

Synthesis of the PFPA monomer was conducted following prior procedures®.
Pentafluorophenol (0.27 mol, 50g) and triethyl amine (0.29 mol, 40 mL) were dissolved in
700 mL of anhydrous DCM (dried via PureSolve MD-5 solvent system) in a large round
bottom flask. The flask was cooled to 0°C with an ice bath. In a separate flask, acryloyl
chloride (0.303 mol, 24.5 mL) was dissolved in 50 mL of DCM (anhydrous). The acryloyl
chloride solution was added dropwise to the cooled solution of pentafluorophenol. The
mixture was stirred and allowed to warm to room temperature, and the reaction was allowed
to proceed overnight. Consumption of the phenol was verified by TLC. The reaction mixture
was washed with 1M HCI three times (300 mL each), followed by three washes with

concentrated NaHCO3 (300 mL each). The organic layer was dried over MgSQa, then filtered
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through a layered plug of basic alumina and charcoal, and then allowed to sit in solution with
additional charcoal for 3 hours to remove yellow discoloration. Product was filtered and
concentrated to achieve a clear oil (75% yield), and verified by NMR spectroscopy in CDCls.

6.70 (d, J= 17.5Hz, 1 H), 6.36 (dd, 1 H), 6.18 (d, J=10.5 Hz, 1 H).

Synthesis of the HOPO ligand

H,0 N Conc. HCI
80°C

OH
o \ | OH
OH N L J< OH o @ _
| | + 2 \/\N o | | - .c
o H HN

*NH; « Cl
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Scheme B.2: Synthesis of amine terminated HOPO ligand. Same as Scheme 3.2 but

reproduced for reader convenience.

General methods for ligand synthesis were adapted from the approach of Ke, Zhang,
and co.? to prepare the target material. Maltol (1 equiv., 5g, 40 mmol) and phenylboronic acid
(1.2 equiv., 5.85g, 40 mmol) were added to a round bottom flask, followed by addition of 20
mL of deionized (DI) water. The mixture was heated to 80°C under ambient atmosphere with
stirring until dissolved. After 10 minutes, N-boc-ethylene diamine (97% purity, 1.07 equiv.,
43 mmol, 6.76 mL) was added to the reaction flask and the reaction was allowed to proceed
for 3 hours. Conversion was monitored via thin layer chromatography (TLC) with 10%
isopropanol in dichloromethane, and upon completion the reaction was allowed to cool. The
crude product was observed as a viscous red-orange oil at the bottom of the reaction vessel,

and the remaining water was decanted off, and the product briefly washed again with DI water
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which was again decanted. 25 mL of concentrated hydrochloric acid (12.1M, 37%) was added
and immediate bubbling of the product was observed. Deprotection was allowed to proceed
overnight for complete consumption of the oil layer, producing a fluffy, cream-colored crude
product. Resultant material was filtered and washed with 1:1 isopropanol:THF (vol:vol).
Product was dissolved in 50 mL of DI water, diluted with 200 mL of isopropanol, and
recrystallized via layered addition of tetrahydrofuran. Initially 400 mL THF was added, and
the flask was cooled (freezer, -20°C, 10 mins) to produce seed crystals, followed by addition
of another 250 mL of THF and 15 minutes in the freezer. The recrystallized product was
incredibly fluffy with needle-like, cream-colored crystals. Product was filtered and dried
under vacuum and collected in good yield (65%). Purity of recrystallized material was verified
by nuclear magnetic resonance spectroscopy (Figure B.1, *H-NMR and *C-NMR), in

agreement with literature as a dichloride salt®.
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Figure B.1. (a) 'H-NMR of amine terminated HOPO ligand in D20. 'H NMR (500 MHz,
Deuterium Oxide) & 7.98 (d, J = 7.2 Hz, 1H), 7.03 (d, J = 7.0 Hz, 1H), 4.60 (t, J = 7.0 Hz,
2H), 3.44 (t, J = 7.0 Hz, 2H), 2.54 (s, 3H). (b) **C-NMR of amine terminated HOPO ligand
in D20. 3*C NMR (101 MHz, Deuterium Oxide) & 160.16, 143.29, 142.12, 138.89, 111.59,
52.59, 38.16, 12.26.

PFPA Network Synthesis
Network synthesis was conducted following approaches detailed previously'* to
prepare PFPA networks. In a representative procedure, PEGDA, PEGMEA, and PFPA were

massed and added to a 20 mL vial. DMPA (photo initiator , 0.1 wt% relative to monomers)
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was massed and added and the monomer mixture and vortexed until dissolved. The mixture
was briefly sonicated to remove gas bubbles, and then dispensed between quartz plates, with
film thickness controlled by steel spacer gauges between the plates. Network formation and
crosslinking was conducted by irradiation with UV light for 120s (365nm, 3mW/cm?) on one
side. PFPA networks were then transferred to nitrogen sparged solutions for catechol or

HOPO substitution.

PFPA Network Substitution

PFPA networks materials were substituted at active ester sites with either dopamine
hydrochloride salts following previous procedures® or with the HOPO ligand prepared above.
In brief, dopamine hydrochloride salts (3 equivalents relative to PFPA sites) were dissolved
in a methanol solution and degassed via nitrogen sparging. PFPA networks were added,
solution further degassed by sparging, and then triethyl amine was added to initiate the
substitution (1.5 equivalents relative to dopamine salts). The reaction was allowed to proceed
overnight at ambient temperature under N2 sparging, followed by dialysis in 0.1M HCI for 24
hours to remove starting materials. Films were then subsequently dialyzed and stored in 1 mM

HCI solutions to gradually adjust pH.

HOPO installation was conducted using similar procedures to that of catechol
functionalized materials. In a representative substitution, the amine terminated HOPO ligand
(dichloride salt, 2.5 equivalents relative to PFPA) was massed and dissolved in a 2:1 (vol:vol)
DMSO and methanol solution at a concentration of 15 mg / mL. The ligand was dissolved

with gentle heating of the solution container (warm water, approximately 30-40 °C) and
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occasional, brief sonication to break up crystallites in solution. Upon complete dissolution to
a clear, pale-yellow solution, the mixture was degassed via N2 sparging and PFPA films were
added. After further degassing, triethyl amine (2.5 equivalents relative to HOPO ligand) was
added to initiate the substitution and the reaction was allowed to proceed under N2 atmosphere
for 48 hours. Films were then dialyzed in increasingly dilute acid conditions (0.1M HCI and
1 mM HCI) following the catechol procedures above. HOPO networks were stored in 1 mM

HCI solutions.

Deswelling of Polymer Networks

Solvent gradient based deswelling methods were adapted from prior work? to prepare
large surface area dry films for mechanical testing or dehydrate samples after metal ion
patterning. Films swollen in aqueous solutions (e.g. 1 mM HCI, water dialysis solutions, etc.)
could be gently deswollen to avoid cracking or fracturing of the film on drying. Water swollen
materials were transferred to a 3:1 (vol.:vol.) solution of DI water and isopropanol.
Isopropanol was gradually added to adjust the ratio to 2:1, 1:1, 1:2, and 1:3 (vol.:vol.) with 30
mins to 1 hour between solvent additions depending on film thickness. Films were then
transferred to pure isopropanol and hexanes was added stepwise following the same
progression of volumetric ratios until a 1:3 volumetric ratio of IPA:hexanes was achieved.

Samples were then removed from the solvent mixture and dried under vacuum.

Oxidation Study of HOPO and Catechol Networks
Sample stability was screened under basic aqueous conditions in ambient atmosphere.

Additional control oxidation experiments were performed using sodium periodate (NalOa)
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also under ambient atmosphere. Sample stability to basic aqueous conditions was examined
as follows, sample sections of either HOPO or catechol functionalized films were removed
from their 1. mM HCI storage solutions and placed in excess aqueous solutions at pH 9 (0.2
M Bicine + KOH). Samples were then left submerged for 24 and 72 hours. After the allotted
time had passed, samples were removed, blotted dry of residual basic solution, and transferred
to excess fresh 1 mM HCI solution and allowed to equilibrate overnight. Samples were then
removed, deswollen following above procedures, dried overnight under vacuum, and finally
measured by FTIR. Periodate oxidized samples were prepared by transferring sample sections
of HOPO or catechol functionalized films to excess solutions of 0.05 M NalO4 for 24 hours.
Samples were then removed from the oxidant solution, dialyzed in 1 mM HCI, deswollen,

dried under vacuum, and measured by FTIR.

FTIR measurements of base or periodate treated films were compared to untreated
networks to demonstrate any observed changes in FTIR trace morphology. Notable changes
in catechol ring resonances and C-O stretching were observed, which were consistent with
literature for catechol functionalized materials®°. Appreciable changes are observed in
Figure B.2, with diagnostic changes in ring resonances (C=C) at 1600 and 1510 cm™, C-O
stretching at ~1280 cm, and C-H resonances between 750-850 cm™. While these changes are
subtle in the 24-hour base treated sample, they become increasingly pronounced at 72 hours
of base exposure, and are consistent with control, periodate oxidized films. Such results
demonstrate the expected oxidation of catechol motifs under basic, ambient conditions.
Conversely, HOPO films show no appreciable changes after 24 and 72 hours of exposure to

basic conditions (pH 9), and FTIR traces of periodate oxidized samples are inconsistent with
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control or base treated materials. Such results agree with prior literature'*? on the improved
stability of the HOPO motif, relative to classical catechol counterparts, under basic aqueous

conditions.
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Figure B.2: (a) Bottom to top: untreated catechol network, catechol network after 24 hours of
base exposure, after 72 hours of base exposure, and after periodate oxidation. Blue highlights
are included to show changing FTIR signals indicative of oxidation for C=C ring resonances
(approx. 1600 and 1510 cm™), C-O stretching (1280 cm™), and C-H bending modes (various,
between approx. 750 and 850 cm™). (b) Bottom to top: untreated HOPO network, HOPO
network after 24 hours of base exposure, after 72 hours of base exposure, and after periodate
oxidation. Negligible changes between untreated and base treated HOPO films were noted
after re-equilibration under acidic storage conditions, while periodate oxidized films display
appreciable changes in FTIR peaks, inconsistent with untreated or base treated samples.
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Bulk Metal Salt Treatment of Functionalized Networks

Metal ions were incorporated into polymer networks following previously developed
procedures'3, Prior to metal center installation, solutions of the desired salt were prepared at
0.05 M concentration with 0.2 M bicine, buffered to pH 7.5 by addition of a 3 M KOH stock
solution. Metal salt solution volume during complexation was adjusted to be in excess (>3x)
of the metal center content needed to fully crosslink the film. Unless otherwise noted, HOPO
or catechol network materials were left in the representative metal center solution for 3 days.
After complexation, samples were removed, blotted dry, and dialyzed in DI water to remove
any residual salts. DI water was exchanged daily, followed by dehydration of the films
following the deswelling procedure above. Characterization of dry, bulk films via Raman
spectroscopy was conducted following methods detailed above. iron, holmium, and
unfunctionalized HOPO network Raman spectra are displayed in main text Figure 3.3 and
additional Raman data, for Th*-HOPO films are displayed below in Figure B.3. As per
literature expectations of other lanthanide complexes®, similar peak shifts for Tb®*-HOPO

and Dy**-HOPO films are observed relative to the Ho®" films.
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Figure B.3. Raman spectra for (top) metal free HOPO network, replotted for convenience.

(middle, green) Raman spectra for Th*-HOPO network, and (bottom, blue) Dy**-HOPO and
networks after bulk metal treatment.

Beam Bending Methods

Beam bending was conducted on a TA.XT Plus Connect Texture Analyzer following
previous procedures® using the three-point bend sample holder. Beam bending measurements
were conducted at 0.1 mm/s displacement rates to turn around forces between 15 and 50 mN
in accordance with sample stiffness, and sample span was appropriately adjusted to sample
width between 10 and 30 mm. Sample elastic moduli were calculated according to Equation

B.1, for sample stiffness k, beam length L, beam width b, and beam height h.%®
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Equation B.1. Moduli calculation from the bending equation for a center loaded beam.
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Table B.1. Beam bending summary data for metal complexed polymer networks.

. 9
Ligand Network Composition Young’s Standard Number of
or Modulus,
Deviation replicates
Mn+_ E,
(MPa) n
Ligand mol% mol% mol% (MPa)
ligand PEGDA PEGMEA
HOPO 58% 2.9% 39% 3.8 1.1 4
HOPO-Fe** 58% 2.9% 39% 299 42 4
HOPO-
58% 2.9% 39% 298 13 3
H03+
HOPO-
58% 2.9% 39% 357 32 6
Tb3+
Catechol 58% 2.9% 39% 3.1 0.9 5
Catechol-
58% 2.9% 39% 245 26 3
Fe3+
Catechol-
58% 2.9% 39% 11.5 1.1 5
H03+

aValues for catechol-Fe3* elastic moduli, error, and replicates were obtained from prior

work?.
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Magnetometry Measurements of Metal-Ligand Networks

Samples were prepared by punching 4 mm diameter discs from dry, metal free, HOPO
or catechol networks. Sample mass was recorded and then metal containing samples were
individually placed in the corresponding metal salt solution and allowed to complex for 3 days
under ambient atmosphere followed by dialysis in DI water for 3 days. Samples were
deswollen, dried under vacuum overnight, massed, and measured. Magnetization versus field
measurements were recorded at room temperature from -70 kOe to 70 kOe, with samples
secured to a quartz paddle with Kapton tape to secure the sample. For metal complexed films,
data was scaled by sample mass with background magnetic moment from a metal free control

subtracted.
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Figure B.4: Magnetization curves of HOPO functionalized polymer networks complexed
with either Th®* salts (green diamonds) or Dy*" salts (blue squares).
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Patterning of Metal Centers into HOPO Films

Patterning of metal ions into metal free HOPO films

Patterning of metal center domains could be conducted through modification of
previous procedures for patterning of one or both sides of an untreated HOPO film with one
or two metal centers®. In a representative procedure (Figure B.5), a porous laser cut acrylic
holder was procured, and a laser cut PDMS mask layer placed on top. A section of HOPO
functionalized network would be removed from the 1 mM HCI storage solution, blotted dry,
and placed against the PDMS mask. For single sided patterning experiments, an uncut PDMS
backing sheet would be placed over the top of the sample, or in a double-sided patterning
experiment, a second laser cut mask would be adhered over the sample. Following placement
of the second PDMS layer (backing or mask), a laser cut gasket of PDMS would be placed
over the second PDMS sheet (backing or mask) to act as a spacer and more evenly distribute
pressure over the sample surface. The sample was then enclosed by a second rigid acrylic
sheet, which can be either flat or porous for single- or double-sided patterning respectively.
The stack of acrylic holders, masks, and samples could then be placed between cut acrylic
tanks with laser cut PDMS gaskets at acrylic-acrylic interfaces. The system would be held
under pressure using large, 1 inch metal binder clips to create watertight seals on the acrylic
tanks, and metal salt solutions could be added to each side of the patterning assembly.
Patterning was allowed to proceed for several hours to overnight complexations depending on
the depth and extent of metal ion intrusion desired, followed by DI dialysis and sample
deswelling. Note, great care should be taken to avoid iron contaminants in patterning or other

metal complexation experiments due to the strong affinity of 3,4-hydroxypyridinone motifs
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for Fe3* ions. Staining or uptake of iron ions by HOPO networks was observed when in contact

with ferric contaminants (e.g. steel tweezers, etc.)

a)
Acrylic Tank
PDMS Gasket

Porous Acrylic
Support

PDMS Mask
HOPO Film
PDMS Mask
PDMS Gasket

Porous Acrylic
Support

PDMS Gasket

Acrylic Tank v!”

Figure B.5. An example of patterning holder assembly for a double sided solution patterning
experiment. (a) A schematic detailing a representative sequence of parts and ordering for
conducting a two-sided patterning experiment. (b) A laser cut, porous acrylic sample holder.
(c) Placement of a small square, laser cut, PDMS mask. (d) Placement of a metal free HOPO
film against the patterning stack, and enclosure of the film with the top PDMS mask and
gasket layers. (e) placement of the top acrylic patterning holder (f) Image of the solvent
welded acrylic tank with PDMS gasket placed on top surface. (g) Assembled patterning holder
with front and back tanks placed against porous acrylic holders, and secured with large metal
clasps. (h) top view after solution filling of double sided patterning with holmium (light pink)
and iron (brown) filling each of the patterning solution tanks.
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Figure B.6. An example of Fe3+ patterning into an untreated HOPO film analogous to main
text Figure 3.7. (a) Polymer film of 3/39/58 mol% PEGDA/PEGMEA/HOPO with a central
section functionalized with Fe**-HOPO complexes. (b) Comparison of film mechanical
behavior under folding between metal-patterned (left) and metal free (right). (c) Polymer film
of 3/39/58 mol% PEGDA/PEGMEA/HOPO without any metal ions installed in the network.

Patterning of Metal Centers into Th** Films via lon Exchange

Patterning of metal ions into Th** films was conducted via exchange of Th3" metal
centers with either Ho®" or Fe+. In a representative procedure, a section of HOPO network
would be allowed to complex in a 0.05 M Tb**, 0.2 M Bicine solution at pH 7.5 for three days
following above procedures. The sample would then be removed from solution, blotted dry,
and patterned in either a double or single sided fashion as described above for the untreated
HOPO films. Following sample surface patterning, films would be dialyzed in DI water, and

deswollen using the gentle solvent gradient.
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Appendix C. Supporting Information for Chapter 4

Reagents and Active Ester Synthesis:

All reagents were purchased and used as received. Poly(ethylene glycol) diacrylate
(PEGDA, Mn 700), poly(ethylene glycol) methyl ether acrylate (PEGMEA, Mn 480), 2,2-
dimethoxy-2-phenylacetophenone (DMPA, photoinitiator), acryloyl chloride,
pentafluorophenol,  triethyl amine (TEA), erythrosine B, 4-Amino-2,2,6,6-
tetramethylpiperidine (ATMP), diethylene glycol amine (DEG, 2-(2-Aminoethoxy)ethanol),
lauryl amine, triethylene glycol ether amine (OligoPEG, 2-(2-(2-
methoxyethoxy)ethoxy)ehanamine), and FC-70 were all purchased from Sigma Aldrich. FC-
40 was purchased from Ran Biotechnologies. 4-amino-TEMPO (4-Amino-2,2,6,6-
tetramethylpiperidine-1-oxyl) was purchased from Ambeed, and 4-(aminomethyl)piperidine
was purchased from TCI. Isopropanol, hexanes, methanol, THF, and other solvents were
procured from Sigma Aldrich and used as received without further drying or distillation, with
the exception of DCM used in PFPA synthesis, which was dried via a PureSolv MD-5 dry

solvent system.
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Scheme C.1. Synthesis of pentafluorophenyl acrylate (PFPA) monomer.

Pentafluorophenyl acrylate (PFPA) was synthesized following previous procedures?.
In brief, pentafluorophenol (50 g, 0.27 mol) and EtsN (40 mL, 0.29 mol) were dissolved in
anhydrous DCM (700 mL) and cooled to 0 °C. In a separate flask, acryloyl chloride (24.5 mL,
0.303 mol) was dissolved in 50mL of anhydrous DCM and was added dropwise to cooled
pentafluorophenol solution. The mixture was stirred and allowed to warm to room temperature
overnight. The reaction was washed with 1 M HCI (3x 300mL), then washed with
concentrated NaHCO3 (2x 300mL), and dried over MgSO4. The organic phase was then
filtered through a layered plug of basic alumina and charcoal and allowed to sit with additional
charcoal for 3 hours to remove yellow coloration, filtered, and then concentrated to obtain a

clear oil (75% yield). 6.70 (d, J= 17.5Hz, 1 H), 6.36 (dd, 1 H), 6.18 (d, J=10.5 Hz, 1 H).

Active ester content in microparticle and bulk networks was determined via Fourier
Transform Infrared Spectroscopy with Attenuated Total Reflection (FTIR-ATR) analysis
(vide infra), conducted on a Thermo Nicolet iS10 spectrometer equipped with a diamond ATR
accessory using 64 scans. FTIR measurements were taken at room temperature under ambient

atmosphere.
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Additional Information for Flow Synthesis of PEGDA Microparticles and
Compositions:

Microfluidic parts were purchased from IDEX Health and Science and used without
further modification. The entire system was designed from simple, off the shelf parts listed
below. Unless otherwise specified, all tubing used was High Purity PFA Plus tubing (Part#
1932) with a 360 micron outer diameter and 100 micron inner diameter; all tubing ends
trimmed via a capillary tubing cutter; and connections were made with coned, PEEK,
MicroTight ferrules for 360 micron diameter tubing (Part# F-152) and the corresponding
screw fittings (Part# P-416). Syringes were connected with PEEK, threaded Luer adapters,
with a 0.006" Bore, (IDEX, Female Luer x MicroTight® Assembly Part# P-662). The T-
connector used in the fluorous line was the PEEK MicroTee for 360 micron tubing (Part# P-
888), and the 4-way cross connector was the PEEK MicroCross for 360 micron tubing (Part#
P-889)

Materials of varied final water content could be prepared through modulation of the
PEGDA (crosslinker) content, and PFPA content was varied to account for dilution of spin
label signal from microparticle swelling. For initial materials with low PFPA content, flow
rates of 10:1, vol:vol, FC-40 to monomers were used with an approximate residence time of
30 seconds, reactor length of 15 cm, and total flow rate of ~140 ul/hr, with slight modulation
(e.g. 5-10 uL/hr) to avoid clogging in individual runs. Comparable approaches were used for
flow synthesis of microparticles with higher active ester content, however higher flow rates
and consequentially longer reactor tubing lengths were used, as well as a more fluorinated
carrier solvent (FC-70) to reduce sidewall sticking and increase active ester incorporation.

Flow synthesis was conducted at relative flow rates of 4.5:1, vol:vol, FC-70 to monomer
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mixtures, with a total flow rate of 330 ul/hr and residence time of approximately ~22 seconds.
Representative monomer compositions for starting resins can be seen in Table C.1.

After flow polymerization, particles were collected in acetone, the fluorous layer was
pipetted off, and particles were washed in acetone (ca. 20 mL) three times to remove residual
monomer. To remove trace amounts of fluorous solvent remaining, the acetone layer was
pipetted off, particles were washed with hexanes (ca. 20 mL) to bring them into a non-polar
solvent, followed by a wash (ca. 20 mL) with a 10:1 mixture of hexanes and decafluoropentane
to wash away remaining fluorous solvent. Particles were washed again with hexanes to further
remove trace fluorous solvents, and lastly three times with acetone. Microparticle samples

were washed & dialyzed in THF three times prior to substitution in order to change solvents.

Table C.1: Precursor resin compositions of PEG-acrylate microparticles.

Mol% Mol% Mol%

PEGDA PEGMEA PFPA

1.7% 97.5% 0.8%

7% 92.4% 0.65%

16% 83.4% 0.59%

37% 62.5% 0.54%

92% 7.5% 0.5%
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Table C.2: Precursor resin compositions for high PFPA content microparticles and bulk films
with varied sidechain chemistries, and relative amine stoichiometries used in mixed amine
substitutions of high PFPA content particles. Note, for TEMPO free samples, ATMP was used
in place of amino-TEMPO at equivalent stoichiometric ratios. Abbreviations: diethylene
glycol (DEG), triethylene glycol ether (OligoPEG).

Amine Molar
Equivalents
Mol% Mol% Mol% Amine Ratio (mmol
Amine 2
PEGDA PEGMEA PFPA 1 Amine 1:

mmol Amine

2)

Amino- Lauryl
1.7% 78.3% 20% 1:10
TEMPO Amine

Triethylene
Amino-  glycol ether

1.7% 78.3% 20% 1:10
TEMPO (OligoPEG)

amine

Diethylene
Amino- glycol
1.7% 78.3% 20% 1.5
TEMPO  (DEG)

amine

Amino- Lauryl
7% 73% 20% 1:15
TEMPO Amine
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Triethylene

Amino-  glycol ether
7% 73% 20% 1:10
TEMPO (OligoPEG)
amine
Diethylene
Amino- glycol
7% 73% 20% 1.5
TEMPO (DEG)
amine
Amino- Lauryl
16% 64% 20% 1:20
TEMPO Amine
Triethylene
Amino- glycol ether
16% 64% 20% 1:10
TEMPO (OligoPEG)
amine
Diethylene
Amino- glycol
16% 64% 20% 1.5
TEMPO  (DEG)
amine

Synthesis of Bulk PEGDA Networks

As outlined in the main text, bulk networks could be prepared from the same precursor

resin stocks by curing the polymer network between quartz plates, with film thickness
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controlled at 250 microns by spacers between the plates as outlined in previous work®?. In a
representative procedure, the monomer mixture was dispensed to a clean quartz plate, spacers
were placed on the plate edges, and then a second quartz plate was gently placed on top so as
to avoid air-bubbles in the network. Polymer network films were cured via UV irradiation (3
mW/cm?) and functionalized following prior procedures adapted from microparticle

networks. Representative schematic is included in Figure C.1.

o) /I UV Lamp “
0 7 \
0 O

Resin UV Curing Bulk Network
Deposition Removal

Figure C.1 Schematic of bulk network curing via UV irradiation and film casting between
quartz plates. Left to right resin dispensed onto a quartz plate with spacers of the desired
thickness, covered with a top quartz plate and cured via UV, followed by removal from the
casting assembly.

Characterization of Active Ester Content:

As referenced above, active ester content was determined via Fourier Transform
Infrared Spectroscopy with Attenuated Total Reflection (FTIR-ATR) analysis. Measurements
were conducted on a Thermo Nicolet iS10 spectrometer equipped with a diamond ATR
accessory using 64 scans. FTIR measurements were taken at room temperature under ambient

atmosphere.
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Active ester content for high PFPA content particles was determined via FTIR and
compared to control (bulk) networks to confirm PFPA incorporation and substitution.
Successful incorporation and substitution of the PFPA moiety was determined via the
presence and disappearance of diagnostic peaks of the pentafluorophenol at 1780, 1520, and
985 cm™ in agreement with previous procedures’?. Representative IR traces comparing

microparticle and bulk networks are included in Figure C.2.

—— 16 mol% PEGDA - Microparticle - PFPA

—— 16 mol% PEGDA - Bulk - OligoPEG

16 mol% PEGDA - Bulk - PFPA

T 17T I llllllllllllllllllllllll
— 16 mol% PEGDA OIIgoPEG M/\j\/\b

Absorbance

llllllllllllllillllillllllllllllll
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure C.2: Representative FTIR traces of PFPA containing and substituted networks with
starting resin composition of 16 mol% PEGDA / 64 mol% PEGMEA / 20 mol% PFPA.
Diagnostic bands for PFPA are highlighted in blue (C=0 stretching 1780 cm™, C=C vibrations
1520 cm?, and C-F bending 985 cm™). From top to bottom, (red) microparticle networks
substituted with oligoPEG-amine (triethylene glycol ether amine); (blue) PFPA containing
microparticle networks; (green) bulk network substituted with oligopPEG-amine (triethylene
glycol ether amine); (yellow) PFPA containing bulk network.
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In addition to validating PFPA incorporation, FTIR was used to estimate the relative
content of active esters in microparticle networks due to potential miscibility of PFPA with
the carrier (FC-40 or FC-70). Monomer mixture resins of known PFPA content were prepared
and cured as control (bulk) films and used to construct a calibration curve. PFPA content was
determined by initially integrating the PFPA and PEG-acrylate carbonyl stretching bands
(1780 cm™ 1730 cm™, respectively) in Igor Pro using the multi-peak fitting tool. The relative
fraction of absorbance of active ester carbonyls relative to total carbonyl absorbance (e.g.
PFPA + PEG-acrylate) was plotted against the mol% of active ester in the starting network.
From this, a linear relationship was observed and used to build a calibration curve (Figure
C.3, dashed line). Microparticle networks with high PFPA content in the initial resin were
then dried in vacuum overnight, measured via FTIR, their carbonyl peaks integrated, and
relative fraction of active ester absorbance computed. This value can be compared to the
calibration curve to determine the approximate mol% of PFPA in the final microparticle
network (x-axis value, Figure C.3, triangles). In all cases, microparticle samples showed
comparable active ester content (17-19 mol%) to initial formulations within limitations of

error (Table C.2).
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Figure C.3: FTIR Calibration curve (red) of PFPA containing PEGDA networks (black
hexagons) of varied composition; and demonstration of PFPA content estimation in
microparticle networks (blue triangles) from fraction of PFPA carbonyl integration out of

total carbonyl integration. For reference, bulk networks of equivalent composition are also
plotted (orange triangles), and demonstrate similar PFPA content by this approach.

Active Ester Substitution by Amines:

For the various materials prepared in this study the general substitution procedure was
as follows. Network samples as either microparticles or bulk films were dialyzed in THF prior
to active ester substitution. Substitutions were conducted in THF (ca. 10 mL) using significant
excess (>3x molar) equivalent of amine(s) relative to PFPA active ester sites in the network.
In all cases, after amine installation, particles or films were again washed and dialyzed for
extended periods (60+ min) three times with THF to remove residual amines, then washed
and dialyzed into DI water three times prior to measurement.

Single amine installations into low PFPA content networks (Table C.1) were

conducted with an excess (>>3x molar) of the desired amine functionality. Spin labels were
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installed in low PFPA content microparticles (compositions in Table C.1) according to main
text Scheme 4.1 with 4-amino-TEMPO (4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl).
Spin label-free analogues for T; ,(0) measurements in ODNP were prepared from the same
PFPA containing parent materials but were substituted with 4-(aminomethyl)piperidine
(AMP). Bulk films for PFG-NMR spectroscopy measurements were prepared from the same
monomer mixtures but cast between quartz plates as outlined above and substituted with
AMP.

Mixed amine installation was conducted on high PFPA content (Table C.2)
microparticle networks to prepare spin labeled materials with hydrophilic or hydrophobic
substituents according to main text Scheme 4.2. Network resin compositions and amine
stoichiometries used are included in Table C.2. Relative amine stoichiometric ratios were
adjusted so as to achieve particles with sufficient TEMPO content for ODNP measurements.
Bulk films with hydrophilic or hydrophobic substituents were prepared from the same
monomer resin mixtures used for microparticle networks (Table C.2), with only minor
modifications to the approach outlined in Scheme 4.2. Notably, radical free moieties were
used for PFG-NMR spectroscopy measurements. As such, instead of 4-amino-TEMPO, the
nitroxide-radical free analogue, 4-amino-2,2,6,6-tetramethylpiperidine (ATMP) was used.
Mixed amine substitutions were conducted at the same stoichiometric ratios outlined in Table
C.2 (e.g. 20:1 ratio of lauryl amine:ATMP). Given the high structural similarity of ATMP to
TEMPO and relative excess of the secondary amine in substitution, we anticipate there are
negligible changes to amine reactivity with active ester sites in the network and minimal

impact on final network water volume fraction (Figure C.5).
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Additional Microscopy Characterization Control Study

As discussed in the main text, control study measurements of swollen and dry particle
diameters after staining with erythrosine B were conducted. In brief, substituted particles were
allowed to swell to equilibrium in deionized (DI) water and segregated into control (unstained)
and stained subsets. Control particle diameters were measured manually using distance
measurement tools of the Keyence software in the swollen and dry state. Experimental group
particles were stained in a 0.1 wt% solution of erythrosine B in deionized water, followed by
repeated washing in an excess of DI water (3x) until clear. Particle diameters were then
measured in the swollen and dry state with manual and automated distance measurement tools.
Results for stained particles measured with automated and manual tools revealed comparable
particle diameters. Diameter values were within error of both each other, as well as manually
measured, unstained particles. These observations were consistent in both the dry and wet
states. Moreover, utilization of automated measurement tools enabled facile measurement of
large numbers of particles to get representative populations for swelling measurements

without manual measurement error and bias.
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Figure C.4: Control tests of particle measurements. Left: schematic cartoon of microparticle
preparation for staining and microscopy measurements. Right: average particle diameter in
microns for swollen and dried particles.

Water Content in Mixed Substitution Networks

Water content in mixed substitution microparticles and bulk networks was conducted
following methods detailed in the main text. Equation 4.1 (main text) was used to determine
the water content of the microparticle networks from their average wet and dry diameters, in
line with prior samples. Similarly, the water content of bulk networks was determined by
measuring the wet and dry diameters of punch samples and computing the volume fraction of
water in line with Equation 4.1. Water content in bulk and microparticle networks with mixed

amine substitutions for varied crosslinker content is displayed in Figure C.5.
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Figure C.5: Water volume fraction for bulk and microparticle networks with varied PEGDA
contents, water contents, and side chain functionalities. Microparticle networks were prepared
in flow synthesis and mixed functionality materials were substituted with 4-amino-TEMPO
and a secondary amine at stoichiometric ratios listed in Table C.2. Bulk networks were
prepared between quartz plates (250 microns thick) and substituted following above
procedures, with mixed functionality networks substituted using ATMP and a secondary
amine at the stoichiometric ratios listed in Table C.2.

Microparticle Loading:
Polymer microparticles were loaded into EPR capillaries using combined suction and
packing of microparticles from plastic syringes connected via simple connectors of PDMS,

Tygon, or equivalent. In a representative loading, a section of Tygon tubing could be cut to
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approximately 0.5-1 cm in length and quartered. A channel could be punched from the section
using an 18-gauge blunt tipped, stainless steel dispensing needle and the capillary could be
connected in one end. A 25-gauge conical plastic pipette tip could be installed in the syringe
and connected at the opposite end. The assembly was checked for water flow via simple
withdrawal and dispensing of deionized water, and microparticles could be suctioned up from
a solution with mild agitation. Capillaries were filled completely to provide consistent particle
numbers and decrease error during EPR measurements. Filled capillaries were stored

submerged in DI water prior to sealing and EPR measurement.

a)

Capillary with
600 um inner
diameter

Syringe with 25G tip serves  PDMS or Tygon section to serve
as constriction point as syringe to capillary connector
& maintain suction

Figure C.6: (a) Optical microscope image of microparticle loading assembly with conical
pipette tip, Tygon connector, and loaded capillary. (b) Optical microscope image of capillary
filled with microparticles over long length-scales reproduced from main text Figure 4.1.
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EPR fitting to extract rotational correlation times

In addition to sensing water dynamics through ODNP, spin labels are sensitive to
changes in label environment by lineshape analysis of cw-EPR spectra. By fitting
experimental cw-EPR spectra to known dynamical models®, the rotational correlation time,
7., Of the spin label may be determined which describes the time in which the label rotates
and loses correlation to its initial orientation relative to the applied magnetic field. cw-EPR
lineshape analysis has been successfully applied to study dynamics of tau protein®, T4
lysozyme protein®, polymer micelles®, and self-assembled nanoribbons’. For spin labels
tethered to the acrylate backbone of cross-linked PEGDA, 7, reflects on the polymer backbone
mobility, or rigidity, in its hydrated environment. Figure C.7a displays the experimental cw-
EPR spectra and the two-component fits for the spin-labeled, cross-linked PEGDA networks
studied in this work. The fitting parameters are found in Table C.3 and C.4. As the crosslinker
content of the network decreases, thus expanding its swelling, the cw-EPR lineshape changes
such that the percent population of the “faster” component increases with the amount of
network swelling (Figure C.7b). This indicates that networks with lower crosslinker contents
absorb more water and contain more mobile polymer chains. This is expected in part due to
increasing distances between crosslinks with decreasing crosslinker content, as networks
transition from star-like microstructures at high PEGDA content to more brush-like structures
with decreasing crosslinker content as observed in similar systems!. The mobility of the
network chains, in addition to the irregular network microstructure may explain why fixed
obstruction-based diffusion models such as Mackie-Meares fail to completely capture ODNP

water diffusion trends in PEGDA hydrogels (see Appendix C). Water’s ability to navigate
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through the irregular network structure, in addition to some mobility from the polymer chains,

both aid in the rapid water transport through the material.

Table C.3. EPR fitting parameters used in Multicomponent which were kept constant. 1 and
2 subscripts indicate the first and second component for the fit. When unspecified, it was used
for both components.

g A (G) A3 (G) R4 R, BD; Cyy
[2.00781 2.00581 [5.856.15 [0.951.25
2.00231] 37.65] 32.75]

7913 7.205 36° 0.4778

Table C.4. EPR fitting parameters used in Multicomponent which were varied between
sample spectra of varying mol% PEGDA composition. 1 and 2 subscripts indicate the first
and second component for the fit.

Mol% PEGDA population, population, Fit error
1.7% 98.59% 1.41% 5.65 x 107*
7% 90.65% 9.35% 418 x 107*
16% 71.80% 28.20% 6.14 x 107*
37% 70.39% 29.61% 6.32 x 107*
92% 63.58% 36.42% 1.00 x 1073
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Figure C.7. (a) Experimental X-band cw-EPR spectra (blue) and fit (orange) of spin-labeled,
cross-linked PEGDA microparticles of varying crosslinker composition. (b) Absorbed water
content in the networks scale with the fitted population of the EPR component with a faster
rotational correlation time (component 1), which represents an EPR spectrum of a spin label
environment with greater rotational mobility. Data labels indicate the PEGDA monomer
composition (mol%) and the dashed line is a polynomial fit to guide the eye.
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ODNP Data Tables and Results

Table C.5. ODNP results for cross-linked PEGDA microparticles with TEMPO amines only.
Error bars represent one standard deviation on the mean of three experimental repeat values.

D
piapy TIO©  T©®©  dma b ¢ (10_"2’;5,;:2 )
1.7% 1.05+£0.03 195+0.06 648+0.6 713+70 0.103+0.010 8.35+0.73
7% 0.74+0.02 1.55+001 699+1.7 854 £25 0.092 +£0.003 7.56+0.21
16% 0.54+0.05 1.08+0.13 643+6.3 928 + 99 0.078 £0.005 6.60+0.36
37% 0.60+0.03 131+0.15 524+1.1 1021£59 0.058+0.002 526+0.16
92% 0.63+0.03 095+0.02 463+1.6 1434+316 0.038+0.007 3.93+0.49

Table C.6. ODNP parameters for cross-linked PEGDA microparticles with mixed amine
installations. Abbreviations: diethylene glycol (DEG), triethylene glycol ether (OligoPEG).
Error bars represent one standard deviation on the mean of three experimental repeat values.

Mol%  Secondary T4(0) T;0(0) k, k, D_%DN P,
PEGDA amine (s) (s) MY (sTIMY ¢ (10 S)cm /
1.7% DEG 163.12 " 2&?; 779416 897+ 360 0(')(?517 Si 7.20%0.10
17%  OligoPEG lbs'foi 1(')?5 . 78355 6824244 0(')%012;: 9.36 + 0.65
1.7% Lauryl 1(%91 l(fj; 542442 927+269 0(')90519 5314096
7% DEG 1('%; 1(')?51 ;. 76550 978+106 0(')9075 662027
7%  OligoPEG 1(')93 f 1(')5'12 737404 638490 Oé%olf & omeon
7% Lauryl 1'0% f 1'0‘_‘3 Si 509+2.6 934135 06(_)33 Gi 5.05+0.37
16% DEG ob?g; 163_§oi 61.1+34 81997 06(_’515; 6.38 + 0.68
16%  OligoPEG 16(_)170i 1(.)?124i 569+ 14 521+211 Ob%g??gi 8.88 % 0.14
16% Lauryl | bllloi 16%371 41646 801192 05_’3;; 4.88+0.78
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Figure C.8: ODNP water diffusion coefficients near the spin label tethered to the acrylate
backbone in cross-linked PEGDA microparticles (open red circles) and near the chain end of
linear PEG in aqueous solution (550 Da) (green open triangles), reproduced from prior work®.
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PFG-NMR Characterization
Experimental details for PFG-NMR characterization are described in the Methods

section (main text), with additional figures to demonstrate the technique provided below.

/2 /2 m/2

& )
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A

Scheme C.2: Visualization of the stimulated-echo pulse sequence employed in this work for
PFG-NMR measurements.

Cast 4. Double Sealed in 5Smm
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Figure C.9: Sample preparation for PFG-NMR measurements, following the water
equilibration steps (1) membranes were immediately blotted dry (2) and sliced into thin slivers
(3), then subsequently double sealed with into 5 mm NMR tubes (4).
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Diffusion models for PEGDA water transport

1.0E-04
PFG-NMR
® ODNP
Mackie-Meares
z" 1.0E-05 - """'Yasuda _.*‘*--.
s e
: P
& L
] .
£ u
= 1.0E-06
1.0E-07 T T T T
0 0.2 0.4 0.6 0.8 1

Water volume fraction

Figure C.10. Comparison of water diffusion coefficients from PFG-NMR and ODNP
experiments to conventional, obstruction-based diffusion models: Mackie-Meares and Yasuda
theory. The Mackie-Meares model has been used extensively in membrane literature to model
solute and solvent transport in cross-linked polymers, including PEGDA.*° Measured water
diffusion coefficients show positive deviation from predictions, possibly due to PEGDA’s
irregular network structure or the mobility of the network chain, as measured by cw-EPR
lineshape analysis, which breaks down the assumption of polymer volume being a fixed
obstruction to the path of water diffusion.
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