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ABSTRACT

This work details the development of synthetic methodologies for the realization
of porous materials with intricate design and meticulous control. A systematic approach
is presented for the design and preparation of materials derived from cyclodextrins,
tailored for advanced applications through synthetic control of the precursor
functionality and linkage chemistry, and for the control of topography of porous
materials through the utilization of sacrificial polymeric porogens. Two examples of
these functional porous cyclodextrin-based materials are described, illustrating the
efficacy of this approach in the preparation of materials with targeted activities and
functionalities, and an example of the use of polymeric porogens to predictably induce
porosity in thin films is presented.

The first example is a cyclodextrin polyimide (CDPI), designed for unique, flow-
through molecular separation applications. These materials boasted high surface areas,
extraordinary chemical and thermal stability, an ability to permit concurrent target
compound immobilization and eluent mobility, and facile processing and utilization as
bulk materials or films and coatings.

The second example is a cyclodextrin polyester (CDPE), devised for the loading
and assembly of a polymeric hemostatic agent into bioabsorbable composite wound
dressings. These materials demonstrated our ability to finely tune functionality of the
material through control of the linkage chemistry, with full degradation observed under

conditions emulating physiological milieu. Cyclodextrin polyesters were used as



sacrificial carriers for the assembly of chitosan into nanofibrous mats with high surface
area. These composites exhibited remarkable hemostatic performance, when tested in
vivo against commercial hemostatic dressings, and excellent biocompatibilities, with
degradation observed after delivery to the wound site.

Lastly, we outlined a top-down technique for induced, tailored porosity in a
chosen host material through the synthetic development of sacrificial polymeric porogen
agents. Acid-sensitive bottlebrush polymers were blended and cast into films with a
miscible, inert matrix polymer and selectively extracted, yielding thin films with
imprinted surface topographies that could be predetermined through control of the brush

topology.
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CHAPTER I

INTRODUCTION

1.1 Porous Materials Today

One of the most remarkable characteristics of the physical world is the vast
amount of void space, extending far beyond the boundaries of what is directly
observable. The overwhelming majority of the universe, as we understand today, is
effectively vacuum, with as much as 90% of its composition attributed to empty space.’
At the other extreme, the apparent volume of the atom that can be attributed to its
substituent subatomic particles is strikingly low.? Between these two points exists a
broad scale of void space that is accessible by particulate matter, termed porosity, and is
therefore particularly relevant to materials of the natural world, affecting important
properties such as permeability and density. Materials with porosity on all scales can be
found in nature, from honeycomb and sponges to cuttlebone® and zeolites.* Nanoporous
materials, which can be further subdivided into microporous (average pore size <2 nm),
mesoporous (2-50 nm), and macroporous (50-1000 nm) materials, are critical to an
expansive range of industries, spanning micro- and optoelectronics,” molecular

% and food

separations®’ and storage,®** biomedicine,'? environmental remediation,’
packaging,'* insulating," and dielectric materials.'® Nanoporous materials are therefore

among the most widely studied of all materials, and a far-reaching interdisciplinary



effort has been devoted to the development of new porous materials with novel
functionalities that will enable specialized, targeted applications.

The manifestation of porosity in materials can be broadly categorized into two
categories: inherent porosity and induced porosity. Inherent porosity, which is
permanent and intrinsic to the architecture of the molecular network structure, is
demonstrated in materials such as in metal-organic frameworks (MOFs),"" covalent

1819 and polymers of intrinsic microporosity (PIMs).?

organic frameworks (COFs),
Induced porosity, generated in compatible materials by various processing techniques,
can be achieved by the addition of porogens,* carbonization,?* foaming,® and others.*
In the pursuit of novel, advanced functional materials, synthetic polymer chemistry
provides a critical vantage point at the interface between the synthesis of new, inherently
porous materials and the development of novel techniques to induce porosity.
Furthermore, it provides a basis to evaluate the viability of the subsequent utilization of
these materials.

While there is a perpetual investigation at the frontier of chemistry to devise new
materials and methods, scrutiny must be placed on compatibility with existing industrial
processing methods and feasibility of scale to develop economically practicable
solutions to real market needs. Concurrently, there is a strong emphasis on technologies
with increased sustainability, and materials comprising naturally derived building blocks
from renewable feedstocks are thus an attractive target. This work aims to address the

need for functional porous materials by solutions that are scalable and processable, with

sustainable production and performance, and is divided into two main sub-directives:



a)the establishment of systematic synthetic methodologies for the production of
functional, porous materials derived from cyclodextrins and b)the development of top-
down techniques for induced, tailored porosity in materials by the synthesis of novel
polymeric porogen agents. Through these methods, we expected to achieve a synthetic
platform facilitating the preparation of functional, porous materials with finely tuned

structures, chemical properties, and activities.

1.2 Functional, Porous Materials Derived from Cyclodextrins

Cyclodextrins are a group of naturally derived, macrocyclic sugars that provide a
versatile synthetic platform via selective functionalization of their many primary and
secondary hydroxyl groups. These hollow cyclodextrins can, themselves, be
conceptualized as porous, and have long been studied for their interesting properties and
sorption behavior. Of particular interest is the seven-membered isomer, -cyclodextrin
(Figure 1.1), which is the most studied isomer for its sorptive activity. As the most
abundant of the cyclodextrins, it is also the most cost-effective at ca. 1 USD kg*.?®
These toroidal compounds have a hydrophilic shell that encompasses a hydrophobic
interior, imparting the sub-nanometer cavities with a powerful affinity for guest
molecules with shape and chemical specificity. This feature has been utilized in the
reversible capture of target compounds, which has proven useful for the immobilization

of air and waterborne contaminants and in the chromatographic separation of isomers

and homologues.?®?® This work focuses on the use of the B-cyclodextrin isomer as an

3



active building block, as the most cost-effective template for proof-of-concept, but is

also relevant to the 6- and 8-membered isomers (o and vy, respectively).
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Figure I.1. Structural representations of B-cyclodextrin (left, middle) and illustrated
depiction of its toroidal character (right).

Many synthetic strategies have been employed for the incorporation of

30-31 and

cyclodextrin into polymeric materials as grafted pendant groups,®® as initiators
as monomers in both step-growth® and chain-growth polymerizations.** The host-guest
activity of the cyclodextrin provides the resulting polymers with unique activities, and
has found utility in self-healing coatings,® drug-delivery,** environmental remediation,*
and others.®® In some cases, this inclusion complex-forming behavior, itself, is used in
the macromolecular assembly of these materials, where cyclodextrins are threaded with
linear polymers and end-capped to form psuedorotaxanes®® (Figure 1.2) or slide-ring

gels®” with robust and interesting mechanical properties. As such, cyclodextrins offer

marked versatility in both the functionality and assembly of polymeric materials.
4



The selective installation of functional groups provides a method to finely tune
the host selectivity of these cyclodextrins,® and the introduction of polymerizable
moieties enables the formation of polymers with predetermined chemical linkages and
macromolecular architectures. To this end, the appropriate synthetic toolkit is critical in
obtaining cyclodextrin-derived materials with diverse structures and tailored chemical

properties. Of the multitude of potential materials, those with inherent and permanent

Figure 1.2. Simplified illustration of select, interesting properties of cyclodextrins:

polymer-threading and end-capping to form pseudorotaxanes (left) and reversible
inclusion complex formation with compatible molecular hosts (right).

porosity are of considerable interest and are particularly elusive. The inclusion of
cyclodextrin into a porous framework was demonstrated to greatly enhance its efficacy
of action, enhancing the rate of contaminant immobilization in sorbents for water
purification by increasing the availability of the active sites within the material.?®
However, the realization of such materials presents unique challenges both synthetically
and in their subsequent processing and utilization. To maximize functionality, the
concentration of cyclodextrin in the material should also be maximized, necessitating the
construction of the porous framework from the cyclodextrin itself, rather than as a

pendant group or additive. This work seeks to outline synthetic strategies to devise

hierarchically porous, processable, cyclodextrin-based polymeric materials, and to
5



demonstrate their efficacy for environmental remediation and biomedical applications,

among others.

1.3 Polymeric Porogen Agents for Introduction of Porosity in Thin Films

Though the development of novel, inherently porous materials is a critical and
necessary directive, overarching control of the pore topography in these materials is
often a significant challenge. Typically, only discrete morphologies are allowed by the
molecular network architecture of each material, and though modification of the
monomer geometries can yield fine control over the pore shapes and dimensions, the
need to develop unique formulations for each minor adjustment to the pore topography
can prove taxing. Furthermore, control of the overall porosity, or the volume fraction of
the material corresponding to void space, of the resulting materials is limited. The use of
sacrificial pore forming agents, in which a sacrificial component is blended with a
chosen matrix and selectively extracted to yield an imprinted network of voids, offers
the ability to tailor both the pore morphology and overall porosity of a chosen matrix
material through control of the shape and weight fraction of the added porogen. To this
end, a material can be designed from a chosen matrix polymer, with its porosity then
tailored through the use of sacrificial porogens without the need for further
modifications to the matrix polymer.

The use of porogenic agents has been widely studied, in which the morphology

of the material is templated through control of the sacrificial porogen. This imprinting

6



strategy is particularly attractive for thin films, in which the topography is integral to

39-41 42-43

their application as dielectric materials,”™ " antireflective coatings, membranes,** and
transistor nanotemplates.**’ A great range of pore size control is possible, from the use
of large spherical pores generated from dendritic porogens*® to sub-2 nm pores generated

from cyclodextrins,****

and shape control is also possible, in which the topology of the
sacrificial porogen is imprinted with reasonable fidelity.® The porosity can be
controlled through the amount of porogen added,” with one key caveat: selective
extraction of the porogen from the matrix generally necessitates some degree of phase
incompatibility between the two domains that can cause heterogeneity in precursor
films, resulting in a deviation from the expected topographies at larger concentrations of
porogen, as complex morphologies arise.>

The use of a miscible porogen has been explored to great effect,>® in which
precursors were cast into homogeneous films before cross-linking of the matrix, then
allowing selective removal of the non-cross-linked component.  This approach,
analogous to the negative tone techniques widely used in photoresist technology,*
enables kinetic trapping of the porogen in the miscible state before chemical
modification of the matrix and selective removal of the sacrificial porogenic domain.
Positive tone systems, where chemical modification is, instead, performed on the
porogenic domain to modulate its solubility, may be even more attractive as it enables
use on many different matrix polymers. Earlier work in our group has detailed the

synthesis of architecturally-intricate bottlebrush polymers that are capable of controlled

alignment and solubility modulation through reactive monomer units. These bottlebrush



systems are expected to provide a powerful tool for the introduction of tailored porosity
in host materials, where homogeneous distribution of these brushes throughout an inert
matrix allows the formation of predictable topographies through control of the volume

fraction, molecular topology, and chemical properties of the sacrificial brush domain.



CHAPTER II
B-CYCLODEXTRIN-DERIVED MONOLITHIC, HIERARCHICALLY POROUS
POLYIMIDES DESIGNED FOR VERSATILE MOLECULAR SEPARATION

APPLICATIONS®

2.1 Introduction
Cyclodextrins have long been studied in the field of separation science,?® **°
and have gained considerable attention recently for their performance in environmental
remediation-based applications.?>?® ®2% These naturally derived cyclic sugars are well
known to reversibly form inclusion complexes with suitable guests, and reversibly bind
compounds with shape and chemical specificity in their hydrophobic cavities.® Of
these, the seven-membered B-cyclodextrin is both the most abundant and studied isomer
for water treatment applications, in which organic model contaminants can be captured
and removed from water and subsequently released when rinsed with an adequate
solvent, thus easily regenerating the active cavities.®” In an industry dominated by
activated carbon, in which the single largest barrier of its use lies in the difficulty
associated with its regeneration,®* a large interdisciplinary effort has been devoted to the

investigation of new materials with unique sorption and desorption mechanisms.®

“Text and figures reprinted with permission from “B-Cyclodextrin-Derived Monolithic, Hierarchically
Porous Polyimides Designed for Versatile Molecular Separation Applications” by Leonhardt E. E.;
Meador, M. A. B.; Wooley, K. L, 2018. Chemistry of Materials, 30(18), 62266230, Copyright 2018 by
American Chemical Society.
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Cyclodextrins have been employed similarly in a wide range of other separation-based
applications, such as in the encapsulation of odorous compounds from air?’ and the
separation of positional isomers and enantiomers,?® resulting in an extensive drive to
develop cyclodextrin-based materials. Of particular interest is their incorporation into
porous materials, which increases the availability of the active cyclodextrin moieties and
aids diffusion of the mobile phase through the material, therefore enhancing their

separation efficiency.?>

However, current literature methods to produce porous
cyclodextrin-linked polymers can require long reaction times, up to 2 d, and custom-
synthesized cross-linkers. Most importantly, the resulting product is an insoluble
powder, a hindrance in its use in particular applications, such as coatings and energy-

efficient membrane-based separations.

Cyclodextrin incorporation into film-based materials has been achieved by

67-71 72-74

physical blending, surface modification, chemical incorporation into the
polymeric precursors,”” or a combination thereof.”® By these preparation methods,
however, the resulting concentrations of the active cyclodextrin groups have remained
relatively low, thereby reducing their effect in the resulting material. Continuous films
formed entirely from cyclodextrins and a small-molecule linker by an interfacial
polymerization process have been reported recently.”® Although these materials didn’t
exhibit the traditional mode of selectivity by contaminant immobilization within the
cyclodextrin groups, compounds capable of travelling through the cavity were allowed

to pass. By this process, these materials offer an alternative mechanism of shape and

size-specific discrimination for molecular sieving applications.
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It was hypothesized that a monolithic cyclodextrin-derived material with
hierarchical porosity would impart the advantages of a moldable material while
maintaining the interesting contaminant immobilization behavior, by simultaneously
allowing inclusion-complex formation and flow of the mobile phase throughout the solid
matrix. Moreover, the direct connection of cyclodextrins via imide-based linkers was
expected to afford high concentrations of the active cyclodextrin cavities distributed
throughout a porous matrix material, as cross-linked polyimides are known to form
highly porous gels that can be cast in molds or as films and can be produced on a large
scale.”® Polyimides, having extraordinary chemical, thermal, and physical robustness,
are also attractive because they have been previously demonstrated to exhibit
mesoporosity®* 2 and are widely used in separation technologies—currently constituting
the largest class of organic solvent-resistant nanofiltration membranes.?*®> The selective
conversion of the primary alcohols in cyclodextrins to amines®® was targeted as a route
to establish polyimides upon reaction with anhydride groups. The seven-membered
isomer (B-CD-NH,), and similar members of this group of cyclodextrin derivatives, has
been investigated with respect to separation technologies, demonstrating similar sorption
activity to the native p-cyclodextrin.®® 8% Materials comprising p-CD-NH, have been

%091 and grafting-to approaches.”? Recently, the

afforded by supramolecular assembly
direct copolymerization of B-CD-NH, has been reported in the formation of an imine-
linked covalent organic framework.”® Other polymer-forming amine-functionalized
cyclodextrin  derivatives have been studied, such as tethered monomers,®®°

monofunctional initiators,®® and symmetric difunctionalized B-cyclodextrin®’—however,
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difficulty in obtaining isolated regioisomers prohibits their large-scale production. Thus,
B-CD-NH; was deemed the most suitable building block in the pursuit of a cyclodextrin-
based polyimide.

2.2 Results and Discussion

In this work, it was found that the easily obtained peraminated 3-CD-NH, could
be readily polymerized with pyromellitic dianhydride (PMDA) to rapidly form a highly
cross-linked network when solubilized in polar aprotic solvents with the addition of a
small amount of acetic acid (0.35 mL per 100 mg B-CD-NHy) (Figure 11.1). Gels were
obtained in as little as 1 min, and partial chemical imidization could then be achieved by
soaking the gel in a mixture of acetic anhydride (Ac;0) and triethylamine (EtsN). Initial
qualitative screening studies indicated that the relative stoichiometries of B-CD-NH; to
pyromellitic dianhydride affected the ability to produce well-defined cross-linked gel
materials. At too low anhydride:amine, gelation did not occur and at too high
anhydride:amine, the reaction mixture quickly underwent phase segregation to result in
inhomogeneous domains of cross-linked material interspersed with undissolved and
unreacted pyromellitic dianhydride powder. However, at a B-CD-NH; to pyromellitic
dianhydride stoichiometry of 2.75:1, which corresponded to 5.5 anhydrides per 7
amines, a balance was attained between homogeneous mixing and formation of a
continuous cross-linked gel. The resulting cyclodextrin polyimide (CDPI) was prepared
in bulk, in cylindrical molds from 12 wt. % solutions in NMP and acetic acid (11:5 v/v)

with 2.75 equiv. PMDA. After gelation, the samples were briefly heated to 70 °C for 10
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min to further encourage cross-linking before soaking the solid gels in a small amount of
DMF/Ac,O/Et3N (8:2:5 v/v) for 1.5 h to promote imidization. Gels were exchanged into
clean DMF, followed by methanol to remove unreacted reagent and byproducts.
Samples could then be dried supercritically with carbon dioxide or exchanged into water

and lyophilized for characterization.
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Figure 11.1. Overview of the synthesis of CDPI (top) with an expanded illustration of
the diversity of potential linkages and structural components (bottom).

Analysis of nitrogen adsorption/desorption at 77 K (Figure 11.2) of CDPI
revealed a Langmuir surface area of 155 m? g* and a Type IV isotherm, indicating the
presence of mesoporosity in the material signified by the sorption/desorption hysteresis.

The pore size distribution, calculated by nonlocal density functional theory modeling
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(NLDFT), indicated a peak at the lower bound of detection, centered at 1.5 nm, as well
as a broad distribution of mesopores. We reason that n—n stacking of the PMDA
linkages in the hyperbranched network may result in the formation of mesoporous
channels, such as those seen in other mesoporous polyimides, with relatively broader
pore size distributions than those exhibited by linear polyimides having more well-
defined packing. Large macroporous voids generated by the evacuation of the mesh
space of the gel network could be viewed by scanning electron microscopy (SEM)
(Figure 11.3), confirming the desired hierarchical porosity of the material. In contrast to
the mesoporosity of CDPI, determined by the polymer structure, its macroporosity is
primarily dictated by the gel structure, controlled by the relative amount of solvent used
during preparation. Gels prepared at lower weight fractions yielded materials with a
higher theoretical total porosity at the cost of increasing fragility, and thus 12 wt. % was

chosen to optimize porosity while ensuring sufficient mechanical strength of the material

to allow handling without fracturing. Though the large macropores were not expected to
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Figure 11.2. N, sorption/desorption isotherm at 77 K (left) and NLDFT pore size
distribution (right) for CDPI.

14



directly contribute to sorption activity, they were desired to provide ample mobility in
the continuous framework as target compounds interact with the mesoporous channels

and cyclodextrin cavities.

Figure 11.3. SEM image of CDPI.

Solid-state characterization techniques were employed to investigate the
chemical composition of CDPI. Examination of the Fourier-transfer infrared (FTIR)
spectrum (Figure 11.4) revealed the presence of both the imide linkage at 1723 cm™ as
well as the ring-opened amic acid linkage at 1653 cm™, indicating incomplete
imidization of the network—typical of chemical curing methods.”® Though these more
chemically labile linkages could promote sensitivity to hydrolysis, the material exhibited
excellent chemical stability. CDPI was found to be macroscopically stable indefinitely

in water, 4 M HCI aqueous solution, and all tested organic solvents. However, the bulk
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material underwent slow disintegration in 4 M KOH aqueous solution over the course of
2 d, forming a suspension of small particles.

To validate the utility of CDPI for molecular separations, liquid-phase adsorption
was studied for several model compounds at a concentration of 1 mg CDPI per mL of
feed solution to analyze performance of the material as a sorbent (Figure 11.5). As
cyclodextrins are known to bind with hydrophobic guests in aqueous solutions, several
shape-compatible water soluble dyes with hydrophobic aryl groups were chosen for
analysis: Bismarck brown Y (BBY), methyl violet 2B (MV2B), and rhodamine B
(RhB). Similar to previous examples of porous cyclodextrin polymers,® the rate of
adsorption was found to be extraordinarily fast, with over 80% uptake efficiency
achieved in 15 s and equilibrium achieved in as little as 2 min, reinforcing the notion that
the availability of cyclodextrin groups within the porous framework facilitates sorption
performance. Adsorption isotherms, used to predict the maximum adsorption capacity
and to attempt to quantify the role of cyclodextrin groups in the immobilization of model

compounds, were fit to the Langmuir model (Table 11.1):%

_ QbCe
9™ Tnc, (1)

where g. (mg g7) is the adsorbate concentration at equilibrium; Qo (mg g™*) is the
maximum monolayer coverage capacity; b (dm® mg™) is the Langmuir isotherm
constant; and C. (ppm) is the equilibrium concentration of the adsorbate measured by
UV-vis spectroscopy. Interestingly, despite CDPI exhibiting a similar molar adsorption
capacity for each dye when accounted for molecular weight, adsorption of BBY and

MV 2B at lower concentrations was relatively more effective. The relative capacities for
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molecules of dye adsorbed per molecules of cyclodextrin suggested by this model are
2.4, 2.6, and 2.4 for BBY, MV2B, and RhB, respectively—implying contaminant uptake
beyond inclusion complex formation alone, conceivably by hydrogen bonding or
physical adsorption in the mesoporous channels of the material, as has been observed in
other cyclodextrin-based sorbent materials.®® The maximum RhB absorption capacity
(621 mg g™) was significantly larger than that of many activated carbons (ca. 35 mg g
1, and was comparable with covalent organic frameworks (625 mg g1) of relatively
larger surface areas than CDP1.1® Regeneration of the saturated material could be easily
achieved by rinsing with a small amount of methanol followed by rinsing with water,
resulting in the disappearance of color from the material. No substantial loss in
performance was observed after four regeneration cycles (Figure 11.6).

Adsorption of other various model compounds were also explored (Table 11.2).
As seen in similar materials, the charge of the model compound studied seemed to play a
significant role in uptake selectivity.”” It was found that CDPI exhibited a strong
preference for cationic adsorbates, with modest adsorption of the neutral toluene species
and almost no adsorption for the studied anionic dyes. This sorption behavior is distinct
from the selectivity displayed by native B-CD-NH,,*® perhaps due to the presence of
amic acid groups in the material influencing the ionic behavior.  Peculiarly,
protoporphyrin IX (PPIX) disodium salt, chosen as a model compound with sufficient
steric bulk to prevent entry into the cavity of the cyclodextrin groups, was the only
anionic compound that was adsorbed by CDPI, albeit with significant less uptake than

the studied neutral and cationic species. This discrepancy may be due to the increased
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likelihood for the relatively bulkier PPIX molecules becoming immaobilized in other sites

of the porous network over the smaller anionic adsorbates.

Table I1.1. Adsorption isotherm parameters for Langmuir model.

Dye Qp(mgg™) b (dm’ mg™) R’
BBY 554 0.13 0.966
MV2B 559 0.20 0.937
RhB 621 0.01 0.992

The versatility afforded by the casting process of CDPI is a key advantage in
augmenting the scope of cyclodextrin-derived materials, e.g. separations in film and
coating-based settings. To demonstrate the potential for molecular separations in the
film-state, CDPI was cast as a film, ca. 20 um thick, and analyzed as a liquid filtration
membrane (Figure 11.7). The gel was applied to a microfiltration support (PVDF, 5.0
pm pore size) and pressed with a rubber roller to uniformly coat the surface with a thin
layer. The physically supported films were imidized analogously to the bulk monolithic
samples by soaking for 1 h in the curing solution after briefly heating for 1 min at 70 °C.
To quantify permeance and adsorption, separation experiments were performed in a
dead-end configuration, braced by a porous metal disk in a stainless steel stirred cell
(effective membrane area 14.6 cm?). The coated membranes revealed dramatically
diminished solvent permeances when compared with the native ultrafiltration support,
and remained stable at feed pressures up to 4.8 bar without a measureable change in flux

over the duration of experiments (up to 4 h), suggesting resistance to crack formation
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and disintegration during use. Though the polymer contained both hydrophobic and
hydrophilic domains, the films demonstrated a strong preference for hydrophilic
solvents, water (6.5 L m? h™* bar®) and methanol (8.8 L m? h™ bar™), over nonpolar
solvents, such as n-hexane (0.3 L m? h™ bar). Permeance appeared to be dependent to
a lesser degree upon solvent viscosity, with a lower viscosity reasonably corresponding
to a higher flux for solvents with similar polarity indices (Figure 11.8, Table 11.4). In dye
separation experiments, complete adsorption of RhB at environmentally relevant feed
concentrations was demonstrated, with no detectable RhB observed in the volume of
filtrate collected (150 mL). At higher feed concentrations, however, breakthrough could
be observed as the vacant adsorption sites were depleted in the material, as expected
(Figure 11.9).

In addition to liquid-phase separations, CDPI was also expected to exhibit gas-
phase adsorption of target compounds. Even at ambient pressures, mobility of gas
throughout the macroporous framework was expected, considering the much smaller
mean free path of air relative to the dimensions of the macropores. When exposed for 4
h to toluene vapors, 59 mg g™* was loaded into the material, corresponding to 1.2 toluene
molecules adsorbed per cyclodextrin group, thus demonstrating the potential to interact
with airborne contaminants, necessary for the immobilization of odorous compounds
from air, gas chromatography, and other applications.

In summary, we have demonstrated the preparation of a -cyclodextrin-derived
monolithic material with hierarchical porosity and excellent chemical stability that can

be cast as monolithic molds or as thin films by convenient and scalable processes. Their
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potential for molecular separations was confirmed by rapid gas and liquid-phase
adsorption of model compounds, and the separation activity of the material was
demonstrated to operate both in bulk and when cast as a supported membrane coating. It
IS expected that the versatility and chemical stability imparted by this robust, porous
polyimide framework, with functionality provided by its large cyclodextrin
concentration, will facilitate the expanded implementation of cyclodextrin-derived
materials in a diverse range of separation applications, e.g. chemical sensing,

chromatographic separation, and environmental remediation.
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Figure 11.4. FTIR transmittance spectra of B-CD-NH, and CDPI.
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Figure 11.5. Adsorption of model compounds at concentrations of 1 mg mL™ in
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Figure 11.6. Efficiency of removal of RhB from 400 ppm aqueous feed solutions by
CDPI after repeated regeneration cycles.
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Figure 11.8. Relationship of film permeance with solvent polarity (left) and relationship
of permeance with viscosity for solvents of similar polarity (right).
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Figure 11.11. Images of CDPI as a sol (left), gel (middle), and lyophilized gel (right).

24



100

90

80 4

704

60

50

Mass Retention (%)

40

304

20

T T T T T T
0 100 200 300 400 500
Temperature (°C)

Figure 11.12. TGA traces of p-CD-NH; and CDPI.

Figure 11.13. Determination of solvent resistance of CDPI: (a) image taken after
exposure to solvent for 30 d; (b) image taken after illuminating from the left by a red
laser to demonstrate solution clarity for all samples, with the exception of the 4 M KOH
aqueous solution; (c) a closer look at the Tyndall effect demonstrated for a green laser
path through the 4 M KOH aqueous solution, with visible disintegrated material at the
bottom of the vial.

Figure 11.14. Images of CDPI supported film before (left) and after (middle, right) RhB
adsorption study.
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Table I11.2. Summary of adsorption behavior exhibited by bulk CDPI.
Adsorbate Structure 3D Model Charge  Adsorption (Co)

Toluene ©

0 46% (340 ppm)

) "
RhB See +1 78% (200 ppm)
A
HO. O 0. O OH
FNa -1 0% (200 ppm)
O ONa
RB -2 0% (200 ppm)
N O O AN
MV2B +1 99% (200 ppm)
BBY HN@E:;“Q”’N +2 99% (200 ppm)
CG )) -1 0% (200 ppm)
N’\ T QO
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Table 11.2 Continued
Adsorbate Structure 3D Model Charge  Adsorption (Co)

PPIX -2 15% (50 ppm)

2.3 Experimental Section

2.3.1 Materials

Pyromellitic dianhydride (PMDA), bromine, sodium azide, Bismarck brown Y
(BBY), rhodamine B (RhB), methyl violet 2B (MV2B), protoporphyrin IX (PPIX)
disodium salt, cardiogreen (CG), rose bengal (RB), fluorescein sodium (FNa), ,
triethylamine (Et3N), acetic anhydride (Ac,0), glacial acetic acid (AcOH), ammonium
hydroxide solution (28 wt. % in water), sodium methoxide (25 wt. % in methanol), N-
methylpyrrolidinone (NMP), methanol (MeOH), ethanol, 1-propanol, 2-propanol,
propylene glycol, 1,4-dioxane, n-hexane, diethyl ether (Et;0), and anhydrous
dimethylformamide (DMF) were obtained from Sigma Aldrich and used as received
unless otherwise specified. Triphenyl phosphine (PPh3) and B-cyclodextrin (B-CD-OH)
were obtained from TCl America and used as received unless otherwise specified.
Polyvinylidene fluoride (PVDF, 5.0 um pore size) hydrophilic porous supports were

obtained from EMD Millipore. Film release paper (silicone finish, 5 mil thickness) was
27



purchased from Gardco. Nanopure water (18.2 MQ cm) was acquired from an EMD

Millipore Milli-Q water filtration system.

2.3.2 Characterization

Solution-state *H and **C NMR spectra were collected on a Varian Inova 500
spectrometer at room temperature. Solid-state cross-polarization magic angle spinning
(CP-MAS) *C NMR was performed on a Bruker Avance 400 spectrometer with a 4 mm
rotor at a spin rate of 8.8 kHz. Instruments were interfaced to a LINUX computer using
VNMR-J software. Spectra were processed with MestReNova version 9.0.1-13254 by
Mestrelab Research S.L.  Attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR) was performed on a Shimadzu IR-Prestige-21 spectrometer at
a 1.0 cm™ resolution. Ultraviolet-visible (UV-Vis) absorption spectra were collected on
a Shimadzu UV-2550 spectrophotometer from 400-700 nm with polystyrene or quartz
cuvettes at a 0.5 nm resolution. Thermogravimetric analysis (TGA) was performed on a
Mettler Toledo TGA 2 with a heating rate of 10 °C min™ under argon atmosphere.
Nitrogen adsorption-desorption isotherms were measured using a Micromeritics ASAP
2020 system at 77 K. Samples were activated for 8 h at 70 °C under reduced pressure
prior to analysis. Pore size distributions were modeled by nonlocal density functional
theory (NLDFT) and surface areas were calculated according to the Langmuir model.
Scanning electron microscopy (SEM) images of the bulk material were obtained on a

Hitachi S-4700 field emission (FE) microscope after gold sputtering of the sample.
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SEM images of films were collected on a JEOL JSM-7500F FE-SEM equipped with a
high brightness conical FE gun and a low aberration conical objective lens after
platinum/palladium sputtering of the sample. Elemental analysis was performed at

Midwest Microlab, LLC in Indianapolis, IN.

2.3.3 Synthesis and Sorption Studies

Synthesis of per-6-bromo-B-cyclodextrin (B-CD-Br): Preparation of B-CD-Br
was performed according to a modified literature procedure.®® Prior to use, p-CD-OH
was dried overnight at 70 °C under reduced pressure. In a flame-dried round-bottom
flask equipped with a stir bar, PPhs (78.6 g, 0.300 mol) was dissolved in 400 mL
anhydrous DMF. The solution was cooled on an ice bath before the slow addition of
bromine (47.9 g, 0.599 mol) in 60 mL anhydrous DMF by syringe. The mixture was
vigorously stirred until complete dissolution and allowed to warm to room temperature
before the addition of f-CD-OH (17.0 g, 15.0 mmol) in one portion. The solution was
heated to 73 °C on an oil bath and allowed to stir for 24 h, with careful monitoring to
ensure that the temperature did not reach above 75 °C. After cooling to room
temperature, the solution was concentrated to ca. 200 mL under reduced pressure.
Sodium methoxide solution (25 wt. % in methanol) was then slowly added until a pH of
9 was obtained. The product was collected by precipitation into a large excess of cold
methanol, followed by thoroughly rinsing with methanol. The product was dried at 70

°C under reduced pressure for 24 h, yielding a fluffy, colorless powder (22.4 g, 94.8%
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yield). Characterization data was consistent with published data;*® 'H NMR data are
provided for example. *H NMR (500 MHz, DMSO-ds, ppm) ¢ 6.03 (d, J = 6.5 Hz, 7H),
5.90 (d, J = 2.0 Hz, 7H), 4.98 (d, J = 3.5 Hz, 7H), 4.00 (d, J = 9.5 Hz, 7H), 3.82 (t, J =
9.5 Hz, 7H), 3.70-3.60 (m, 14H), 3.40-3.32 (m, 14H).

Synthesis of per-6-azido-p-cyclodextrin (B-CD-N3): Preparation of f-CD-N3 was
performed according to a modified literature procedure.®® In a flame-dried round-bottom
flask equipped with a stir bar, B-CD-Br (21.0 g, 13.3 mmol) was dissolved in 400 mL
anhydrous DMF, forming a colorless solution. Sodium azide (12.1 g, 186 mmol) was
added in one portion, resulting in the rapid evolution of a yellow color. The suspension
was stirred at 40 °C on an oil bath for 24 h, before allowing to cool to room temperature.
The mixture was carefully concentrated to ca. 200 mL of solution under reduced
pressure before pouring into a large excess of water. The solids were collected,
thoroughly rinsed with water, and dried at 70 °C under reduced pressure for 24 h,
yielding a colorless powder (16.6 g, 95.1% vyield). Characterization data was consistent
with published data;*® 'H NMR data are provided for example. *H NMR (500 MHz,
DMSO-ds, ppm) 6 5.91 (d, J = 6.5 Hz, 7H), 5.77 (s, 7H), 4.91 (d, J = 3.5 Hz, 7H), 3.83-
3.69 (m, 14H), 3.64-3.54 (m, 14H), 3.41-3.30 (m, 14H).

Synthesis of per-6-amino-p-cyclodextrin (B-CD-NH;): Preparation of f-CD-NH,
was performed according to a modified literature procedure.® In a flame-dried round-
bottom flask equipped with a stir bar, f-CD-N3 (15.0 g, 11.4 mmol) was dissolved in 250
mL anhydrous DMF. After dissolution, PPhs (42.2 g, 161 mmol) was added slowly,

with sufficient venting. The solution was allowed to stir at room temperature for 2 h,
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before the slow addition of 72 mL ammonium hydroxide (28 wt. % in water). The
solution was allowed to stir for 16 h, with the slow formation of a colorless precipitate.
The mixture was then diluted with 250 mL methanol, and the solids were collected and
further rinsed with methanol. The product was then rinsed thoroughly with Et,O and
dried under reduced pressure at 70 °C, yielding a fine, colorless powder (11.8 g, 91.0%
yield). To prepare a sample for analysis by solution-state NMR spectroscopy, ca. 40 mg
of solids were suspended in 2.0 mL deuterated water before the addition of one drop
AcOH. The mixture was stirred until dissolution. Characterization data was consistent
with published results.®*® *H NMR (500 MHz, D;O, ppm) 6 5.13 (d, J = 3.5 Hz, 7H),
3.99-3.88 (m, 14H), 3.68 (dd, J = 3.5 Hz, J = 10 Hz, 7H), 3.58-3.49 (m, 7H), 3.23 (dd, J
= 3.5 Hz, J = 13.5 Hz, 7H), 3.10-3.02 (m, 7H). *C NMR (126 MHz, D,0, ppm) &
101.51, 82.41, 72.50. 71.72, 70.15, 40.69. FTIR (cm'l): 3631-3016, 29742834, 1657,
1598, 1439, 1414, 1366, 1338, 1298, 1254, 1218, 1152, 1082, 1017, 944, 888, 816, 754,
723, 691. TGA: 50-120 °C, 11% mass loss; 205-315 °C, 40% mass loss; 315-500 °C,
23% mass loss; 26% mass remaining above 500 °C.

Preparation of CDPI in cylindrical molds: To a shell vial was added B-CD-NH,
(0.500 g, 0.443 mmol), followed by 1.75 glacial acetic acid and 3.88 mL NMP. The
mixture was sonicated until complete dissolution before the addition of PMDA (266 mg,
1.22 mmol) in one portion. The mixture was quickly vortexed until dissolution, upon
which gelation rapidly occurred. The gel was then heated to 70 °C on a hot plate for 10
min, before carefully breaking the vial to remove the gel. The solid gel was then soaked

in a solution of 2.5 mL Ac,0, 3.7 mL EtsN and 5 mL DMF for 1.5 h. The liquids were
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then removed by pipette and discarded, and the gel was soaked in 100 mL fresh DMF for
1 h to allow for solvent exchange. This was repeated two additional times with DMF,
followed by exchange into methanol by the same process, repeated five times. In
preparation of samples for scanning electron microscopy, the gel was dried by
supercritical carbon dioxide extraction to better preserve its macroporous structure, and
was then cut with a razor blade to image the interior of the sample. For all other studies,
the gel was exchanged into water five times and dried by lyophilization. To determine
chemical resistance, samples were cut with a razor blade and submerged in the chosen
solution and allowed to stand for 30 d. For analysis by NMR, samples were milled in a
conical burr grinder. For all other studies, samples were cut to size with a razor blade.
3C CP-MAS NMR (101 MHz, spin rate 8.8 kHz, ppm)  177.68-162.92, 146.19-
120.65, 106.16-91.51, 90.53-62.43, 50.62-35.08. FTIR (cm™): 3672-2996, 2996
2840, 2486, 1781, 1717, 1637, 1550, 1487, 1436, 1397, 1370, 1295, 1245, 1153, 1083,
1036, 946, 885, 840, 817, 794, 752, 696. TGA: 80-250 °C, 19% mass loss; 255-280
°C, 6% mass loss; 285-330 °C, 7% mass loss; 330-390 °C, 30% mass loss; 390-500 °C,
10% mass loss; 28% mass remaining above 500 °C. Anal. calcd. for
(CeH12NO4)1 5-(CeH1oNO4)s 5+ (C10H204)2.75- (H20)10: C, 45.37; H, 4.96; N, 5.33. Found:
C, 45.24; H,5.13; N, 5.26. Spangmuir (N2 adsorption, 77 K) 155 m® g™.

Preparation of CDPI films: Prior to use, PVDF microfiltration supports were
cleaned under flow of nitrogen. In a small vial, B-CD-NH, (0.100 g, 0.0886 mmol) was
dissolved in 0.35 mL glacial acetic acid and 0.77 mL NMP. The mixture was sonicated

until total dissolution, upon which PMDA (53 mg, 0.24 mmol) was added in one portion.
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The mixture was vortexed until homogeneous and quickly applied to the porous support
between two sheets of film release paper before phase separation and hardening of the
gel. The film was pressed with a rubber roller and then baked on a hot plate at 70 °C for
1 min. After cooling to room temperature, excess film around the edges of the porous
support was removed with a razor blade, and the membranes were submerged in a
solution of 2.5 mL Ac,0 and 3.7 mL EtsN in 10 mL DMF for 1 h. Membranes were
then exchanged into 100 mL fresh DMF, followed by exchange into fresh methanol
three times, and storage in methanol. For SEM imaging, films were then exchanged into
water, freeze-fractured, and dried by lyophilization. By this method, films of 20 £ 2 um
thickness were produced on the 120 £ 10 um support layer (manufacturer specification:
125 pm), measured by SEM.

Preparation of standard solutions: Toluene standard solutions were prepared by
the addition of 1 drop of toluene to a known mass of water. The theoretical
concentration was calculated by mass and confirmed by UV absorbance at 268 nm. A
PPIX standard solution was prepared by the addition of 50.0 mg of the disodium salt to
1.000 kg water to obtain a concentration of 50.0 ppm. For all other solutions, 1.000 g of
the desired compound was added to a glass bottle, followed by 1.000 kg water to obtain
a 1000 ppm stock solution. The solution was allowed to stand for 4 h before diluting
with water by mass to the desired concentration.

Dye adsorption isotherm studies: To a small vial containing 10.0 mg CDPI was
added 10.0 mL of the chosen dye solution by calibrated pipette. After standing 1 h in the

dark, the liquid was removed by pipette and analyzed by UV-Vis spectroscopy.
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Adsorbate concentration was quantified by the absorbance intensity at the selected
wavelength (Table 11.3). Maximum adsorption capacity, Qo (mg g™), was calculated
according to the Langmuir model for compounds BBY, MV2B, and RhB. Conversion to
the molar adsorption capacity when accounting for molar mass of the dye (BBY: 393.96
Da; MV2B: 419.31 Da; and RhB: 479.02 Da) could then be used to determine the
number of dye molecules adsorbed per cyclodextrin unit at equilibrium with a theoretical
CDPI cyclodextrin content of 0.609 mmol g™. Experiments were repeated in triplicate to

confirm reproducibility.

Table 11.3. Selected wavelengths for concentration quantification.

Adsorbate Wavelength (nm)
Toluene 268
RhB 440, 554
FNa 530
RB 512
MV2B 420
BBY 468", 556.5
CG 419
PPIX 591

"For dilute (<50 ppm) concentrations

Rate of uptake studies: To a small vial containing 10.0 mg CDPI was added 10.0
mL of the chosen dye solution (400 ppm feed concentration) by calibrated pipette. The

liquid was removed by pipette at the corresponding time points and analyzed by UV-Vis
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spectroscopy, with 15 s being the shortest time in which the liquid could be withdrawn
by pipette. Absorbance values according to Table I11.3 were used to quantify the dye
concentration, and experiments were repeated in triplicate to ensure reproducibility.
Sorbent regeneration studies: To a vial containing 50.0 mg CDPI was added 50.0
mL of 400 ppm RhB solution by pipette. After standing 1 h in the dark, the liquid was
removed by pipette and analyzed by UV-Vis spectroscopy, with absorbance at 440 nm
used to quantify dye concentration. The material was then soaked for 4 h three times in
50 mL MeOH, followed by soaking for 1 h twice in 50 mL water and dried by
lyophilization. Four regeneration cycles were performed, each analyzed analogously at
1 mg mL™, and experiments were performed in triplicate to ensure reproducibility.
Membrane separation studies: Membranes were analyzed in a dead-end
configuration on a Sterlitech stainless steel stirred cell (effective membrane area 14.6
cm?) with a nitrogen feed pressure of 3.4 bar. Membranes were soaked in an excess of
the desired solvent of study for an hour prior to use to ensure solvent exchange. To
quantify membrane flux, the mass of filtrate was measured in 5 min intervals for 30 min
for each solvent studied. For dye adsorption experiments of films, filtrate was collected
in 5.0 mL aliquots for 150.0 mL and analyzed by UV-Vis spectroscopy to determine dye
concentration. RhB, concentration was quantified by absorbance at 554 nm. These
studies were also performed on uncoated supports that were soaked in the curing
solution for 1 h and rinsed with methanol to emulate preparation conditions for the
coated membranes. For these uncoated supports, it was found that permeances for all

solvents tested were too large to accurately measure on the testing apparatus, and no
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RhB adsorption was observed. Experiments were repeated in triplicate to confirm
reproducibility.

Vapor adsorption studies: 15.0 mg of CDPI was added to a 2-dram shell vial and
tared on a microbalance. The vial was then placed without capping next to an open vial
of ca. 15 mL toluene on a hot plate under a glass dish (Figure 11.15). A small rubber
septum was used to elevate the sample from the heating surface. After 4 h at 70 °C, the
vial was removed and allowed to stand at room temperature for 5 min. Toluene
adsorption was quantified by the increase in mass, and this experiment was repeated five

times to ensure reproducibility.

Figure 11.15. Experimental setup for toluene vapor adsorption studies.
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CHAPTER IlI
ABSORBABLE HEMOSTATIC HYDROGELS COMPRISING COMPOSITES OF
SACRIFICIAL TEMPLATES AND HONEYCOMB-LIKE NANOFIBROUS MATS

OF CHITOSAN"

3.1 Introduction

Hemorrhage is a leading cause of death in traumatic injuries,’® the fourth-
leading cause of death in the United States with a total cost of 671 billion USD in
2013."% Mitigating blood loss is, therefore, a vital initiative, serving as the impetus for
the development of diverse hemostatic technologies and biomaterials for emergency
scenarios, not only in both civilian and military traumatic settings, but also during
variable therapeutic interventions.'® Hemostatic agents derived from chitosan, a
naturally-derived polysaccharide produced from the deacetylation of chitin, have been
widely studied for their fast-acting and localized hemostatic effects.’® Chitosan is also
well known for its antimicrobial properties, and its protection against a wide range of
bacteria enhances its appeal as a bandage, where it has found use as the active
component in a number of commercial wound dressings, including HemCon®,

Chitodine®, TraumaDEX®, Celox™, and others.’%*%® The efficacy of chitosan-based

“Text and figures reprinted from “Absorbable Hemostatic Hydrogels Comprising Composites of
Sacrificial Templates and Honeycomb-like Nanofibrous Mats of Chitosan” by Leonhardt E. E.; Kang, N.;
Hamad, M. A.; Wooley, K. L.; Elsabahy, M. 2019. Nat. Commun, 10, 2307, licensed under a Creative
Commons Attribution 4.0 International License.
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hemostatic agents has been established in significantly improving survival rates and the
reduction of blood loss, by accelerating and strengthening blood clots.® %  As these
technologies rely on a high surface area to promote interaction with platelets and
coagulation factors, maximizing the surface area of these chitosan-based materials is a
critical initiative for improving their effectiveness.’® Reported methods to increase the
surface area of chitosan-based biomaterials include micellization''® and incorporation
into porous templates."***?  The incorporation of chitosan into a template, serving as a
delivery vessel, is an especially attractive option, as it simplifies administration.
However, products that rely on the loading of chitosan into non-degradable carriers (e.g.
gauze) necessitate further procedures to remove the bandage and may lead to potential
complications,**® thus rationalizing the development of physiologically-benign,
absorbable chitosan delivery agents.

Absorbable hemostatic dressings, such as Surgicel®, Curaspon®, and others, are
generally composed of gelatin, oxidized regenerated cellulose, collagen, etc.**#*®
Although, in principle, chitosan is a degradable material, chitosan hemostatic powder is
not considered bioabsorbable, as it forms large aggregates, generally requires acidic
conditions for dissolution, and, therefore, must be removed from the wound before
surgical repair.” Nanoscale assembly of chitosan may aid in enhancement of the
hemostatic efficiency and prevention of aggregate formation in physiological milieu;
although, such assembly by the loading of chitosan into bioabsorbable templates is

challenging. Macroporous templates have been employed in the assembly of chitosan

8 119-120

materials with high surface area for wound healing''® and other applications,
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however, no nanoscale features were observed in these examples, even when
nanostructured templates were employed, such as oxidized nanofibrillar cellulose.?* As
the self-assembly of chitosan has been demonstrated to be heavily dependent upon ionic

interactions,'?

it was hypothesized that a porous framework capable of such interactions
may enable the nanoscale assembly of chitosan within the interstices of a framework.

In this work, hydrolytically-degradable, macroporous saccharide hydrogels were
targeted as the sacrificial template. It was hypothesized that these organic frameworks
containing sites for ionic interactions would enable the loading and subsequent assembly
of chitosan within the microstructured matrix, resulting in an easily-administered
chitosan bandage with high surface area, and enhanced hemostatic efficiency. A
macrocyclic oligosaccharide, B-cyclodextrin, was selected as the primary building block
of the hydrogel, as its facile incorporation into porous materials has been established in

the literature,® % 123

and the hypothesized chemical compatibility between the
saccharide-derived host and guest was expected to facilitate chitosan loading into the
matrix. We have recently demonstrated the preparation of porous, chemically-resistant
polyimide gels from an aminated B-cyclodextrin derivative, cross-linked with a
dianhydride linker.!®® It was envisioned, in this work, that native hydroxylic p-
cyclodextrin could be analogously cross-linked with a dianhydride to yield a polyester-
linked porous gel, capable of hydrolytic degradation under physiological conditions. To
this end, a hyperbranched cyclodextrin polyester (CDPE) crosslinked hydrogel was

designed, utilizing the polyol functionality of B-cyclodextrin to form a polyester

framework. The degradation of the prepared hydrogels was studied by proton nuclear
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magnetic resonance (‘H NMR) spectroscopy, and the assembly of chitosan within the
matrix was evaluated by scanning electron microscopy (SEM), following chitosan
loading into the hydrogels and template removal. The hemostatic efficiency and
biocompatibility of the composite chitosan-loaded CDPE (CDPE-Cs) hydrogels were

then examined in vivo, in several animal models.

3.2 Results and Discussion

CDPE networks were readily formed by the reaction between -cyclodextrin and
a dianhydride linker (3 equiv.) in dimethylsulfoxide (DMSO), when catalyzed by an
organic base (triethylamine, 3 equiv.) (Figure 111.1). Reagents were combined in a flask
before transfer into shallow, cylindrical molds. Following a short heating period at 70
°C, to induce gelation, the resulting transparent gel was removed and cut to desired
shapes with a razor blade. Several dianhydrides were screened, and 3,3’,4,4’-biphenyl-
tetracarboxylic dianhydride (BPDA) was found to offer the greatest compatibility with
the mold-casting process. Dianhydrides, such as pyromellitic dianhydride (PMDA),
with greater solubility in the solvent system used induced a rapid increase in viscosity,
causing difficulty during transfer to the molds. Gels were formulated at 16 wt.%,
calculated by the mass of solids as a fraction of the total system mass. Gels with lower
weight fractions were expected to yield greater porosities and, therefore, larger chitosan
loading capacities, though at the cost of increasing fragility. However, at weight

fractions below 14 wt.%, gelation did not occur. Therefore, 16 wt.% was chosen to
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provide gels that could be easily formed and handled, while facilitating the desired
chitosan loading behavior.
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Figure 111.1. Overview of the synthesis of CDPE (top) with an expanded illustration of
the diversity of potential linkages and structural components (bottom).

The gels were thoroughly washed with DMSO to remove soluble, insufficiently-
crosslinked components and remaining reagents, followed by exchange into aqueous
sodium chloride solution to convert ammonium carboxylate groups to their respective
sodium salts. The gels were then exchanged into and stored in water. The resulting
hydrogels could then be further used in their hydrated form, or dried by lyophilization
for characterization. CDPE displayed stability when stored in hydrated form over a
period of 2 weeks, however, full dissolution was observed in a concentrated potassium

hydroxide (KOH) aqueous solution within ca. 1 min, confirming the base-sensitivity of
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the ester linkages, as designed. When lyophilized and placed in an excess of phosphate-
buffered saline (PBS) at 37 °C, the gel degraded into water-soluble byproducts over the
course of 7 d, as monitored by *H NMR spectroscopy (Figure 111.2a, 111.5b). Turbidity
measurements of the resulting solution confirmed solution clarity by full transmittance at
450 nm, and dynamic light scattering (DLS) measurements indicated the degradation of
CDPE into a narrow distribution of small particles, with diameters centered around ca

2.7 nm (Figure 111.2b).
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Figure 111.2. Overview of the degradation of CDPE in PBS. (a)'H NMR (500 MHz, in
PBS D0 solution) spectra of the CDPE template at selected time points, showing
degradation over 7 d. (b) Particle size distribution of CDPE template solution in PBS
after 7 d, measured by DLS.

When viewed by SEM, CDPE exhibited a porous, complex morphology (Figure
I11.4b). To examine the ability of these CDPE templates to load and assemble chitosan,

samples were submerged in a 1 wt.% solution of chitosan (Figure 111.3a), prepared in 1%

aqueous acetic acid with 5 M aqueous sodium hydroxide added dropwise until a pH of
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5.5 was reached. Over the course of 7 d, chitosan was allowed to migrate into the gel,
and the samples gradually became slightly less transparent (Figure 111.3b). CDPE
templates displayed stability in the chitosan solution, remaining intact for the duration of
the loading process, and control studies indicated only minor degradation of the template
in 1% acetic acid over 7 d, as observed by *H NMR spectroscopy (Figure 111.5).

To probe the morphology of the loaded chitosan, the composite CDPE-Cs gel
was lyophilized and rinsed with 5 M aqueous sodium hydroxide solution to remove the
sacrificial CDPE template, yielding a monolithic mat of chitosan (Figure 111.3c). The
mass loss during template removal was ca. 81%, suggesting that the templated chitosan
mat represented ca. 19% of the total dry mass of the CDPE-Cs composite gel. The
resulting templated chitosan monoliths were sufficiently durable to enable handling
without fracturing, and were stable in water. However, the material could be fully
dissolved in trifluoroacetic acid, with sonication. The physical structure of the templated
chitosan mat was probed by SEM, revealing a porous, sponge-like material of highly-

entangled fibers (Figure 111.4d,e, f), with diameters of 9.2 + 3.7 nm (Figure I11.4g).

Figure 111.3. Overview of the preparation of CDPE-Cs hydrogels and templated
chitosan mats. (a) CDPE hydrogels upon initial immersion in 1 wt. % chitosan solution.
(b) CDPE hydrogels after 7 d to allow chitosan loading. (c) Chitosan mats after
lyophilization and template removal by rinsing with alkaline solution.
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Figure 111.4. CDPE template, CDPE-Cs composite gel, and templated chitosan material
exhibit amorphous, macroporous morphology. (a) Simplified illustration of the chitosan
templating process, administration of CDPE-Cs to wound site, and template removal for
imaging. (b) SEM image of CDPE after drying by lyophilization, showing complex,
porous surface morphology. (c) SEM image of chitosan-loaded composite CDPE-Cs gel
after lyophilization. (d) SEM image of templated chitosan material, displaying a
honeycomb-like structure. (e—f) Magnified SEM images of nanofibrillar domains in the
templated chitosan, with a web-like morphology within the network cavities. (g)
Histogram plot showing the distribution of fiber diameters observed by SEM.

The CDPE template, loaded CDPE-Cs hydrogel, and templated chitosan after
template removal were characterized individually by both solution- and solid-state
techniques to probe their chemical compositions. Absorption at 1710 and 1603 cm™ in

the infrared (IR) absorption spectrum of the CDPE template confirmed the presence of
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Figure 111.5. Overview of CDPE stability in 1% aqueous AcOH. (a) *H NMR (500
MHz) spectra of CDPE template, in 1% acetic acid solution in D,0O, over 7 d. (b)
Degradation of CDPE template in PBS and 1% acetic acid aqueous solution, as
measured by the cumulative signal increase observed by *H NMR spectroscopy. For the
sample in 1% AcOH, the degree of degradation was calculated using the acetic acid peak
as an internal reference. For the sample in PBS, the degree of degradation was
normalized to the signal integration at 7 d.

ester linkages and carboxylate groups, respectively (Figure I11.6a). The characteristic
backbone vibration of B-cyclodextrin at 1032 cm™ was also observed, indicating that the
integrity of the macrocyclic backbone of cyclodextrin was maintained. Upon chitosan
loading, the appearance of absorption bands at 2853, 1653, and 894 cm™, corresponding
to chitosan, was observed. Upon template removal, it was revealed that the absorption
intensity at 1571 cm™, corresponding to the N—H stretch of the primary amines, was
amplified when compared with native chitosan, suggesting further deacetylation of the
amine groups. When examined by *H NMR spectroscopy, the degree of deacetylation,
calculated by the integration of the corresponding signals, was found to be 67%,
compared with the 62% measured for the native chitosan used (Figure 111.6f), confirming

further deacetylation of the templated chitosan. Powder X-ray diffraction (PXRD) data

indicated the amorphous character of CDPE, and the complete disappearance of peaks
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seen in the B-cyclodextrin starting material suggest the lack of remaining crystalline -
cyclodextrin entombed in the matrix (Figure 111.6d). The templated chitosan material

was also found to be amorphous by PXRD (Figure 111.6¢c).
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Figure 111.6. Characterization data for CDPE, CDPE-Cs, and templated chitosan mats.
(a) ATR-FTIR spectra of materials at each stage of the templating process. (b) TGA
curves at each stage of the templating process. (c¢) PXRD spectra of native and
templated chitosan. (d) PXRD spectra of CDPE and B-cyclodextrin. (e) 3C CP-MAS
NMR (101 MHz) spectrum of CDPE (top) and templated chitosan (bottom). (f) *H
NMR spectra of native chitosan (top) and templated chitosan (bottom).
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The hemostatic efficiency of the chitosan-loaded hydrogels was then evaluated in vivo,
in acute liver punch models of rats, rabbits and pigs. Liver punches of 1 cm in diameters
and 0.3 cm in depths were excised in the animals using a circular blade fixed onto a
syringe, to ensure the consistency of the induced bleeding across various animals. The
circular blade-fixed syringe was used to cut the hemostatic hydrogels and the controls
into the same dimensions (i.e. 1 cm x 0.3 cm) of the injury sites. The control wound
dressings included conventional gauze, blank CDPE hydrogels, Surgicel® and
Curaspon®. Surgicel® and Curaspon® are commercially available absorbable hemostatic
agents mainly composed of oxidized regenerated cellulose and gelatin, respectively.
After injury and excision of the standardized liver tissue, initial bleeding was absorbed
into a conventional wound dressing. Then, various dressings were implanted into the
injury sites and checked every 30 s for bleeding. The weights of the dressings were
recorded before applications of the dressings and at the end of the experiments to
measure the amounts of blood loss. A heparinized rabbit model was utilized at a certain
dose of heparin (i.e. 250 1U/kg) to achieve bleeding that would not stop spontaneously
after the liver injury. Mean arterial blood pressure (MAP) was recorded, only in rabbits,
via insertion of a 20-gauge catheter into the right carotid artery and continuous recording
of MAP under general anesthesia before the liver injury and for 1 h after the injury.
Blood pressure was monitored on a polygraph using a Universal Oscillograph
instrument. The animals were alive for the duration of the experiment.

After application of conventional gauze to the injury sites, bleeding did not stop

until the end of the experiments (10 min) in rats, rabbits, and pigs (Figure 111.73, c, e).
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The amounts of blood loss were also the most significant from injured livers treated with
the conventional gauze dressings in rats, rabbits and pigs (Figure I11.7b, d, f).
Furthermore, the heparinized rabbits treated with conventional gauze failed to maintain a
normal MAP (Figure 111.7g). All the other groups maintained a normal MAP through
the duration of the experiments, with slight decreases in the MAP observed for the
Surgicel® and blank CDPE hydrogel groups after the liver injury. Generally, the
absorbable dressings resulted in significantly faster hemostasis and lower amounts of
blood loss compared to the conventional gauze dressings, although the experimental
factors were fixed, except for the type of the dressing. In rats, significantly faster
hemostasis was observed in the group treated with the CDPE-Cs hydrogel as compared
to Surgicel®, Curaspon®, and the blank CDPE hydrogel (p < 0.001). Similarly,
significantly lower amounts of blood loss were also found in the group treated with the
CDPE-Cs hydrogel as compared to Surgicel® (p < 0.01) and Curaspon® (p < 0.05). A
similar pattern was also observed in rabbits, where the CDPE-Cs hydrogel resulted in
shorter time to hemostasis (p < 0.001), as compared to Surgicel®, Curaspon®, and the
blank CDPE hydrogel, and a lower amount of blood loss than the amounts from rabbits
treated with Surgicel® (p < 0.001) and Curaspon® (p < 0.05). However, it was observed
that there were increases in the time to hemostasis and amounts of blood loss as
compared to the rat and pig models, which might be due to the anticoagulant effect of
the heparin utilized in the rabbit models. In pigs, there were significantly faster times to
hemostasis (p < 0.01 and p < 0.001) and lower amounts of blood loss (p < 0.05) in the

CDPE-Cs hydrogel group, as compared to the Surgicel® and the blank CDPE hydrogel
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groups, respectively. However, the differences in time to hemostasis and amounts of
blood loss were not significant, when compared to Curaspon®, but in favor of the CDPE-
Cs hydrogel treated group.

Preliminary evaluations of the biocompatibility and degradability of the dressings
were performed via implantation of the dressings into the injured livers of rats.
Photomicrographs of the livers from rats following implantation of the different
hemostatic dressings for 7 d and control untreated rats are illustrated in Figure 111.8. The
active bleeding can be clearly seen in the animals immediately after the injury and after
the application of the conventional gauze, whereas hemostasis is achieved after
treatment with Curaspon®, Surgicel®, and CDPE-Cs hydrogels. After one week of
implantation, visual and histological examinations of the tissues surrounding the livers
were performed (Figure 111.9). Complete healing was observed in the groups treated
with Curaspon® and CDPE-Cs hydrogels, while a small cut was observed in the
Surgicel® group. No residues were found for Curaspon®, Surgicel®, or CDPE and
CDPE-Cs hydrogels after one week of implantation, indicating that complete
degradation of these materials had occurred. Necrosis and tissue damage could be
observed only in the group treated with the conventional gauze dressings, and as
expected, the conventional gauze remained intact after one week of implantation.
Normal histological structures were observed in the groups, except for the livers
implanted with the conventional gauze dressings and blank CDPE hydrogels, where

significant inflammation was observed (Figure 111.9).
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Figure 111.7. In vivo examination of CDPE-Cs hydrogels against several controls
indicated significant hemostatic efficacy of the CDPE-Cs wound dressings.
Conventional dressings, Curaspon®, Surgicel®, and CDPE and CDPE-Cs hydrogels were
applied immediately after induction of the liver injury and absorption of the initial
bleeding from the injury sites, to determine the total time to hemostasis in rats (a),
rabbits (c) and pigs (), as measured over 10 min. The total amounts of blood loss in rats
(b), rabbits (d) and pigs (f), were also measured. (g) The mean arterial pressure of the
rabbits were monitored over 90 min, where the measurements over the first 30 min
represent the mean arterial pressure of animals before induction of the liver injury.



Control Conventional Curaspon® Surgicel®
dressing

Figure 111.8. Photomicrographs of the livers from rats after treatment with selected
hemostatic dressings and control untreated animals. Conventional gauze dressing,
Curaspon®, Surgicel®, and cyclodextrin-chitosan (CDPE-Cs) hydrogels were applied
immediately after the gauze-based absorption of the initial bleeding from the injury sites.

This work outlined the synthesis of a hyperbranched polyester hydrogel derived
from B-cyclodextrin and its ability to load and assemble dissolved chitosan within its
highly complex, porous network. We established the ability of the CDPE templates to
degrade under physiological conditions, and further demonstrated the bioabsorbability
and hemostatic efficacy of the chitosan-loaded (CDPE-Cs) composite hydrogels, when
used as wound dressings, in acute liver punch models in rats, rabbits, and pigs.
Significantly shorter times to hemostasis and reduced blood loss were observed in rats
and rabbits, when compared to conventional gauze dressings and commercially available
bioabsorbable dressings. The hemostatic property of chitosan, and the enhancement of
this effect by increasing surface area, is well understood, however the assembly of
chitosan into the nanofibers observed in this work is likely due to a complex array of
competing factors.

Due to the intricate interplay of competing forces, a wide range of

microstructures have been observed by various chitosan assembly methods, with

contributions from both complexation and aggregation.’®* Chitosan is only water-
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soluble in its polycationic form, where its deacetylated glucosamine groups must be
sufficiently protonated to allow repulsive double-layer forces to overcome attractive

forces.'?®

It was, therefore, initially proposed that the assembly of aqueous chitosan
solutions observed in the presence of certain anions was due to ionic complexation.'?
However, it was later determined that a physical gelation mechanism likely contributed
to its assembly behavior, due to transfer of protons from chitosan to the anions, enabling

the domination of attractive interchain forces.'?®

It is expected that the assembly of
chitosan within the confines of the microstructured CDPE template further convoluted
its assembly behavior, and ultimately allowed access to novel structures presented in this
work.

CDPE, itself, did not exhibit nanoscale features, and instead appeared as a porous
matrix with micron-scale features (Figure I11.4b). The templated chitosan did seem to
exhibit a honeycomb-like appearance (Figure 111.4d), which may be due to the packing
of chitosan within the interstices of the CDPE network, however the much smaller
nanofibrillar features could not have been produced by physical imprinting alone.
Chitosan nanofibers and nanofibrous mats have been previously reported,'? %8 but they
are typically only accessible by electrospinning, and the lowest average fiber diameters
reported by these methods, ca. 58 nm,'?® are still larger than the ca. 9.2 nm fibers
obtained in this work. However, nanofibers of the closely related chitin have been
produced with sub-10 nm diameters, merely by precipitation into a solvent that disrupts

130-131

hydrogen bonding, and this phenomenon may provide insight into the assembly

behavior observed herein. To promote the physical assembly of chitosan chains by
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proton exchange and complexation phenomena, CDPE frameworks were designed with
dianhydride linkers, rather than functionalities such as diacyl halides, to provide
remaining carboxylate groups in the matrix sites to potentially interact with chitosan.
When exchanged into water, the CDPE templates exhibited a tendency to curl slightly at
the edges, despite being cast as flat, thick sheets. It was reasoned that this behavior was
due to an increase in hydrogen bonding in the hydrogels, as although DMSO is a polar
solvent, it does not contain an electropositive hydrogen to participate in hydrogen
bonding as strongly as polar protic solvents, like water. When submerged in the
chitosan solution, the CDPE hydrogels slowly uncurled to their original shape. Though
some contribution to the shape restoration was likely due to the slight swelling induced
by the loading of chitosan polymer chains into physical vacancies in the CDPE network,
it is reasonable to expect this behavior to be, in part, due to the competition of chitosan
with water for interaction with the CDPE network, which may disrupt hydrogen bonding
with the solvent. lonic exchange, or complexation, between the protonated amine
groups of chitosan and carboxylate sites in the CDPE template may, then, enable the
increase in attractive interchain forces of chitosan, conceivably enabling aggregation and
the formation of the observed features. Therefore, although macroscopic features of the
chitosan were attributed to physical templating by CDPE, the manifestation of
nanofibrillar structures was ascribed to assembly of the chitosan chains within the
interstices of the porous matrix, and was, correspondingly, only observed in discrete,

confined regions of the network (Figure 111.4¢e).
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Degradation of the CDPE framework proceeded under alkaline conditions,
through hydrolytic cleavage of the ester linkages between cyclodextrin moieties.
Though ester hydrolysis can also proceed under acidic conditions, fragmentation of
CDPE was not observed over 7 d when exposed to the mildly acidic chitosan solution,
and only minor degradation of CDPE was observed by NMR spectroscopy and turbidity
measurements in a 1% acetic acid solution over the same time period (Figure I11.5).
Derivatives of biphenyltetracarboxylic acid, the ring-opened form of the dianhydride
linker, were formed as byproducts in the hydrolysis reaction, along with -cyclodextrin
derivatives (Figure 111.2a, 111.10). The byproducts were soluble in PBS, used to emulate
physiological conditions, with CDPE forming a clear solution after 7 d of exposure.
Although the analogous dissolution in PBS for CDPE-Cs composite hydrogels was not
observed—even after 14 d—physiological degradability was observed during in vivo
studies. Residual CDPE or CDPE-Cs hydrogels could not be observed after 1 week of
implantation, likely indicating the importance of the in vivo microenvironment in
providing for biodegradability vs. PBS hydrolytic stability in vitro. In histopathological
examinations of the tissue surrounding the injury sites in rats, no inflammation was
observed for the CDPE-Cs hydrogel group, suggesting biocompatibility for the wound
dressing (Figure 111.9).

In summary, the appearance of nanoscale features in chitosan mats by assembly
within a B-cyclodextrin-derived hydrogel carrier template is reported. The assembled
chitosan exhibited a honeycomb-like macroscopic morphology, and heavily entangled

nanofibers, with diameters 9.2 + 3.7 nm, were observed within the cavities of the
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structures. The CDPE carriers were designed to degrade hydrolytically under
physiological conditions, and the efficacy of chitosan-loaded CDPE-Cs hydrogels as
wound dressings in several animal models was demonstrated, in which shorter times to
hemostasis and reduced blood loss were observed. These composite hydrogels are
expected to provide a chitosan-based hemostatic technology, with a novel, degradable
delivery vessel, as biocompatible and bioabsorbable wound dressings for the reduction

of blood loss in trauma scenarios.
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Conventional dressing

CDPE-Cs

Figure 111.9. Photomicrographs of the histological structures of the livers from rats after
treatment with selected hemostatic dressings (H & E stain, x 10, left; x 40, right).
Conventional dressing, Curaspon®, Surgicel®, CDPE, and CDPE-Cs were applied
immediately after the gauze-based absorption of the initial bleeding from the injury sites.
One week after the implantation of the various hemostatic agents, the tissues
surrounding the livers were examined.
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Figure 111.10. Scheme detailing a potential ester hydrolysis reaction, shown for a single
CD repeat unit, yielding the ring-opened byproduct of the aromatic linker and
regenerating the hydroxylic cyclodextrin moiety.

Figure 111.11. Additional SEM image of lyophilized CDPE template.
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3.3  Experimental

3.3.1 Materials

Acetic acid (glacial), anhydrous dimethyl sulfoxide (DMSQO), benzene,
phosphate-buffered saline tablets, 3,3°,4,4’-biphenyltetracarboxylic  dianhydride
(BPDA), ethanol, methyl benzoate, heparin sodium, formalin solution (neutral buffered,
10%), triethylamine (EtsN), urethane, sodium chloride (NaCl), paraffin, deuterium oxide
(D20), acetic acid-d4, sodium hydroxide (NaOH), and chitosan (molar mass 310-375
kDa) were purchased from Sigma-Aldrich and used as received. B-Cyclodextrin was
obtained from TCI America and dried in vacuo at 70 °C for 12 h prior to use. Nanopure
water (18.2 MQecm) was acquired from an EMD Millipore Milli-Q water filtration

system.

3.3.2 Characterization

Solution-state *H and **C NMR spectra were collected on a Varian Inova 500
spectrometer at room temperature. Solid-state cross-polarization magic angle spinning
(CP-MAS) °C NMR spectra were obtained on a Bruker Avance 400 spectrometer with a
4 mm rotor at a spin rate of 10.0 kHz. The instruments were interfaced to a LINUX
computer using VNMR-J software, and spectra were processed with MestReNova

version 9.0.1-13254 by Mestrelab Research S.L. Attenuated total reflection Fourier-
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transform infrared (ATR-FTIR) spectroscopy was performed on a Shimadzu IR-
Prestige-21 spectrometer at a 1.0 cm™ resolution. Thermogravimetric analysis (TGA)
was performed on a Mettler-Toledo TGA 2 with a heating rate of 10 °C min™ under
argon atmosphere. Scanning electron microscopy (SEM) images were collected on a
JEOL JSM-7500F FE-SEM equipped with a high brightness conical FE gun and a low
aberration conical objective lens after platinum/palladium sputtering of the sample.
Powder X-ray diffraction (PXRD) spectra were obtained on a Bruker D8 ADVANCE
instrument with a Bruker LYNXEYE detector, with a 1 kW Cu X-ray tube, maintained
at an operating current of 40 kV and 25 mA, operated in Bragg-Brentano para-focusing
mode. Turbidity measurements were performed on a Shimadzu UV-2550
spectrophotometer at 450 nm with polystyrene cuvettes. Dynamic light scattering (DLS)
measurements were performed on a Malvern Zetasizer Nano ZS with polystyrene
cuvettes. Elemental analysis was performed at Midwest Microlab, LLC in Indianapolis,

IN.

3.3.3 Synthesis and Degradation Studies

CDPE hydrogel template synthesis: To a flame-dried round-bottom flask
equipped with a stir bar was added B-cyclodextrin (1.750 g, 1.542 mmol), triethylamine
(0.468 g, 4.62 mmol), and anhydrous dimethyl sulfoxide (14.42 mL). After dissolution,
BPDA (1.361 g, 4.626 mmol) was added in one portion. The mixture was stirred for 5

min until the solids were evenly distributed throughout the mixture. The suspension was
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then poured into a shallow glass dish and heated to 70 °C on a hot plate for 2.5 h. After
complete gelation, the system was allowed to return to room temperature. The gel was
removed and cut to the desired shape with a razor blade and soaked in an excess of
dimethyl sulfoxide for 1 h. The solvent was removed and exchanged with fresh
dimethyl sulfoxide three additional times for 1 h each before placing the gel in an excess
of water. The gel was then soaked in a saturated aqueous sodium chloride solution three
times for 1 h each, before soaking three additional times in water for 1 h each. Samples
were stored in water, or dried by Iyophilization for characterization. **C CP-MAS NMR
(101 MHz, spin rate 10.0 kHz, ppm) & 237.65-225.48, 179.16-160.74, 145.71-120.24,
105.51-92.82, 87.50-52.05. FTIR (cm'l): 3678-3015, 2927, 1776, 1710, 1603, 1576,
1363, 1289, 1245, 1145, 1077, 1032, 1002, 944, 845, 792, 769, 705. TGA: 25-90 °C,
6% mass loss; 90-235 °C, 4% mass loss; 235-280 °C, 29% mass loss; 280-330 °C, 11%
mass loss; 330-390 °C, 14% mass loss; 390-465 °C, 8% mass loss; 465-500 °C, 10%
mass loss; 18% mass remaining above 500 °C. Anal. calcd. for
(CeH1005)1°(C14H1,05Na)ge(H,0)e*(NaCl)os: C, 47.27; H, 4.14; N, 0.00; Na, 6.53.
Found: C, 47.64; H, 4.23; N, 0.00; Na, 6.80.

CDPE stability and degradation study: A phosphate-buffered saline tablet was
dissolved in the corresponding amount of deuterated water to obtain a solution of 0.01 M
phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride. A small,
intact portion of lyophilized CDPE was cut to size by razor blade and placed in an NMR
tube with the PBS D,0 solution to obtain a concentration of 15.0 mg mL™. The sample

was then gently agitated at 37 °C (60 rpm), and analyzed by 1H NMR spectroscopy at 24
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h intervals. After 7 d, the solution was transferred to a cuvette, and transmittance at 450
nm was measured to quantify turbidity, followed by dynamic light scattering
measurements. A second sample was analogously prepared from lyophilized CDPE and
1 % acetic acid in D,O, at a 15.0 mg mL™ concentration, and analyzed by *H NMR

spectroscopy at 24 h intervals, with storage at room temperature without agitation.

Chitosan loading to afford composite CDPE-Cs hydrogels: A chitosan solution
was prepared by the dissolution of 5.000 g chitosan in 500.0 g acetic acid solution (1
wt.% in nanopure water) to obtain a 1 wt.% solution. After stirring for 24 h at room
temperature, aqueous sodium hydroxide (5 M) solution was added dropwise, with
vigorous stirring, until a pH of 5.5 was obtained. Pre-cut CDPE gels were submerged in
the chitosan solution in a glass dish, and allowed to stand at room temperature for 7 d.
Loaded gels were rinsed with water and lyophilized for characterization by IR
spectroscopy and TGA. FTIR (cm™): 3678-3015, 2927, 2853, 1710, 1653, 1576, 1363,
1295, 1245, 1154, 1077, 1032, 944, 894, 845, 769, 705. TGA: 25-135 °C, 12% mass
loss; 205-360 °C, 43% mass loss; 360-500 °C, 12% mass loss; 33% mass remaining
above 500 °C.

CDPE template removal for characterization of the templated chitosan mats:
Template removal was achieved by soaking lyophilized loaded gels in 100 mL aqueous
NaOH solution (5 M) for 15 min, followed by rinsing with an excess of water. The
resulting chitosan monolith was then dried in vacuo before characterization. The masses

of the lyophilized CDPE-Cs composite gel and resulting dried templated chitosan mat
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were both measured to determine the mass loss during template removal, and to estimate
the chitosan concentration in the composite material.  For solution-state NMR
spectroscopy of the templated chitosan, ca. 15 mg of the material was sonicated in
deuterated trifluoroacetic acid until dissolved. *H NMR (500 MHz, CF;COOD, ppm) &
5.56-8.85 (m, 2H), 4.74-3.13 (m, 12H), 2.26-2.12 (m, 3H). *C CP-MAS NMR (101
MHz, spin rate 10.0 kHz, ppm) ¢ 172.82, 110.78-95.86, 87.86-69.17, 66.02-55.74,
25.49-18.06. FTIR (cm'l): 3647-2997, 2920, 2853, 1647, 1571, 1471, 1417, 1378,
1319, 1153, 1065, 1030, 992, 947, 895, 805. TGA: 25-90 °C, 9% mass loss; 90-200
°C, 3% mass loss; 200-325 °C, 43% mass loss; 325-500 °C, 16% mass loss; 29% mass

remaining above 500 °C.

3.3.4 In Vivo Evaluation of Hemostatic Efficiency

Animals were purchased and kept at room temperature, and allowed food and
water ad libitum. The protocol was approved by the Assiut University Animal Ethical
Committee (Ethical approval number 1730030). Animals were maintained under
general anesthesia during the duration of experiments and euthanatized while under

anesthesia at the end of the experiments.

Rats: The acute liver punch biopsy model was developed as described

. 132-133
previously

(with slight modifications, to evaluate the
biocompatibility/biodegradation of the developed hemostatic hydrogel and to

examine the hemostatic efficiency via measurements of the time to hemostasis
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and blood loss). Adult Sprague-Dawley rats (ca. 300 g) were anaesthetized with an
intraperitoneal injection of sodium thiopental (50 mg kg-1) and their abdominal hair was
shaved. The rats were divided into five groups (n = 6 per group). After opening the
abdomen, the liver was exposed and an incision of ca. 1 cm in diameter, at an angle
perpendicular to the tissue to a depth stop of ca. 0.3 cm, was produced on the liver. The
tissue in the center of the injury site was removed using forceps and surgical scissors.
Sterile gauze was used to absorb initial bleeding, and then, conventional gauze,
Curaspon®, Surgicel®, CDPE and CDPE-Cs hydrogels were implanted into the injury
site. A blade inserted onto a syringe was utilized to induce the injury, and to cut the
gauze, sponge, and hemostatic hydrogels to match the dimensions of the wound (i.e. ca.
1 cm in diameter x 0.3 cm in depth). Several pieces were applied from the conventional
gauze, Curaspon®, and Surgicel®, and bleeding was evaluated every 30 s for 10 min.
CDPE and CDPE-Cs hydrogels were applied only once. The time to hemostasis and
blood loss were measured. The hemostatic time was recorded as the last time of
application where bleeding was not observed from the injury site. Weights of the
dressings before and after applications were recorded to calculate the amount of blood
loss. For hydrogels, blood loss was calculated based on the bleeding from the injury that
was absorbed into the surrounding gauze. For biocompatibility/biodegradation studies,
the conventional gauze dressings, Curaspon®, Surgicel®, and CDPE and CDPE-Cs
hydrogels were implanted and left inside the liver after the first application. The initial
bleeding was absorbed with gauze. The abdomen was then closed with sutures, and the
area was sterilized with povidone iodine. After one week, the sutures were removed and
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the liver was visually examined for wound healing. The animals were euthanized at the
end of the experiments, and specimens from the liver tissues surrounding the injury sites
were harvested for histological examination. Tissues were fixed immediately in 10%
neutral formalin for 24 h, washed in running tap water for at least 2 h, and then
immersed in 70% ethanol. Dehydration in ascending concentrations of ethanol (i.e. 70,
90, 95 and 100%) was carried out, followed by clearing the specimens in double
embedding (1 g celloidin dissolved in 100 mL methyl benzoate, three changes for 3 d).
The specimens were then washed in benzene (two changes, each for 15 min).
Impregnation in paraffin was performed, followed by embedding the specimens in hard
paraffin. Sections of 5 um thickness were prepared using a rotary microtome (CUT
4050, microTec Laborgerdte GmbH, Walldorf, Germany). Specimens were stained with
Hematoxylin and Eosin (H & E) stain for histological examination and imaged by
Olympus BX53 light microscope (Olympus Co., Tokyo, Japan).

Rabbit studies: Adult rabbits (ca. 2 kg) were kept in large cages and were
anesthetized with intraperitoneal injection of urethane (1 g kg™) prior to the surgical
procedures. Rabbits were divided randomly into five groups (n = 6 per group) and
treated exactly as mentioned in the in vivo rat section (vide supra). In addition to
measuring the time to hemostasis and blood loss, the mean arterial blood pressure was
monitored during the surgical procedures. A 20-gauge catheter was surgically
cannulated into the right carotid artery and the mean arterial pressure (MAP) was
recorded continuously under general anesthesia before the liver injury and for 1 h after

the injury. Blood pressure was monitored on a polygraph using the Universal
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Oscillograph (Harvard Apparatus, South Natick, MA). A heparinized rabbit model was
utilized at a certain dose of heparin (i.e. 250 1U kg™) to achieve bleeding that would not
stop spontaneously after the liver injury.

Pig studies: Pigs (ca. 50 kg) were anesthetized with intraperitoneal injection of
sodium thiopental (50 mg kg™). Identical procedures were performed to evaluate the
time to hemostasis and blood loss, as mentioned previously. Six pigs were utilized, and
five incisions were performed in each one, as previously described, and conventional
gauze, Curaspon®, Surgicel®, and CDPE and CDPE-Cs hydrogels were applied.

Values are presented as the mean * standard deviation (SD) of at least six
independent experiments. Significant differences between groups were evaluated by
one-way ANOVA followed by Tukey’s multiple comparison tests. Differences between

different groups were considered significant for p values less than 0.05.
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CHAPTER IV
DETERMINISTIC FILM TOPGRAPHIES AND POROSITIES BY THE

EXTRACTION OF MOLECULAR BRUSH POLYMERS

4.1 Introduction

Thin films with tailor-made porosities, surface topographies, and roughness are
critical to a number of application areas including antireflective coatings,*

134135 and separation membranes.’® Of particular interest en route to

nanopatterning,
obtaining nanostructured polymer thin films are “top-down” techniques that are high
throughput and compatible with current industry processes. “Top down” production
methods of nanoporous polymer thin films generally involve the exploitation of some
phase incompatibility, in which block copolymers are driven to self-assemble into
microphase-separated structures to relieve unfavorable free energy of mixing.”*"**® The
subsequent selective removal of one of the domains yields void spaces, which can often
be achieved with orientation-specific control and long-range ordering.’* However, this
approach is limited by the discrete topologies determined by thermodynamic equilibrium
for each system, which yield limited control over the pore structure by manipulation of
the volume fraction for each domain. Furthermore, these types of phase-separated

structures have relatively low surface areas, where void spaces are confined in isolated

pores due to the nature of the microphase-separated structures.

66



The use of miscible precursors in the preparation of nano-corrugated thin films
was reported as early as 2001.>* Interestingly, such an approach for inducing porosity
and surface roughness in films has seemingly remained unexplored. The selective
removal of a domain distributed homogeneously throughout a matrix is expected to
allow the formation of thin films with void spaces determined by precise control over the
volume fraction of the extracted domain. A favorable interaction of the extractable
domain with the matrix polymer is anticipated to enable the formation of pores whose
interconnectivity increases with volume fraction, enabling access to films with large
surface areas and high permeabilities. Molecular bottlebrush polymers were identified
as a promising candidate for these extractable porogenic domains, as they provide a
versatile platform for tailoring the molecular topology, dimensions, and chemical
properties of these components—in turn yielding great control over the surface
topography and porosities of the resulting films.**%*4*

It was hypothesized that the selective extraction of these bottlebrush polymers
from an inert, chemically compatible matrix polymer could be achieved by the
utilization of acid-labile hydrophobic protecting groups, enabling a solubility modulation
of the brushes when exposed to acid. Protected brushes could, then, be cast with a
compatible, hydrophobic matrix polymer to form homogeneous films in which the
resulting morphology is kinetically trapped. Upon acid exposure, triggering the removal
of the hydrophobic protecting groups to expose hydrophilic groups, brushes could then
be selectively extracted by rinsing with an aqueous base solution (Figure 1VV.1). This

system was envisioned in pursuit of films with porosities and surface architectures
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predetermined by the volume fraction, molecular topology, and chemical properties of
the removable component. This system may also enable further control over the film
topography, e.g. the controlled alignment of features by the spatial-specific inclusion of
surface-directing groups to the sacrificial brush polymer, as has been previously

demonstrated. 1414

extraction

deprotection AL
s _ i —

."vA',.;‘.A'

Figure IV.1. lllustration of the selective extraction of bottlebrush polymers to produced
tailored film topographies.

4.2 Results and Discussion

Bottlebrush polymers were synthesized by a “grafting-through” approach via
orthogonal reversible addition-fragmentation chain transfer (RAFT) and ring-opening
metathesis polymerization (ROMP) steps (Figure 1V.2). 1-Ethylcyclopentyl
methacrylate (ECPMA) was chosen as the acid-sensitive moiety, as it has been
established to undergo deblocking under acidic conditions to reveal the hydrophilic

1 A norbornenyl-functionalized chain transfer agent (CTA) was

acrylic acid group.**
synthesized according to literature methods,*** and RAFT polymerization of ECPMA,

with azobisisobutyronitrile (AIBN) as a radical source, vyielded norbornenyl-
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functionalized macromonomers (Nb-PECPMA) with excellent control. ROMP of Nb-
PECPMA could then be readily achieved with Grubbs 3" generation catalyst, affording

bottlebrushes polymers with narrow dispersities.
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Figure 1V.2. Synthetic overview of molecular bottlebrushes with hydrophobic, acid-
labile protecting groups.

Of the brushes synthesized, P(Nb-PECPMA3s),5 was selected for further studies.
The number average molar mass determined by size exclusion chromatography (SEC)
was in close agreement with the theoretical value according to the reaction
stoichiometry. A trace amount of macromonomer was observed by SEC (Figure 1V.3c),
however NMR spectroscopic analysis indicated the complete consumption of the
norbornenyl groups, as evidenced by the disappearance of the peak at 6.20 ppm (Figure
IV.3a, b). This likely indicated the presence of a small amount of PECPMA chains
without norbornenyl chain-ends, prohibiting their inclusion in the brush polymer
product. FTIR spectroscopy revealed nearly identical spectra for the macromonomer
and brush polymers, save for the disappearance of the alkenyl C—H stretch at 707 cm™
for the brush polymer, further confirming the complete consumption of the norbornenyl

groups during ROMP (Figure 1V.3d).
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Figure IV.3. Overview of polymer characterization. (a)*H NMR (500 MHz, in
CDCl,) spectra of macromonomer Nb-PECPMAss. (b) 'H NMR (500 MHz, in CD,Cl,)
spectra of brush P(Nb-PECPMA35),5. () SEC traces for brush and macromonomer. (d)
FTIR spectra of brush and macromonomer, with the alkenyl C—H stretch at 707 cm™
highlighted.
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P(Nb-PECPMAss5)25 brushes were imaged by AFM, after deposition on highly
oriented pyrolytic graphite (HOPG) (Figure IV.4), to provide a reference during further
film studies. It was expected that developed films exhibit holes that reflect the
dimensions observed during imaging of the individual brushes. The feature sizes
observed by AFM were consistent with the theoretical contour lengths of ca. 20 nm, for
brush diameter corresponding to the PECPMA sidechains, and ca. 12 nm, for length of
the polynorbornene backbone, calculated from the theoretical degree of polymerization
(DP) for each unit, respectively. Smaller features, from ca. 20 to 30 nm widths and ca.
10 to 20 nm lengths, corresponded to individual brushes, while the larger features

observed likely corresponded to the aggregation of several brush polymers together.

Figure 1V.4. AFM height image of brushes, cast on HOPG (height scale bar £2.5 nm)
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Solution-state control studies were performed to verify the efficacy of acid-
catalyzed deblocking of ECPMA and to confirm solubility of the methacrylic acid
(MAA) product (Figure IV.5) in the aqueous developer. A small amount of the
protected brush was dissolved in chloroform with p-toluenesulfonic acid monohydrate,
1:1 by mass, and the solution was stirred for 2 h at 40 °C. A pink precipitate slowly
formed, and was collected by addition to diethyl ether. The product was freed of solvent
in vacuo and analyzed by *H NMR, confirming the appearance of the acidic MAA
proton and disappearance of the ethyl cyclopentyl protons. The product was readily
dissolved in 0.2 M aqueous tetramethylammonium hydroxide (TMAH), chosen as the
developer solution, forming a clear solution. These studies confirmed the ability of the
brush polymer to undergo acid-catalyzed deblocking and validated the possibility of

extraction by the aqueous developer.

(0] o
+ S Ph
o i g o b
n . n
NC s NC s
o~ O O~ "OH
”“ o) “
Ph Ph

Figure IV.5. Overview of acid-catalyzed deprotection of P(Nb-PECPMA3s)5 to afford
P(Nb-PMAAgs)ss.

Several matrix polymers were explored in film studies, and poly(cyclohexyl
methacrylate) (PCHMA) was ultimately selected for its compatibility with the brush
polymer. PCHMA offered miscibility with the ECPMA brushes, owing to their
chemical similarity, while maintaining stability to acid. Films were cast from 2 wt. %

solutions in 2-heptanone, 3:1 matrix:brush by mass, on polystyrene-primed silicon (Si)
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wafers. The films were briefly heated to 90 °C for 5 s to remove residual solvent and
imaged by AFM (Figure IV.6). The resulting films were relatively smooth and
featureless, confirming the phase compatibility of the two polymers. Cluster secondary
ion mass spectrometry (SIMS) spatial correlation analysis was used to corroborate the
miscibility of the two domains. Analyzed films exhibited colocalized signals for the
brush and matrix species, indicating homogeneous distribution of the two domains at the

film surface.

Figure 1V.6. Height image of film comprising brush and matrix polymer, cast on PS-
primed wafer, by AFM (height scale bar £5.0 nm).
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Film-state brush removal studies were then designed such that films of a known
concentration of brush were prepared and imaged as-cast and after subsequent
deblocking and development. The deblocking reaction was triggered by heating films, at
90 °C, for a predetermined amount of time, before development by rinsing in 0.2 M
aqueous TMAH solution and water. Polystyrene-primed wafers were employed to
increase the adhesion of the hydrophobic films to the substrate, preventing delamination
of films during development. Many acid sources were evaluated, including photoacid
generators, but ultimately p-toluenesulfonic acid (PTSA) was chosen for its increased
miscibility with the brush and matrix polymers relative to other acids screened.

Matrix/acid only films were first prepared to confirm the resistance of the matrix
film to the development conditions, and as a negative control study. Films were cast
from a 4:1 matrix:acid solution (2 wt. % in 2-heptanone) and imaged before and after the
chosen baking and development conditions (Figure IV.7). An increase in initial surface
roughness, relative to the matrix/brush only films, was observed, and attributed to the
increase in phase contrast between the hydrophobic matrix polymer and polar organic
acid. Some minor features were observed throughout the study, and were ascribed to
aggregation of the acid molecules at the surface of films. Films appeared slightly
smoother after development, which was likely due to thermal annealing during the 90 °C

bake.
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Figure IV.7. AFM height images of matrix/acid only films, 4:1 matrix:acid by mass
(height scale bars £10.0 nm). (a) Film as-cast, with 10 s post-application bake at 90 °C.
(b) Film after development, with 5 min 90 °C bake followed by 0.2 M aqueous TMAH
and water rinsing for 30 s each. (c) As-cast film, larger magnification. (d) Developed
film, larger magnification.

Films containing brush were then studied, with an analogous polymer:acid mass
ratio to the matrix/acid only films. A 3:1:1 by mass matrix:brush:acid solution was
prepared at 2 wt. % in 2-heptanone and cast into films. The films were imaged as-cast
and after development, as described previously (Figure 1V.8). As-cast films exhibited
similar surface morphologies to the matrix/acid only films, with the features attributed to

minor surface aggregation of acid present as well. However, after development, a

significant change in the film morphology was observed. The surface roughness
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increased, contrasting what was observed in matrix/acid only films, and the appearance
of holes, corresponding well with the size and shape of brushes, was noted. A change
film thickness was also observed, from ca. 40 nm as-cast to ca. 31 nm after

development.

Figure 1V.8. AFM height images of films comprising 3:1:1 matrix:brush:acid by mass
(height scale bars £10.0 nm). (a) Film as-cast. (b) Film after development, with 5 min
90 °C bake followed by 0.2 M aqueous TMAH and water rinsing for 30 s each. (c) As-
cast film, larger magnification. (d) Developed film, larger magnification.

Cluster SIMS was used to track the presence of each chemical component of the
film during development. A mass signal at ca. 113 amu, assigned to the anionic

ECPMA fragment C;H;30°, was found in the film as-cast, with its near-total

disappearance observed after development (Figure 1V.9a). A mass signal at ca. 99 amu,
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assigned to the CgH1;0" fragment of PCHMA, was used to track the presence of the
matrix and was slightly increased after development, which may be due to the increased
potential for ionization after development. Interestingly, the sulfite anion (ca. 80 amu)
was also observed in comparable amounts in both as-cast and developed films,

indicating its persistence even after the aqueous rinse.
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Figure IV.9. Cluster SIMS data for 3:1:1 (matrix:brush:acid by mass) film as-cast and
after development. (a) Signal intensity for each species before and after development.
(b) Degree of acid coverage before and after development.

Further studies were performed at varying concentrations of brush to determine if
the resulting porosity of films could be controlled by regulation of the film composition.
The addition of acid to the film, instead of later film exposure to acid after casting,
hindered the formation of smooth films as the brush concentration was increased.
Larger amounts of brush necessitated the addition of larger amounts of acid, and at
relatively high concentrations of acid, i.e. 1:1:1 and 2:1:1 matrix:brush:acid by mass,
significant phase separation was observed (Figure 1V.10a—d). However, effective brush
removal was observed, and a significant topography change was noted in these films

after development, with the appearance of holes, again corresponding well with the
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shape and size of brushes (Figure 1V.10b, d). At lower brush/acid concentrations, i.e.
5:1:1 matrix:brush:acid by mass, phase separation was not observed, and similar features

were observed to the 3:1:1 composition, in as-cast and developed films.

Figure 1V.10. AFM height images of films. (a) 1:1:1 matrix:brush:acid by mass, as-
cast (height scale bar £40.0 nm). (b) 1:1:1 film after development (height scale bar
+20.0 nm). (c) 2:1:1 matrix:brush:acid by mass, as-cast (height scale bar +20.0 nm).
(d) 2:1:1 film after development (height scale bar +20.0 nm). (e) 5:1:1
matrix:brush:acid by mass, as-cast (height scale bar £10.0 nm). (f) 5:1:1 film after
development (height scale bar +10.0 nm).
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Island formation in films with larger concentrations of acid was hypothesized to
correspond to phase segregation between the polymer and acid domains. SIMS data
supported this notion, as it was found that signals corresponding to the matrix and brush
domains were colocalized, while signals corresponding to PTSA were negatively
correlated. Despite the spatial separation of acid from brush, deprotection was still
successful—likely indicating sufficient acid mobility throughout the film during the
heating step that enabled interaction with the ECPMA moieties. The diffusion of acid
throughout the film was confirmed in a SIMS experiment, and acid coverage was
determined to be ca. 40% for as-cast films and ca. 85% after development (Figure
1\V.9b).

The observed island features provided a valuable basis of measurement. Feature
heights in the 1:1:1 films, as-cast, were 37.9 £ 5.5 nm, and these islands comprised
40.4% of the film. After development, the heights were reduced to 14.9 + 3.4 nm, with
holes measuring 5.0 £ 1.8 nm in depth, with the islands corresponding to 43.9% of the
film area. In 2:1:1 films, these features measured 26.8 £ 3.6 nm in height, with 31.8%
coverage. After development the heights were again reduced to 14.2 £ 3.4 nm, with
holes 4.6 = 1.7 nm in depth, and the features covered 27.4% of the film surface. These
dramatic changes in feature heights, with the retention of surface coverage, is consistent
with the hypothesis that brushes are selectively removed, leaving behind the inert
PCHMA matrix. SIMS data further corroborated selective brush removal, as the signal
corresponding to the ECPMA fragment was significantly reduced after development,

while the matrix signal again slightly increased (Figure 1VV.11). For the two films that
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exhibited phase separated structures (1:1:1 and 2:1:1 matrix:brush:acid by mass), SIMS
data indicated significantly increased acid removal during development, compared with
the films that did not contain these features (Figure IV.11). This likely indicates
difficultly in removing the acid from the hydrophobic matrix, whereas acid is effectively

removed when isolated from the polymeric domains.
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Figure IV.11. Cluster SIMS data for 1:1:1, 2:1:1, and 5:1:1 (matrix:brush:acid by mass)
films, showing the signal intensity for each species before and after development.

In summary, the sacrificial polymeric porogens were successfully employed to
control the surface topography of polymer thin films.  Acid-sensitive ECPMA
bottlebrush polymers were blended with an inert, chemically compatible PCHMA matrix
and acid, before casting into films. At lower brush/acid concentrations, as-cast films
were smooth, however, larger concentrations resulted in significant phase segregation

between the acid and polymer domains. Despite this phase separation at larger
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brush/acid concentrations, selective removal of the brush, resulting in brush-sized and
shaped holes in the films, was successful at all compositions studied—demonstrated by
AFM and SIMS studies. Conditions that diminish the effect of acid-induced phase
segregation, such as downstream film exposure to acid as opposed to inclusion in the
initial film composition, will be explored to enable access to systems with larger brush
concentrations and improve the residual acid content in films after development.
Though this imprinting strategy was demonstrated in thin films, it can conceivably be
applied analogously in bulk materials. Furthermore, through the controlled installation
of surface- and substrate-directing groups to the brush templates, this system is expected
to provide a powerful synthetic platform en route to the introduction of highly tailored

porosities and topographies to host materials.

4.3  Experimental

4.3.1 Materials

Grubbs second generation catalyst (G2), pyridine, azobisisobutyronitrile (AIBN),
4-dimethylaminopyridine, 4-cyano-4-(phenylcarbonothioylthio)-pentanoic acid, exo-5-
norbornene-2-carboxylic acid, anhydrous 1,4-dioxane, PTSA monohydrate, TMAH,
ethyl vinyl ether, lithium aluminum hydride, N, N’-dicyclohexylcarbodiimide,
poly(cyclohexyl methacrylate) (44,, 65 kDa) were purchased from Sigma-Aldrich. Ethyl

cyclopentyl methacrylate (ECPMA) and hydroxy terminated polystyrene (M,, 27 kDa)
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were provided by DowDuPont. AIBN was recrystallized from methanol before use.
ECPMA was passed through a basic alumina column before use. All other reagents

were used as received. Si wafers were obtained from Addison Engineering, Inc.

4.3.2 Characterization

'H and **C NMR spectra were collected in the solution state on a Varian Inova
500 spectrometer at room temperature. Spectra were processed with MestReNova
version 9.0.1-13254 by Mestrelab Research S.L. ATR-FTIR was performed on a
Shimadzu IR-Prestige-21 spectrometer at a 1.0 cm™ resolution.  Atomic force
microscopy (AFM) was performed on an Asylum MFP-2D system (Oxford Instruments,
Plc.) in tapping mode, with silicon tips (T190-25, VISTA probes; spring constant: 48 N
m™, tip radium: 10 nm, resonance constant: 190 kHz).

SEC was performed on a Waters 1515HPLC equipped with a differential
refractive index detector (Wyatt Technology, Optilab T-rEX) and a multi-angle laser
light scattering (MALLS) detector (Wyatt Technology, DAWN HELEOS II, 658 nm),
using ASTRA software (Wyatt Technology) and three-column series (Phenogel 5 um;
100 A, 104 A, and Linear (2); 300x4.6 mm columns; Phenomenex, Inc.). Polymer
solutions were prepared at a known concentration (ca. 5 mg mL™), and a 200 pL
injection volume was used. After filtration through a 200 nm PTFE filter, samples were

passed through the SEC system, equilibrated at 40°C in tetrahydrofuran, with a flow rate
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of 0.35 mL min-1. The dn/dc values of the analyzed polymers were determined from
the differential refractometer response based on sample concentration.

Cluster SIMS data was collected on a custom-built massive cluster secondary ion
mass spectrometer.**® A gold liquid metal ion source and a Wien filter, installed on a
100 kV platform to increase the kinetic energy of the projectile, were used to generate a
beam of mass selected Ausge*" projectiles.*** The projectiles were pulsed to a rate of ca.
1000 projectiles per second, and biased to -10 kV. The electrons generated during
collision of the projectiles with the substrate were deviated by a weak magnetic field and
collected on a microchannel plate-based detector, and were used to indicate the start of
the time-of-flight mass spectrometry (TOF-MS) measurement. The negative secondary
ions were accelerated toward a reflectron TOF-MS and collected by an eight-anode
microchannel plate-based detector. The suite of start and stop signals were collected by
a time-to-digital converter (TDCV4 Institute of Nuclear Physics, Orsay, France)
operating in event-by-event mode. Mass spectra were collected before the subsequent
projectile impact, termed the event-by-event bombardment/detection mode. Each film
sample was analyzed in three discrete locations (125 um radius) with 2x10° to 4x10°

projectiles.

4.3.3 Synthesis and Film Studies

Preparation of exo-5-norbornene-2-methanol (Nb-OH): Synthesis of Nb-OH was

5

performed according to a modified literature procedure.*** To a flame dried round-
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bottom flask was added exo-5-norbornene-2-carboxylic acid (5.053 g, 36.57 mmol) with
100 mL anhydrous tetrahydrofuran. The solution was cooled on an ice bath to 0 °C,
followed by the slow addition of lithium aluminum hydride (2.104 g, 55.44 mmol). The
solution was then removed from the ice bath and stirred at room temperature. After 12
h, 2 mL water was added dropwise, followed by 3 mL 10% aqueous sodium hydroxide.
After a final addition of 6 mL of water to the solution, the mixture was filtered through a
thin layer of celite to remove the solids. The filtrate was dried over sodium sulfate and
freed of solvent under reduced pressure. The product was isolated by column
chromatography (2:1 v/v pentane/diethyl ether), and obtained as a colorless oil (3.095 g,
68.14% yield). Characterization data was consistent with published data.'*

Preparation of exo-5-norbornenylmethyl 4-cyano-4-(phenylcarbonothioylthio)-
pentanoate (Nb-CTA): Synthesis of Nb-CTA was performed according to a modified

literature procedure.**?

To a flame dried round-bottom flask was added 4-cyano-4-
(phenylcarbonothioylthio)pentanoic  acid  (2.011 g, 7.198 mmol), 4-
dimethylaminopyridine (0.118 g, 0.966 mmol),Nb-OH (1.093 g, 8.802 mmol) , and 40
mL anhydrous dichloromethane. The solution was cooled on an ice bath to 0 °C before
the slow addition of N,N’-dicyclohexylcarbodiimide (1.873 g, 9.078 mmol). The
solution was stirred for 1 h at 0 °C before allowing the vessel to warm to room
temperature. After a further 48 h stirring at room temperature, the solids were removed
over a thin layer of celite. The filtrate was washed with 100 mL saturated aqueous

sodium bicarbonate solution followed by water. The organics were collected and dried

over sodium sulfate before concentrating under reduced pressure. The product was
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isolated by column chromatography (10% ethyl acetate in hexane), yielding a viscous
red oil (2.119 g, 76.36% vyield). Characterization data was consistent with published
data.

Preparation of poly(ethylcyclopentyl methacrylate) macromonomer (Nb-
PECPMAG3s): To a flame-dried Schlenk flask was added ECPMA (702 mg, 3.85 mmol),
Nb-CTA (51 mg, 0.13 mmol), AIBN (3.2 mg, 0.020 mmol), and 0.95 mL anhydrous 1,4-
dioxane. The solution was deoxygenated by four cycles of freeze-pump-thaw before
addition to a preheated oil bath at 63 °C. After 16.75 h, the reaction was quenched by
submersion of the flask into liquid nitrogen. The solution was allowed to thaw and the
product was collected by precipitation into MeOH at 0 °C. The product was further
washed with MeOH and dried under reduced pressure, yielding a pink solid (244 mg).
'H NMR (500 MHz, CD,Cl, ppm) ¢ 7.83 (m, 2H), 7.55 (m, 1H), 7.42 (m, 2H), 6.20 (m,
2H), 4.33 (m, 1H), 3.98 (m, 1H), 2.80 (m, 1H), 2.68 (m, 1H), 2.50 (m, 3H), 2.22-0.85
(br, 639H). °C NMR (126 MHz, CD,Cl, ppm) & 172.32, 89.15, 42.86-41.20, 31.96—
29.60, 20.97-18.27, 15.03-12.13, 4.29. FTIR (Cm'l): 3045-2829, 1716, 1458, 1386,
1336, 1264, 1243, 1145, 1113, 1053, 1031, 991-908, 887-785, 760, 707, 689. M, sec
8.3kDa, b =1.1.

Preparation of Grubbs third generation catalyst (G3): Synthesis of G3 was

® To a flame-dried round

performed according to a modified literature procedure.*
bottom flask was added anhydrous pentane. The solvent was bubbled with nitrogen for
30 min, followed by cooling on an ice bath at 0 °C. To a separate flame-dried vial was

added G2 (248 mg, 0.301 mmol). The solids were degassed under reduced pressure and
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backfilled with nitrogen before the addition of 1 mL pyridine by degassed syringe. The
solution was allowed to stir at room temperature for 5 min before addition to 90 mL of
the cold, degassed pentane by pipette. The solids were collected by centrifugation, and
washed several times with cold pentane. The product was collected as a green solid, and
dried and stored under reduced pressure (196 mg, 89.4% yield). Characterization data
was consistent with published data.**®

Preparation of ECPMA brush polymer (P(Nb-PECPMAss)25): To a flame-dried
Schlenk flask was added G3 (0.77 mg, 0.0011 mmol) and 0.5 mL anhydrous DCM. The
solution was deoxygenated by four cycles of freeze-pump-thaw. To a flame-dried vial
was added Nb-PCEPMA (180 mg, 0.0266 mmol) and 1.7 mL anhydrous DCM. The
solution was deoxygenated by four cycles of freeze-pump-thaw, before addition to the
Schlenk flask by degassed syringe. The solution was allowed to stir at room temperature
for 1.5 h before the addition of 0.15 mL ethyl vinyl ether by syringe. The solution was
further stirred at room temperature for 1 h before collection of the product by
precipitation into MeOH at 0 °C. The product was further rinsed with MeOH and dried
under reduced pressure, yielding a pink solid (154 mg, 85.6% vyield). *H NMR (500
MHz, CD,Cl,, ppm) ¢ 7.83 (m, 2H), 7.61 (m, 1H), 7.38 (m, 2H), 2.70-0.83 (br, 644H).
FTIR (cm'l): 3045-2829, 1716, 1458, 1386, 1336, 1264, 1243, 1145, 1113, 1053, 1031,
991-908, 887-785, 760, 689. *C NMR (126 MHz, CD,Cl, ppm) & 171.85, 89.15,
41.99, 32.20-29.98, 27.28-25.28, 20.71-18.67, 14.63-17.78, 4.31. M sec 170 kDa, b =

1.2.
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Solution-state acid deblocking control study: To a 10 mL shell vial was added
P(Nb-PECPMA) (60.0 mg) and 2 mL chloroform. After dissolution of the polymer,
PTSA monohydrate (60.2 mg, 0.316 mmol) was added in one portion. The solution was
stirred at 40 °C for 1 h, before collection of the product by precipitation into cold diethyl
ether. The product was rinsed with diethyl ether and freed of solvent in vacuo. The
solid product was then dissolved in 0.2 M aqueous TMAH solution to confirm its
solubility in the developer. *H NMR (500 MHz, DMSO-ds, ppm) & 7.82 (m, 2H), 7.65
(m, 1H), 7.50 (m, 2H), 4.09 (m, 1H), 3.94 (m, 1H), 3.72-3.23 (br, 38H), 2.82 (m, 1H),
2.68(m, 1H), 1.76-0.61 (br, 182H).

Imaging of brushes: A solution of P(Nb-PECPMA3s)25 was prepared in a small
vial at a concentration of 4 pmol L™ in 2-heptanone. The solution was filtered through a
200 nm polytetrafluoroethylene (PTFE) syringe filter and cast on freshly cleaved HOPG
at 1500 rpm for 15 s (2000 rpm s™), before imaging by AFM.

Preparation of PS-primed Si wafers: A native Si wafer was subjected to UV-03;
surface treatment for 5 min. A 2 wt. % solution of hydroxy terminated polystyrene (M,
27 kDa) in 2-heptanone was prepared and filtered through a 200 nm PTFE syringe filter.
A film was cast on the oxidized wafer from the solution at (i) 500 rpm for 5 s and (ii)
3000 rpm for 30 s (2000 rpm s™). The wafer was then heated on a hot plate to 200 °C
for 30 min, followed by sonication in toluene at room temperature for 10 min. The
wafer was further rinsed with toluene before heating to 135 °C for 1 min. Primed wafers

were then cut to 1 cm x cm pieces and stored in a plastic Petri dish.
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Preparation of films: Films were cast from the corresponding 2 wt. % solutions
in 2-heptanone on pre-cut primed wafer pieces at (i) 500 rpm for 5 s and (ii) 3000 rpm
for 30 s (2000 rpm s™). Developed films were heated on a hot plate at 90 °C for 5 min
and rinsed in 0.2 M aqueous TMAH solution for 30 s, followed by rinsing in water for
30 s. Films were scratched with a diamond scribe for film thickness measurements by

AFM.
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CHAPTER V

CONCLUSIONS

5.1 Research Summary

This work detailed the development of systematic methodologies for the
preparation of customized porous materials. A synthetic platform for the
functionalization of cyclodextrin and its subsequent inclusion into porous frameworks
for advanced applications was outlined, and the synthesis of sacrificial porogenic agents
for templating highly tailored pore topographies was established. These groups of
techniques encompass a sustainable, scalable, and cost-effective strategy for producing a
diverse range of materials with elegant control over their pore geometries, chemical
properties, and activities.

Through selective functionalization of naturally derived cyclodextrin-based
precursors and judicious choice in small molecule linkers, we were able to design
polymeric materials for unique, targeted applications with large concentrations of the
active cyclodextrin groups.  Cyclodextrin polyimides, derived from aminated
cyclodextrin monomers, were developed for molecular separations, and their facile
preparation as bulk materials and as thin films were outlined. The robust imide linkages
provided a key advantage in the thermal stability of the material, as well as its durability
across multiple regeneration cycles. Furthermore, the impressive chemical stability of

the material enabled its use in a broad variety of solvents. To date, very few porous
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cyclodextrin-based materials, in which the cyclodextrins, themselves, form the scaffold
of the material have been reported.” """® ® Moreover, in each reported example, the
utilization of the material is severely limited by the lack of any hierarchical structure.
The significance of our work is in the demonstration that hierarchically porous materials,
of crucial importance to use for separation in flow, could be readily produced from
cyclodextrin/linker-only frameworks. We further demonstrated that this hierarchical
structure endowed the materials with the ability to simultaneously allow mobility of the
eluent and target compound immobilization. This development marks a substantial
improvement in the practicability of cyclodextrin-derived materials for commercial-scale
separations, both in their cost-effective preparation and operation under continuous flow
conditions.

Cyclodextrin polyesters, synthesized from native hydroxylic cyclodextrins, were
designed to degrade under physiological conditions, and displayed impressive
performance as bioabsorbable, sacrificial carriers for chitosan, a polymeric hemostatic
agent. The linkage chemistry of the material, in addition to providing the desired
degradation properties, provided carboxylate sites in the material capable of interaction
with the ammonium groups of chitosan, and facilitated the assembly of chitosan into
nanofibrous mats with high surface areas, therefore increasing their hemostatic
efficiency. These examples not only established the efficacy of this synthetic strategy to
afford porous scaffolds, but also demonstrated that diverse, advanced functionalities
could be targeted through synthetic control of the precursors and resulting linkage

chemistry.
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Acid-deprotectable, cylindrical bottlebrushes were used as sacrificial porogens to
imprint predetermined topographies in thin films. It was demonstrated that these brushes
could be cast with a compatible linear matrix polymer into films, followed by acid-
deprotection of the brushes and subsequent removal by an aqueous developer. The
resulting films exhibited topographies consistent with the selective removal of the brush
component when viewed by AFM, indicating that this system may present a method for
the tailoring of pore and surface topographies in a chosen host material. The key
advantage in this approach, compared with traditional imprinting strategies, is the
miscibility of the matrix and porogen. Upon casting, the film morphology is kinetically
trapped in its homogeneous state, before chemical modification of the porogens to
facilitate their selective removal, yielding access to morphologies not obtainable by

immiscible components.

5.2  Scope and Future Directions

These synthetic platforms, individually and collectively, provide a seemingly
limitless array of obtainable materials, in both structure and activity. In an advanced
implementation, the combination of the two synthetic strategies could allow the
construction of cyclodextrin-rich frameworks with intricately tuned hierarchical
functionalities. At the molecular level, functionalization of the cyclodextrins and their
linkages would provide finely tuned chemical-selective activities, while

macromolecularly imprinted pores would provide shape-selective peremeabilities. The
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sacrificial nature of the porogens would render the cyclodextrin-concentration in the
resulting material unaffected, maintaining the maximized effect of the cyclodextrins
while offering the ability to provide additional mechanisms of activity within the
material.

CDPI is an excellent case study for how this synthetic platform could be applied
to produce porous, cyclodextrin-based materials with finely tuned activities on the
molecular level. In the synthesis of the aminated cyclodextrin precursor, two
intermediate products are first prepared: a halogenated derivative and the azide-
functionalized derivative. The halogenated cyclodextrin allows for the installation of a
wide-range of functional groups through nucleophilic attack. Their facile conversion to
azide groups further allows functionalization through the Huisgen 1,3-dipolar
cycloaddition, termed a “click” reaction for its simplicity of preparation and large
thermodynamic driving force.**’ Alternatively, the aminated derivative, itself, provides
the cyclodextrin with strong nucleophilic groups, allowing the installation of
functionalities with electrophilic moieties. By these means, a wide breadth of functional
cyclodextrin polymer precursors can be designed and prepared. As it was demonstrated
that only ca. 5.5 amine groups per cyclodextrin were required to form CDPI, ca. 1.5
functional groups per cyclodextrin are left available for further functionalization, either
through modification to the cyclodextrin precursors, as previously mentioned, or
postmodification of the polymer network. In a practical example, stoichiometric control
during the reduction of the azide to the amine allows the formation of cyclodextrin

derivatives with sufficient amine groups for polymerization, with remaining unreacted
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azide groups for postmodification through a heterogeneous azide-alkyne “click” reaction
(Figure V.1). To this end, a customizable, porous cyclodextrin framework is produced

without the need for any additional synthetic steps during preparation of the precursor.
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Figure V.1. Synthetic overview of an azide-amine-functionalized cyclodextrin
derivative with stoichiometric control.

Subsequent polymerization of the azide-amine-functionalized cyclodextrin yields
a porous material analogous to CDPI with free azide groups distributed throughout the
network. Functional groups can then be installed (Figure V.2) to either precisely tune
the selectivity of the cyclodextrins,®® or to install additional modes of action, e.g.

targeting ligands for metals.**
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Figure V.2. Preparation of CDPI-N3 and subsequent installation of functional groups
(FG) through “click” chemistry.
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In addition to accessorizing these materials with individual functional groups,
this approach could also enable the formation of “smart” materials, e.g. slide-ring
gels,****%2 by the threading of a compatible, alkyne-functionalized linear polymer,
followed by cross-linking through the azide-alkyne “click” reaction (Figure V.3). In
addition to the interesting dynamic and robust mechanical properties, this approach may
offer a method to process CDPI into higher density materials with reduced
macroporosity. Though the macroporosity of CDPI for separation-based applications
was desired to provide mobility of the mobile phase through the material, it may be
unnecessary and volume-inefficient in other applications. In insulation-based
applications, for example, porous gels can be milled into small particles and compressed
to improve their performance.”™ This insulation enhancement is achieved by reducing
the relative amount of macroporosity in the material, which allows heat flow by
convection, while leaving the mesoporosity, which provides the primary insulating
activity. The threading and cross-linking of milled CDPI may provide a way to reform
the insoluble particles to enable processing by mold and film casting for insulating films,

coatings, and specialty packaging.
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Figure V.3. Synthesis of slide-ring CDPI gels, in which linear poly(ethylene oxide)
(red) is threaded through the cavity of the cyclodextrin before immobilization by cross-
linking.
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Control of the linkage chemistry in these cyclodextrin-based frameworks is yet
another exciting way to introduce new capabilities to these materials and augment the
scope of their use. It was demonstrated, in this work, that base-labile linkages were
efficacious for biocompatible wound dressings, but there are endless additional
possibilities available. Acid-labile linkages could impart these materials with the ability
to act as positive tone photopatternable materials for nanodielectric applications.
Linkages that degrade under light could be employed for photodegradable materials, or
linkages that cross-link under light for photocurable materials. Dynamic linkages, e.g.
B-hydroxy esters,”* may introduce the possibility for self-healing properties.
Furthermore, as we demonstrated that the geometry of the cross-linker and resulting
flexibility of the linkages played a central role in the resulting morphology, diverse pore
structures may be accessible merely by the choice in cross-linker. Hence, this synthetic
platform provides a powerful, dynamic method for the design and preparation of
cyclodextrin-based porous materials with predetermined chemical properties and
activities.

The use of tailored polymeric porogens provides another systematic synthetic
approach to the realization of materials with predetermined pore topographies and
permeabilities. The templating of an inert matrix polymer with sacrificial cylindrical
bottlebrush polymers was investigated as a straightforward proof-of-concept, however,
as with the cyclodextrin-based materials, this synthetic platform offers immense
potential in accessing materials with unique, tailored topography and function beyond

what was explicitly demonstrated. A wealth of polymeric architectures, and therefore
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corresponding pore geometries, are available through controlled polymerization

156

techniques—from dumbbell-shaped®> and cyclic brushes,**® to complex nanostructures

157
l.

with three-dimensional, light-mediated contro Furthermore, the spatial-specific

inclusion of surface directing groups, as demonstrated previously in our group,***** can
be applied to enable the confinement of features to the surface of films for
nanocorrugated materials, or to induce vertical alignment of domains for permeable
films with nanoporous channels.

In conclusion, the developed synthetic methodologies described herein present an
expansive approach to the preparation of materials with intricately designed pore
topographies and functionalities. This all-encompassing set of techniques offer a
strategy to achieve desired chemical properties and activities on a molecular level, while

enabling control over the network architecture and topography—yielding advanced

materials that are deterministically hierarchical in both form and function.
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