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ABSTRACT

Despite the abundant current applications for ionic hydrogels, much about the stimuli-
responsive behavior of these materials remains poorly understood. Due to the soft nature of these
materials, the number of traditional characterization methods which can be applied to these
systems is limited. Many studies have been conducted to characterize bulk property responses of
these materials, and experimental studies have been produced examining the distribution of free
ions around single polyelectrolyte chains. However, little experimental work has been published
in which molecular-scale interactions are elucidated in confined polyelectrolyte networks.
Furthermore, the way in which responsive properties, other than bulk swelling capacity, scale with
ionic fraction in mixed polyelectrolyte-non-polyelectrolyte hydrogel systems has not been
thoroughly investigated.

The distribution and strength of polymer-counter-ion bonds has a remarkable effect on
hydrogel properties such as absorption capacity, mechanical strength, and size and chemical
selectivity. In order to tailor these properties for targeted applications in ionic environments, it is
imperative that we thoroughly understand the character of these polymer-ion interactions and their
arrangement within the bulk hydrogel. In order to do so, however, non-traditional methods of
analysis must be employed.

This dissertation focuses on a model part-ionic hydrogel system, poly(sodium acrylate-co-
acrylamide), in order to assess not only the polymer-counter-ion interactions but also the impact
of gel ionic fraction on these interactions and the responses which they induce in gel performance
properties. A model alkali (NaCl), alkaline earth (CaCl>), and transition (CuSO4) metal salt are
employed to investigate changes in polymer properties from the macroscale to the nanoscale. The

aim of this dissertation is to lay the foundation for the development of fundamental structure-
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property relationships by which we may fully understand the ionically-induced performance

properties of polyelectrolyte networks.
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1. INTRODUCTION

This dissertation presents a series of investigations regarding superabsorbent polymer gels
known as hydrogels. Polymeric hydrogels are lightly-crosslinked polymer networks containing
hydrophilic pendant groups that interact favorably with water molecules in order to absorb many
times their weight in aqueous solutions. The broad range of chemistries that can be incorporated
into such polymer networks has led to the application of hydrogels in many fields, including highly
specialized materials that require on-demand changes in polymer properties in response to external
stimuli. The ability to tailor such hydrogel materials for a specific application is currently restricted
by the limited understanding of molecular-scale interactions between the polymer and its
environment. In particular, specific noncovalent chemical interactions between solute molecules
and polymer functional groups have yet to be fully elucidated. Without a thorough understanding
of the structure-property relationships defined by these interactions, much of our development of

superabsorbent polymers and polymeric composites may never reach optimal performance.

1.1 Stimuli-responsive Hydrogels and Their Applications

Stimuli-responsive hydrogels are a specialized group of superabsorbent polymers that
contain chemically or thermally-reactive functional groups. Such materials have found application
in fields ranging from medicine!® to infrastructure,’”*?> where controlling changes in hydrogel
properties in situ is of particular interest. Many of the tunable properties of these gels are dependent
upon multiple aspects of the character of the environment in which the hydrogel is functioning,*®°
further complicating the development of materials for changing environments. As an example of
a stimuli-responsive hydrogel, polymer carriers designed for drug-delivery must behave in a way

under pre-treatment conditions such that all of the drug molecules are confined within the polymer
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network, then, upon encountering a change in pH, temperature, or other stimulus at the diseased

site, the hydrogel character must change in order to release its payload to the targeted area.*

1.1.1 pH-responsive hydrogels

Many recent advances in stimuli-responsive hydrogels have focused on polyelectrolyte
gels that exhibit pH- and ion-responsive behavior in order to control the diffusional, mechanical,
colorimetric, thermal, and chemical reactivity properties of the materials in a wide range of
environments. The inclusion of functional groups capable of undergoing ionization has led to a
class of materials for which their swelling, binding, and transport properties can be tightly
controlled.* As with ionic small molecules, the functional groups of pH-sensitive hydrogels
undergo deprotonation at pH > pKa,, producing charged functional groups that are constrained by
the connectivity of the polymer backbone. Coulombic repulsion between these groups favors
solvation of the groups by water* and causes the polymer chains to stretch, resulting in pH-
dependent swelling of the hydrogel. When ionic species are present in the aqueous medium,
oppositely-charged counter-ions are driven into the polymer matrix by osmotic pressure®® and
cause collapse of the polymer chains. In the case of monovalent ions, this collapse is primarily
attributed to electrostatic screening, wherein counter-ions condense onto the polymer chain and
form a double-screening layer that shields electrostatic effects between the like-charged moieties
on the chain.**'" However, higher valency ions have the capacity to interact with multiple
functional groups in the polymer and produce an additional bridging effect.#5 The effects of
multivalent counter-ions on the equilibrium swelling of pH-sensitive hydrogels have been
documented frequently, yet much about the distribution and binding of multivalent counter-ions

within the polymer matrix remains unknown.
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Unfortunately, this and other significant gaps remain in our understanding of these
properties. In particular, a thorough understanding of the ways in which all of these properties are
interrelated remains highly elusive. Experimental characterization of pH-responsive hydrogels has
thus far depended heavily on either macroscale characterization (e.g., swelling ratio, compression
modulus) or nanoscale characterization that cannot be executed on the material while in its end-
use state (e.g., electron microscopy of dried gels). While these methods are informative, they make
it challenging to fully develop fundamental structure-property relationships due to their limitations

on capturing the molecular and nanoscale interactions occurring in the material while swollen.

1.1.2 Osmotic pressure-driven swelling

A significant factor in these structure-property relationships for pH-responsive gels is
osmotic pressure, as described previously. Computational theory has made exceptional strides in
modeling osmotic pressure-driven swelling in simple polyelectrolyte systems,%'°?* and
qualitatively matching experimental data for such systems has been generated.'*'° However, a
majority of the computational models concerned with molecular-level interactions have been
applied only to unconfined, linear polyelectrolyte chains.'#?>% These models do not necessarily
take into account all parameters influencing confined polyelectrolyte systems,**® and the
conformational changes observed in linear molecules,?® particularly as induced by multivalent
ions, often do not directly translate to crosslinked networks.

Some computational models have been derived specifically for polyelectrolyte gels, but
they have largely focused on the osmotic pressure-driven diffusion of mobile ions into the hydrogel
network,2%2224 and few'® provide insight into specific polymer-ion interactions. Furthermore, the
limitations of computational modeling mean that such methods cannot yet be applied to several of

the more complex mixed-polymer systems used in many applications today. As such, decisions
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regarding chemical composition of hydrogel materials are largely made based on the behavior of
linear polymers of the same composition or chosen through Edisonian experiments by varying

different compositional parameters and observing macroscale property changes.

1.2 Anionic Hydrogels and the Poly(sodium acrylate-co-acrylamide) System

1.2.1 Motivation for using PANa-PAM

The work presented here focuses specifically on a mixed-polymer system, poly(sodium
acrylate-co-acrylamide) (PANa-PAM), which contains anionic functionalities (i.e., sodium
acrylate, or neutralized acrylic acid) and neutral hydrophilic functionalities (i.e., acrylamide). Not
only is this system of particular interest to recent research efforts in improved internal curing of
high-performance concrete, !+ but this combination is also a model system for more
fundamental studies of ionic interaction between a pH-sensitive hydrogel and saline environments.

Anionic hydrogels are commonly employed in systems that involve inorganic salts, such
as heavy metal-contaminated waters, as metal cations can be absorbed and confined within the gel
by their attraction to anionic polymer groups. Acrylic acid (pKa = 4.5) (Figure 1.1a) forms an
anionic functionality, COO", at pH > pKa,® making the hydrogel highly pH-dependent within the
pH range encountered in many aqueous systems. Meanwhile, acrylamide (Figure 1.1b), although
partially hydrolyzed at pH > 12,2’ offers good swelling properties and structural support while
remaining relatively insensitive to pH or ionic strength in the pH range of interest for such

investigations.
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NH ONa NH, NH ONa

Figure 1.1. Acrylic acid monomer (a), acrylamide monomer (b), and crosslinked PANa-PAM
network (c).

Furthermore, pure polyacrylamide gels are widely used in commercial applications,
particularly in biochemistry,?®3* and pure poly(sodium acrylate) gels have been employed in
myriad investigations regarding the swelling effects of counter-ions.®8213%3% |nspiration
throughout this project has been drawn from such studies, particularly by Ferenc Horkay and
associates.®213>%40 Horkay, et al. have produced studies focused on counter-ion competition in
poly(sodium acrylate) and investigation of polymer conformation through the use of mechanical
analysis and x-ray or neutron scattering. Such studies are highly valuable to expanding our
investigation into a mixed PANa-PAM system and advancing the development of structure-

property relationships for polyelectrolyte gels in ionic environments.

20



In order to synthesize a crosslinked network, the two monomers are polymerized via free
radical polymerization in the presence of the crosslinking agent N,N’-methylenebisacrylamide
(MBAM) to produce a structure as illustrated in Figure 1.1c. The resultant crosslinked copolymer
offers a hydrogel platform with good swelling, variable crosslink density, and tunable pH-
sensitivity, which provides a model platform for systematic investigation of changes in the gel
induced by ionic interactions. This copolymer has been proven to have facile, consistent synthesis,
allowing for numerous experimental studies without concern for significant variation between

reaction batches.

1.2.2 Fundamental background on polyacrylate gels in ionic media

It is well established that the valency of counter-ions in solution impacts the swelling
behavior of pH-sensitive hydrogels, and poly(acrylic acid)-based gels offer a simple polymer
chemistry for investigating anionic hydrogel performance. To give an example of the valence-
sensitivity of poly(sodium acrylate) gels, the swelling ratio (i.e., the mass of water absorbed
divided by the mass of the dry polymer), Q, of this gel in a 1 mM salt solution decreases from Q =
400 in 100% monovalent salt to Q = 4 in a 1:2 ratio of monovalent to divalent salts.®

A follow-up investigation by the same researchers expanded their interrogation on a more
fundamental level to develop quantitative relationships between the shear modulus of the same
hydrogel system and its equilibrium swelling as a function of concentration of a single monovalent,
divalent, or trivalent-cation salt in solution.?! This and similar studies provided not only
foundational insight into polyelectrolyte responses to multivalent counter-ions. It also generated
motivation to better understand the importance of counter-ion character beyond its valency. As
will be discussed in detail later, metal cations of the same valency but belonging to different groups

in the periodic table (e.g., alkaline earth metals versus divalent transition metals) alter multiple
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properties of the gel in significantly different ways. In particular, these studies prompted us to
probe the idea of counter-ion chelation, or the formation of dative (i.e., strong coordinate-covalent)

bonds by certain classes of metal cations.

1.3 Non-destructive Characterization of Polymeric Materials

This dissertation reports investigations into the PANa-PAM system by several
characterization techniques that provide information from the macroscale to the atomic scale in
order to fully elucidate structure-property relationships across length-scales, as illustrated in Figure
1.2. A commonality between these techniques, however, is that all of the methods employed are
nondestructive in nature. Unlike common polymer characterization methods such as
thermogravimetric analysis (TGA) or various types of electron microscopy, the nondestructive
characterization techniques used here provide valuable tools for understanding material
phenomena in situ and in a manner by which the material can still function as intended following

the analysis.
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Figure 1.2. lllustration indicating relative dimensions within a PANa-PAM hydrogel from the
macroscale to the atomic scale.

1.3.1 Macroscale properties

In all hydrogel experiments, it remains valuable to collect information regarding

macroscale changes in polymer properties, especially when attempting to develop structure-
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property relationships by which macroscale and molecular-scale interactions can be connected.
The primary macroscale characterization methods used in the studies herein are gravimetric
swelling measurements and mechanical compression tests.

Gravimetric swelling tests are conducted to provide information on the swelling capacity
of a gel in a given environment, as well as to measure the rate at which solution is absorbed or
released by the gel. Highly accurate measurements for water and solute diffusion rates can be
performed using swell tests, although these require the synthesis of uniform microgel spheres. In
the current studies, gravimetric swelling is used primarily to understand the equilibrium properties
of hydrogels exposed to different types and concentrations of solutes and how long it takes to reach
that equilibrium state. This method will be described in further detail in Chapter 2.

Mechanical compression tests are conducted in Chapter 4 of this work using a Texture
Analyzer. This device is essentially a scaled-down version of the Instron-type mechanical testers
commonly used on harder materials and larger samples. It is optimized for use in soft materials
and adhesives, allowing measurements down to millinewton and micrometer levels of precision.
The texture analyzer can be used for tensile, compression, three-point-bending, and shear
measurements. While only compression measurements were performed in the studies presented
here, three-point-bending or tensile measurements of these gels are proposed in Chapters 5 and 6

as valuable methods for rounding out the investigations described in Chapter 5.

1.3.2 Scattering

X-ray and neutron scattering provide spatially-averaged measurements at the nanoscale in
order to understand the distribution of species and conformation of polymer chains within a
swollen hydrogel network. Both methods can be optimized to do no damage to samples, although

it is possible to “burn” polymeric materials in these methods if exposed to the high-energy beam
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for extended lengths of time. Although analysis must be conducted under vacuum, samples can be
encapsulated in low-scattering glass capillaries or sandwiched between polyethylene or polyimide
films in order to protect them from the vacuum chamber environment. Small-angle x-ray scattering
has been particularly valuable to the study described in Chapter 2 and is further elaborated upon

there.

1.3.3 Spectroscopy

Multiple types of spectroscopy have been used extensively in the studies presented in this
dissertation. UV-Vis spectrometry, Fourier-transform infrared (FTIR) spectroscopy, and Raman
spectroscopy can all provide valuable information regarding the contents of a hydrogel in a given
environment. UV-Vis spectrometry and FTIR spectroscopy are both absorbance-based, meaning
that the absorption of light at a given wavelength can be correlated to the concentration of various
species and the character of atomic bonds.

UV-Vis allows for precise measurements of solution concentration of any photochromic
material. In this case, it is employed in Chapter 5 to indirectly measure the amount of copper (1)
ions absorbed by hydrogel samples. In FTIR, each type of chemical bond absorbs a unique
wavelength of infrared light, which makes it useful for characterization of bond arrangements
within a polymer. Unfortunately, FTIR often cannot achieve high resolution at the low
wavenumbers at which metal-polymer coordination bonds absorb, and the absorption band for O-
H bonds in water molecules is significantly stronger than most other bonds that absorb at the same
range of wavelengths. FTIR was therefore explored but not heavily utilized in the experiments
described in Chapter 5.

Instead, Raman spectroscopy quickly became the preferred method due to its superior

resolution at low wavenumbers and the minimal spectral contributions from water bonds. These
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differences are attributable to the measurement of Raman scattering instead of light absorption.
Raman employs a monochromatic light source (i.e., laser), but instead of measuring absorption of
the light at that wavelength, Raman measures scattering off of the various vibration modes present
in interatomic bonds. The shift in wavelength of the scattered light wave can be plotted as a Raman
shift in which the resulting wavenumbers match those reported by FTIR. In addition to scattering
off of the same bond vibrations that absorb infrared light, Raman scattering can occur off of
secondary vibration modes, offering additional information about bond strength and symmetry.

Raman scattering is described in more detail in Chapter 5.

1.4 Dissertation Outline

This dissertation is broken down into 4 main areas of interest related to connecting
molecular-scale interactions with ionically-driven property changes in polyelectrolyte gels.
Together, these investigations offer new insight into these relationships in order to assist
researchers in making informed decisions on hydrogel composition when designing for targeted
ionic environments. Chapter 2 examines PANa-PAM hydrogels and their nanocomposites
containing spherical silica particles. Using swelling and scattering experiments to understand the
spatial distribution of ionic interactions throughout the gel and alterations to polymer conformation
caused by these interactions, we seek to explain the macroscale changes observed with the
introduction of monovalent and divalent counter-ions. Chapter 3 explores the crystallization of
simple salts in PANa-PAM hydrogels in which we gain a clearer understanding of ionic crosslinks
induced by divalent counter-ions, the hysteretic effects of monovalent counter-ions, and the impact
of polymer composition on salt crystallization within the hydrogel mesh. Chapter 4 investigates
the swelling and mechanical performance of high and low ionic-content PANa-PAM gels in the

presence of alkali, alkaline earth, and transition metal counter-ions. Explanations are formulated
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regarding the molecular-scale interactions that produce different hydrogel properties depending
upon the character of the multivalent counter-ions present in the gel. Chapter 5 presents an in-
depth study of copper (1) ion uptake in PANa-PAM hydrogels and the specific changes induced
in each interatomic bond present in the polymer network by strong counter-ion chelation. This
study also takes these changes in bond vibrations a step further in order to use a transition metal
cation as a signaling molecule for determining the content and character of other counter-ions
previously present in the network. Chapter 6 summarizes the conclusions and structure-property
relationships determined from the research presented in Chapters 2 through 5, the implications of
these conclusions for the design of novel superabsorbent materials and the up-cycling of used

superabsorbents, and suggestions regarding future studies on these topics.
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2. INVESTIGATION OF NANO-SCALE BEHAVIOR OF HYDROGEL
NANOCOMPOSITES IN IONIC MEDIA

2.1 Introduction to Hydrogel Nanocomposites

In the interest of improving hydrogel performance, many researchers have turned to
nanocomposite hydrogel systems.!® The incorporation of a particulate system may offer
improvements to a wide range of performance properties,>® but doing so may also induce
secondary reactions within the gel, particularly with environmental changes (e.g., changes in pH
that alter the ionization of charged functionalities in the gel).*° This can offer beneficial handles
for tuning properties and chemical reactions, but in doing so, it further complicates the phenomena
that must be understood for efficient application of these materials.

The incorporation of any additional species into a polymer network introduces changes to
the arrangement of polymer chains within the gel and alters overall interactions between the
network and its environment. A significant knowledge gap in the current literature regarding
hydrogels and hydrogel nanocomposites is an understanding of the distribution of various species
and weaker, noncovalent bonds within these systems. This study therefore seeks to push beyond
conventional characterization methods (i.e., gravimetric swelling, electron microscopy of dry
materials) to elucidate interactions within hydrogels and hydrogel nanocomposites across multiple
length-scales and connect newly determined nanoscale interactions to the more widely-
investigated macroscale performance of such materials.

In this study, a hydrogel composed of a poly(sodium acrylate-co-acrylamide) (PANa-PAM)
network, with and without spherical silica (SiO2) nanoparticles incorporated into the network, is
investigated at various degrees of swelling in deionized water, monovalent salt solutions, and

divalent salt solutions.
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2.2 Background and Previous Analysis Approaches

2.2.1 Hydrogel-silica nanocomposites

Nanosilica has recently garnered extensive interest as an inorganic filler for hydrogel
composites.*1° Silica is appealing to developers in many fields due to its chemical stability,**
biocompatibility,”1° ease of functionalization,”°!? and size-selective synthesis routes.”* Silica has
been broadly recognized to produce additional crosslink-like effects within the polymer network,
which improves mechanical® and thermal stability®® but decreases overall hydrogel swelling
capacity.>’ Authors attribute these effects to physical crosslinks,”® but little work has been
performed to investigate the molecular-scale interactions that produce these crosslinks.

The incorporation of silica nanoparticles in an ionic hydrogel matrix contributes an
additional layer of complexity to our understanding of hydrogel behavior in ionic media due to the
surface charge of bare silica. Although the magnitude of charge may vary, the effective charge of
silica nanoparticles is generally negative due to hydroxyl groups that appear on the particle surface.
This charge is expected to induce electrostatic repulsion between nanoparticles and anionic
polymer functionalities such as sodium acrylate. Literature has reported good dispersion of bare
nanosilica within such matrices,>’ but the causes of this behavior have not been thoroughly
established.

PANa-PAM-SiO> composites have been heavily investigated as an additive in internally-
cured high performance concrete.*>* Several compositions have been studied in attempts to
optimize the controlled release of pore solution during curing and the formation of calcium-
silicate-hydrate (CSH) in the voids left behind by gel particles. Krafcik, et al. determined that a
balance must be struck between the increased swelling capacity provided by the PANa

functionalities, the faster de-swelling that occurs in high-PANa hydrogels in cement pore solution,
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and the reduction in maximum swelling capacity produced by the addition of nanoparticles. In
terms of nanoparticle-hydrogel interactions, the results of this study were taken as support for a
proposed preferential association between SiO2 and PAM and the possibility of rapid complexation
of the negatively charged silica particles with cations in the pore solution.®> This and preceding
studies**>1® made significant strides in understanding the macroscale effects of ionic fraction,
silica content, and ionic solution and provided an excellent foundation on which to build a better

understanding of the nanoscale interactions that remain convoluted.

2.2.2 Conventional hydrogel characterization methods

In order to fully understand these nanoscale interactions, the bonding between each
participating component (i.e., nanoparticle, PANa functional group, PAM functional group, water,
and free ion in solution) must be differentiated, as well as the spatial arrangement of these
components within the larger gel network resolved. Some of the traditional macroscopic,
microstructural, chemical, and thermal characterization methods employed in the study of
hydrogel nanocomposites are outlined here with an emphasis on the benefits and shortcomings of
each technique. Following this outline, we introduce less common analysis techniques that may be

employed to advance our understanding of nanoscale phenomena in hydrogel composites.

Swelling ratio

The most straightforward and widely-employed method for characterizing hydrogels is

through the swelling ratio (Q) defined by

Q — Mswollen—Mdry (21)

Mdry
where msworien refers to the mass of the swollen hydrogel and mqry refers to the mass of the dry

hydrogel prior to swelling. This is most often obtained by the gravimetric (“tea bag”) method.’
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This method provides a facile means for comparing swelling behavior between hydrogel
compositions or environments. However, these measurements are highly susceptible to
inaccuracies arising during the measurement procedure (e.g., the amount of excess water removed
before weighing the wet bag and sample) and are most likely to overestimate the material’s true
swelling capacity.” This method is efficient for evaluation of bulk swelling and relative changes
in swelling performance, but it does not clarify any specific interactions within the material. For
example, the amount of bound versus unbound water within the hydrogel provides significantly
more insight into interactions between water molecules and polymer chains, but these values can
only be determined accurately through more complex nanoscale probing such as positron

annihilation lifetime spectroscopy (PALS).81°

Electron microscopy

Electron microscopy provides valuable tools for investigating the microstructure and phase
distribution within hydrogels.” While these imaging techniques are useful in visualizing hydrogel
structure, none of these techniques can be performed on the hydrogel in its swollen state. The
polymer can be freeze-dried in order to preserve the expanded structure of the swollen gel, but
even rapid removal of water from the hydrogel allows for possible alteration of the network
structure and composition from its swollen state. Specifically, both freeze-drying and imaging
under vacuum pose the threat of removing or displacing unbound or weakly-bound counter-ions
within the hydrogel matrix, thereby undermining any attempt to characterize the interaction of

aqueous ionic species with the components of the hydrogel.
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Bond characterization

Traditional spectroscopy methods, such as ultraviolet-visible light (UV-Vis) spectrometry
and infrared (FTIR) spectroscopy, are often employed to characterize the chemical composition of
hydrogel materials. These techniques allow one to confirm the presence of a desired molecular
species, determine relative amounts of a species present in different samples, and possibly even
gain insight into noncovalent bonds formed between the functionalities within the nanocomposite.
Combining such analysis with a thermal characterization technique such as thermogravimetric
analysis (TGA) can more completely assess bonds present in the material. In TGA, strong chemical
bonds or their absence can be discerned as bonds are broken and organic species are degraded with
increasing temperature.” Despite the additional valuable insight these analysis techniques offer,
these methods are still poorly suited for investigating hydrogels in their swollen state and therefore
cannot be used to fully understand the molecular interactions between hydrogel and environment

that are of interest to the current investigation.

2.2.3 Specialized characterization techniques

As noted above, this study aims to employ some less common, more specialized
characterization techniques to address the challenges encountered with more traditional
characterization methods. The experiments described in the Methods section below focus on only
a few of the techniques needed in order to fully elucidate the distribution of species and
noncovalent bonds within this hydrogel material, but we will introduce additional techniques here
that would offer valuable contributions in future studies to complete our understanding of the

system.
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Small-angle scattering

Small-angle scattering of neutrons and x-rays offers an immense amount of information
regarding the arrangement of ions, polymer chains, and particles within the hydrogel network. All
information gathered through these experiments is spatially averaged across a sample, and thus
these techniques alone are not enough to fully describe the system. Nonetheless, the combination
of neutron and x-ray scattering has been successfully applied to hydrogel systems?®-2 and may
offer significant insight into the distribution of species.

The two energetic particle sources provide different but complimentary information due to
their scattering mechanisms. Small-angle neutron scattering (SANS) measures the scattering of
accelerated neutrons from collisions with atomic nuclei and magnetic dipole interactions with
unpaired electrons. As such, this technique exhibits higher sensitivity to lighter elements when
compared to small-angle x-ray scattering (SAXS), which measures the scattering of an x-ray beam
off of electron clouds.

SANS is particularly valuable for probing organic materials in solution, since the signal
interference by solvent molecules, which is significant in SAXS, can be mitigated through the use
of deuterated solvents. Because of the different interaction mechanism (i.e., scattering off of nuclei
versus electron clouds), a deuterium atom is “seen” as identical to a hydrogen atom in SAXS but
as twice the size of a hydrogen atom in SANS. As previously mentioned, neutrons are most
sensitive to light atoms, and so without delving into the physics of neutron scattering, it can be
understood that neutron scattering off of a deuterium atom will be significantly less than off of a
hydrogen atom.?* Therefore, using a deuterated solvent allows one to achieve high contrast
between organic materials possessing many hydrogens (e.g., the saturated carbon-carbon backbone

of many organic polymers) and the solvent (water) molecules with which it is hydrated.
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As a complement to SANS, SAXS is incapable of the same resolution at the level of
individual atoms but provides better resolution of supramolecular assembles.?* X-ray scattering
can probe multiple length scales in a single experiment while allowing for fast data collection
using small amounts of sample. SAXS can provide information regarding persistence and
correlation lengths, distances between features, dimensions of electron-dense features, and
distributions of stronger-scattering molecules such as silica and metal cations within the organic
network.

While the combination of SANS and SAXS is ideal for robust characterization of these
materials, neutron sources are expensive to maintain and difficult to access, while x-ray scattering
can be performed at the benchtop scale. Therefore, only SAXS experiments were achievable in the

current study.

Atomic force microscopy

In literature, atomic force microscopy (AFM) has often been employed to study the surface
roughness and nanoparticle distribution within hydrogels in the dry state.®?>% This said, AFM
itself is not an uncommon characterization technique. However, traditional AFM does not allow
for the phase analysis of water-containing hydrogels, due to the strong attractive forces that water’s
high surface tension exert on the AFM probe tip. Even in thoroughly dried samples, capillary
forces from trace amounts of water have been reported to obscure data.?” Mechanical analysis on
swollen gels is achievable?”?8 but is not highly valuable to the current study.

This work therefore proposes the application of AFM within an aqueous environment for
the investigation of hydrogel nanocomposites. Significant advances have been made in recent
years regarding AFM measurements obtained by fully submerging the probe tip in the fluid

environment surrounding the sample. Specifically, the Raman group at Purdue University has
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published extensively on cutting-edge developments in multiple modes of AFM imaging for
probing biological structures under natural aqueous conditions.?®32 Additionally, other research
groups at Purdue University have conducted force measurements in aqueous environments®*3* and
high relative humidity environments,®

From this literature, imaging of swollen hydrogels using AFM has been assessed as
experimentally feasible and highly valuable for spatially discrete measurements of nanoparticle
and noncovalent bond distribution. Unfortunately a collaboration with a research group which

specializes in such experiments was not achievable during the available time frame of this study.

Isothermal titration calorimetry

In conjunction with determining the spatial arrangement of counter-ions and nanoparticles
within the PANa-PAM-SiO, matrix, it is important to understand the extent of attraction between
free ions and various components of the hydrogel nanocomposite. In literature, it has been found
that certain multivalent cations form “stronger” but reversible bonds with anionic groups in a
hydrogel network,* which has raised the question of whether counter-ions form true ionic bonds
in the network or simply form a cloud of opposite charge around the fixed charges. The answer to
this could be resolved through the use of thermodynamic measurements such as isothermal titration
calorimetry (ITC).

In a previous study, Eichenbaum determined that the Gibbs free energy associated with ion
binding in the hydrogel system that he was investigating indicated that the counter-ions associated
with the hydrogels remained partially hydrated, suggesting what he termed “weak field” binding
sites.3” In the current PANa-PAM-SiO- system, ITC could be similarly employed in order to
decouple the binding energies of counter-ions to each component of the network. The difference

in binding energy for the same counter-ion to acrylate, acrylamide, and silica pendant groups could
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provide a quantitative measure of the distribution of counter-ions between the network components,
which would provide additional insight into the spatial arrangement of counter-ions and polymer
within the PANa-PAM-SiO, network. However, in order to perform such measurements, the
hydrogel material must be suspended in solution and exhibit rapid transport of water and ions. This
is typically achieved through the use of microgels produced through suspension polymerization,’
and the bulk hydrogels used in the current study could not be ground to a particle size small and
uniform enough to be used in ITC experiments.

As mentioned previously, several of the techniques discussed in the section above have
been proposed and investigated as potential methods by which to fully characterize the PANa-
PAM-SiO> hydrogel system, but not all of these techniques were pursued in the final study

presented below.

2.3 Experimental Methods

2.3.1 Materials

Ammonia solution, ethanol (anhydrous), tetraethyl orthosilicate (TEOS), N,N'-
methylenebisacrylamide (MBAM), sodium metabisulfite (Na2S20s), sodium persulfate (Na2S20s),
acrylamide (AM), sodium hydroxide (NaOH), sodium chloride (NaCl), and calcium chloride
(CaCl,) were all obtained from Sigma-Aldrich (St. Louis, MO) and used as received. Acrylic acid
(anhydrous, 200 ppm MEHQ inhibitor) (AA) from Sigma-Aldrich was filtered through a pre-
packed column (Sigma-Aldrich) to remove MEHQ inhibitor prior to polymerization. Deionized
(DI) water (18.1-18.3 MQ cm™) was purified in-house using a Barnstead Nanopure system

(Dubuque, 1A).
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Gravimetric swelling tests were conducted using T-Sac Size 3 tea filter bags. All swelling
solutions were prepared using DI water. Dynamic light scattering measurements were obtained
using a Malvern Zetasizer Nano ZS (Westborough, MA). Small-angle x-ray scattering

measurements were obtained using an Anton Paar SAXSpoint 2.0 (Graz, Austria).

2.3.2 Synthesis

Nanoparticle synthesis

Monodisperse silica nanoparticles were synthesized using the method established by
Stober, et al.'* Ammonia (12.5 mL) and ethanol (250 mL) were combined in a 500 mL
roundbottom flask with a stir bar, sealed with a rubber septum, and stirred at room temperature for
10 minutes. TEOS (20 mL) was added to the reaction vessel, and the reaction was allowed to stir
at room temperature for 4.5 hours.

After synthesis, the particles were purified by the following method. The solution was
divided into 50 mL centrifuge tubes (Fisher Scientific, Waltham, MA) and centrifuged at 6000
rpm for 30 minutes or until the supernatant appeared clear. The supernatant was decanted off into
a waste container. Each tube was refilled with ethanol and sonicated to re-disperse nanoparticles.
The solutions were then centrifuged again at 6000 rpm to separate the nanoparticles to the bottom
of the tubes. This rinsing process was repeated three times. After decanting the supernatant the
final time, the particles were collected and transferred to a scintillation vial and dried under vacuum

at 60°C overnight. Dried particles were stored in a dessicator.
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Hydrogel synthesis

Poly(sodium acrylate-co-acrylamide) (PANa-PAM) and poly(sodium acrylate-co-
acrylamide) with silica nanoparticles (PANa-PAM-SiO,) hydrogels were synthesized using a
modified procedure adapted from Krafcik, et al.> Sodium hydroxide (NaOH) solution of 9.8 M
was prepared ahead of time and stored. Stock solutions were prepared of MBAM (15 mg/mL),
Na2S20s (30 mg/mL), and NazS20s (30 mg/mL). The amounts of each reagent used in these
syntheses are provided in Table 2.1. Syntheses were carried out in 50 mL centrifuge tubes (Fisher
Scientific). After mixing, all samples were placed in an oven at 60 °C overnight to drive reaction
to completion. Centrifuge tubes were cut open to remove products. Each product was broken into
pieces and rinsed in DI water for 5 days, changing the rinse water daily. Excess water was decanted
off of the samples, and the samples were allowed to air-dry in a fume hood for one week.
Remaining trace water was then removed by placing samples in a vacuum oven at room
temperature overnight.

Hydrogel nanocomposites were synthesized and rinsed in a similar manner. An ultrasonic
horn (Sigma-Aldrich) was employed to disperse nanoparticles in the DI water used for the reaction
prior to the addition of other reagents. Visible cloudiness of the solution and uniform swelling of
the subsequent gel confirms that good distribution of the nanoparticles was maintained throughout

the synthesis process.

Table 2.1. Reagent amounts for hydrogel and hydrogel nanocomposite syntheses.

Hydrogel DI AA | AM | 9.8 M | MBAM | Na;S;0s | Na:S;0s SiO;

Composition Water | (mL) | (g) | NaOH | solution | solution | solution | nanoparticles
(mL) (mb) | (mL) (mL) (mL) ()

17% ANa/83% AM | 18.6 15 7.5 2.4 12 15 15 0

17% ANa/83% AM | 18.6 15 7.5 2.4 12 15 15 0.765

8.5% SiO;
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2.3.3 Characterization

Nanoparticle size distribution

Dried SiO2 nanoparticles were dispersed in DI water for size measurements.
Concentrations of 1, 2, and 5% SiO. by weight were prepared by sonication using an ultrasonic
horn and filtered into a 1 cm polystyrene cuvette (Sigma-Aldrich) through a 0.45 um PTFE syringe
filter (Sigma-Aldrich). All light scattering measurements were conducted at 23 °C using an input
laser wavelength of A = 633 nm and non-invasive backscatter (NIBS) collection at a scattering
angle of 8 = 173°. Data was obtained as an average of 14 collection frames. DLS measurements

indicated the nanoparticles were 80.7 + 9.4 nm in diameter.

Hydrogel swelling capacity

Dry hydrogel pieces were ground to a fine powder as in previous studies,'® and gravimetric
swell tests were conducted using the “tea bag” method.” Equilibrium swelling capacities were
obtained by allowing hydrogel-filled tea bags to soak in each solution for at least 12 hours. Each
experiment was performed in triplicate. Swell tests were conducted in DI water, 0.01-1 M NaCl,
and 0.01-1 M CaCly. The pH of the CaCl; solutions was adjusted using 0.1 M HCI until a pH of 7

was obtained as determined using pH test strips (Fisher Scientific).

Nanocomposite analysis

Small-angle x-ray scattering measurements

SAXS samples were prepared using a 10 x 10 mm solids sample holder (Anton Paar). One-
mil (0.0254 mm) thick polyimide tape (Kapton) was placed on one side of each holder cell, a small

amount of swollen polymer was scooped into the cell, and a second layer of polyimide tape was

41



placed on the opposite side of the cell in order to sandwich the gel and seal the cell against vacuum.
It was determined that the Kapton tape seal could only withstand vacuum for 30-60 minutes before
samples began losing water, and so experiments were monitored between frame collections using
the viewing window on the SAXS chamber. The sample holder was mounted on a VarioStage
(Anton Paar) assembly for all scattering experiments. All samples were analyzed under vacuum
using a copper Ka (A = 1.54 A) x-ray source and hybrid photon-counting (HPC) detector. Scattering
measurements were collected at a scattering distance of 576 mm. For each data set, three frames
of 600 seconds each were collected and averaged. Scattering data was reduced to 1-D plots using
SAXSAnalysis 17.0 (Anton Paar) software. A standard operating procedure for SAXSAnalysis

data reduction is provided in Appendix B.

Scattering data model-fitting

Mathematical models were fitted to the 1-D scattering curves in order to deconvolute
scattering contributions from different features of the hydrogel network. This model-fitting was
performed in the SAS data analysis software Igor Pro using Nika and Irena plug-in packages
designed for SAXS data reduction and modeling.%° In order to obtain numerical data, bounds
were set for the scattering curve to omit scattering from the beamstop at low g and in the noise
region at high g, where q is the scattering vector. Relationships between the scattering vector,
scattering angle, and feature size are detailed in Appendix A. The scattering function was fitted to
models of spherical particles, and each curve required 3 to 4 populations in order to obtain a good
fit. A form factor of “spheroid” and structure factor of “hard spheres” was used for each population.
Populations were fit individually before turning on all 3 or 4 models to fit the full curve. Bounds
were set manually for each variable based on a priori knowledge of the polymer system (e.g.,

theoretical length-scales based on macroscale experimental observations), and at least one variable
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(i.e., scale, minimum size, mean size, or standard deviation) was fixed. The Igor algorithm could
then be run until the model converged, and each variable could be adjusted and fixed or released

before running the algorithm again in order to optimize the fit.

2.4 Results and Discussion

2.4.1 Effects of silica and counter-ions on swelling capacity

Gravimetric swelling tests remain a valuable part of any hydrogel characterization study.
These data offer insight at the macroscale into how the hydrogel network is impacted by the
addition of nanoparticles and counter-ions in the absorbed solution, and these insights can be
combined with nanoscale characterization experiments such as SAXS to draw conclusions
regarding changes in network conformation and noncovalent interactions. Equilibrium swelling

ratios (Qequit) for the two compositions investigated in this study are presented in Table 2.2.

Table 2.2. Equilibrium swelling ratio (Qequit) Of hydrogels and hydrogel nanocomposites in DI
water and saline solutions.

Swellina Solution Dl 0.01 M 0.1M 1M 0.01 M 0.1M 1M

g water NaCl NaCl NaCl CaCl; CaCl; CaCl;
Neat Hydrogel, Qequil 73.7 29.2 28.0 21.4 -- 14.8 15.1
Reduction from 0 0 0 0 0
Swelling in DI Water 60.4% 62.0% 71.0% -- 79.9% 79.5%
Nanocomposite, Qequil 63.3 46.7 25.1 18.7 18.7 16.7 19.5
Reduction from 262% | 60.3% | 705% | 705% | 73.6% | 69.2%
Swelling in DI Water

Several conclusions can be drawn from the table above. First, the incorporation of silica
restricts the swelling capacity of the PANa-PAM hydrogel network. This is expected, as the
incorporation of nanoparticles introduces additional crosslinks to the network.2®> More interesting
is the reduction in Qequil iInduced with exposure to saline solutions. In both neat hydrogel and

nanocomposite, the reduction caused by divalent salt is comparable at all concentrations,
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suggesting that the ionic functionalities within the gel are fully occupied by calcium ions. The
theoretical fixed charge concentration of the hydrogel can be calculated using an approach
developed by Peppas, et al.*° (see Appendix A) and is determined to be C = 0.0096 M. This is less
than 50% of the positive charge concentration of the lowest concentration of CaCl> solution (i.e.,
C =0.02 M) and supports the theory above. However, the same behavior is not observed in NaCl
solutions. A possible explanation of this disparity is given below.

In DI water, hydrogel swelling is limited by the finite extensibility of the polymer chains
themselves. In saline solutions, the chemical potential (u), which is dependent on the distribution
of ions, inside and outside the polymer matrix must be equivalent at equilibrium swelling.
Therefore at solution concentrations higher than the concentration of fixed charges in the gel,
additional ions must be present inside the gel as free ions in order to balance osmotic pressure. It
is anticipated that the as-synthesized hydrogel retains Na* ions as the counter-ion to each acrylic
acid functionality in the polymer network upon drying. In this case, when a Ca?* ion displaces two
Na* ions, the displaced ions may remain within the free solution contained in the hydrogel in order
to maintain the osmotic pressure and chemical potential balance. Meanwhile, the Ca2* ions form
new ion-bridge crosslinks in the gel, collapsing the gel to a pseudo-equilibrium collapsed state at
the point that all fixed charges are linked by Ca?" ions. In the case of monovalent salt solution,
however, no additional crosslinks are formed to establish a collapsed state at lower concentrations.
As more Na* ions are forced into the gel by the osmotic pressure gradient, these ions successively
screen more of the electrostatic repulsion between polymer chains, allowing further decreases in
swelling as the concentration continues to increase above the concentration of fixed charges in the

network.
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At all salt concentrations, the reduction in Qequil in the nanocomposite is less pronounced
than in the neat hydrogel. As previously proposed,® this behavior suggests that counter-ions
complex first with the silica nanoparticles. From the continued decrease in Qequit With increasing
NaCl concentration, it is likely that beyond a threshold concentration (e.g., the point at which the
silica nanoparticles are saturated by counter-ions), counter-ions do then organize around polymer

chains to further reduce electrostatic repulsion.

2.4.2 Size and distribution of network components

SAXS measurements show features of these hydrogels not observable by macroscale
characterization methods. Because the hydrogels are amorphous, scattering data does not offer
neat crystalline reflection patterns but instead presents a curve, as shown in Figure 2.1, containing
overlapping contributions from features of different dimensions. Model-fitting is thus required to
obtain all the information these data have to offer. Figure 2.1a presents scattering curves for neat
PANa-PAM hydrogel in DI water at different swelling ratios (Q). One would expect that as Q
increases, the polymer chains in the network are stretched, decreasing the curvature of the chain
and increasing the persistence length (lp), which can be defined as the distance over which the
bond vectors are locally correlated*! and is often considered a measure of chain stiffness. However,
only a minimal change in I, is observed in the SAXS experiments conducted in this study,
regardless of swelling ratio or salt concentration. (Figure 2.1) Upon further investigation, these
values agree well with the I, values reported in literature for similar polymer structures.*?#® The
lack of change in I, has been attributed to steric hindrance between chain side groups and excluded
volume effects which essentially fix the local conformation of the polymer chain when hydrated.*?
It is believed, however, that this only holds for low swelling values at which the chains remain

highly coiled and do not approach the finite extensibility limit of the polymer segments. This
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phenomenon may also be a product of long and uneven chains in the hydrogel that likely resulted
from an erroneously low initiator concentration in the synthesis of the gels used in this study. As

such, this trend may be observed to change in correctly-synthesized gels.
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Figure 2.1. Scattering curves of neat PANa-PAM hydrogels in DI water at multiple swelling
ratios (a) and compared saline solutions at an intermediate swelling ratio of Q = 20 (b).

In order to gain any more information at the length-scale of the polymer persistence length,
additional nanoscale characterization such as PALS is likely necessary. However, further
information can be gleaned from the lower g-range in Figure 2.1b. Here, a shift to lower g-values
can be observed when moving from DI water to NaCl solution to CaCl, solution at the same
swelling ratio (Q ~ 20). The feature sizes for all three swelling ratios (Q = 10, 20, 50) in DI water
and two concentrations of each salt solution are plotted in Figure 2.2. It can be seen that the feature
size at this length-scale, from here on referred to as the “aggregate size,” remains practically
constant for swelling in DI water and both concentrations of NaCl at all values of Q. In CaCl»
solution, a very different trend can be observed. With increasing CaCl; solution concentration, we
see a corresponding increase in aggregate size. This increase becomes even more significant at

higher swelling ratios.
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Figure 2.2. Aggregate size, as determined by model-fitting of SAXS curves. Plots indicate
feature sizes for NaCl- and CaCl.-swollen hydrogels at Q = 10 (a), Q = 20 (b), and Q =50 (c).

From these data, we can see that divalent ions are not at all uniformly dispersed throughout
the gel like monovalent ions but instead form regions of high electron density within the polymer
network. Because of the scattering mechanism of x-rays, we are unable to fully elucidate the
composition of these aggregates, which is where the complementary technique of SANS would be
extremely valuable. From SAXS alone, we can only theorize as to the true nature of these
aggregates. It is our belief to-date that these aggregates are composed of more densely-packed
regions of polymer chains forced together by ionic crosslinking. It is feasible that these aggregates
also contain salt ions, both positive and negative, due to the collapse of the polymer network by
ionic crosslinking, which subsequently forces water out of the hydrogel mesh and entraps ion pairs
attracted to both fixed and free charges around the polymer chains. As is evidenced by the lack of
crystalline reflection, these ion aggregates are not closely-packed enough to form a crystalline
matrix in the current samples. However, the likelihood of ion aggregates raises questions regarding
the possibility of gel-driven crystallization that will be discussed further in Chapter 3.

These data have also raised additional questions regarding what information could be
gleaned from SAXS experiments. It has been determined in many previous investigations that the
reactivity rates of acrylamide and sodium acrylate monomers depend strongly upon the solution

conditions under which they are polymerized.***® Specifically relevant to this investigation is the
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effect of pH on these reactivity rates.*’ In the currently-employed synthetic procedure, acrylic acid
monomer is neutralized to form sodium acrylate by the addition of sodium hydroxide at a
stoichiometric ratio of around 1.8 NaOH:AA. As such, the pH of the reaction solution is estimated
to be in the range of pH = 8-11, depending upon the ionic fraction of the targeted polymer product.
At basic pH, the polymerization rate of acrylamide monomer is significantly higher than that of
sodium acrylate, meaning that acrylamide monomers will preferentially be added to polymer
chains first. The result of this disparity in reaction rates is that random radically-polymerized
copolymers likely possess acrylamide-rich regions and sodium acrylate-rich regions. Researchers
have thus far struggled to characterize the distribution of these regions, but the current results
suggest SAXS of these copolymers under ionic conditions may offer a path forward. It is
hypothesized that the calcium-induced clusters observed in the current experiments represent ionic
crosslinks within sodium acrylate-rich regions, which, upon further investigation, could provide
information regarding the distribution of sodium acrylate functionalities within this polymer
system.

Finally, we briefly discuss the scattering results of hydrogel nanocomposites. As seen in
Figure 2.3, these scattering curves exhibited multiple reflections, which indicates the distribution
of a highly uniformly-sized component. When the SiO; particle size (d = 80.7 nm), as determined
by DLS, is considered, the primary reflection of the nanoparticles is expected to appear around q
=0.008 A, As such, the peaks observed in Figure 2.3 are expected to be secondary reflections of
the scattering off of these nanoparticles, with the primary reflection being blocked by the beamstop
at the current sample-to-detector distance. Unfortunately, the dominance of these secondary

reflections distorts any scattering produced by the polymer network or ion aggregates, and no
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further information can therefore be extracted regarding changes to aggregate sizes on the order of
10s of nanometers.

Model-fitting can still be used to determine the I, of these systems from the curves at high
g-values, and the persistence length of the polymer chains remains consistent with values obtained
in neat hydrogel samples. This suggests that, during polymerization, the polymer chains are
constructed around the particles with no strong particle-polymer interactions. If there were a
stronger attraction of the nanoparticles to acrylamide as previously suggested, we could expect to
see a change in persistence length, as the attraction between nanoparticles and polymer
functionalities would restrict hydration of and electrostatic repulsion between the polymer chains.
However, the swelling capacity has been proven to decrease with the addition of nanoparticles
through macroscale experiments, which supports some researchers’ proposals that the
nanoparticles induce only physical restrictions. It may be hypothesized that the overall extension
of the polymer chains is limited due to restricted mobility between distant segments of the network
imposed by the presence of nanoparticles (i.e., physical crosslinks), but once again a
complementary experimental method such as SANS is necessary to support or refute this

hypothesis and fully elucidate the effects of nanoparticles on the hydrogel system.

49



—H,0, Ip=1.2 nm
—— 10 mM NaCl, Ip=1.2 nm
——10mM CaCl,, |, =1.2 nm

Intensity (a.u.)

0.01 0.1
q (A7)

Figure 2.3. Scattering curves of PANa-PAM-SiO. nanocomposites in DI water and salt solutions
at Q = 10.

2.5 Conclusions

This study has striven to lay a thorough groundwork through which researchers will
ultimately be able to fully comprehend the nanoscale structural changes in hydrogel
nanocomposites and the chemical phenomena that produce such changes. A complete
understanding of this system will allow us to tailor hydrogel and composite chemistries to achieve
the desired network structures and specific targeted response to a wide range of external stimuli.

This study has determined that ionic crosslinking in PANa-PAM networks by divalent
counter-ions disrupts the gradual decrease in swelling ratio observed in monovalent saline

solutions. Crosslinks restrict the network at lower solution concentrations and impede additional
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swelling decreases induced by electrostatic shielding of fixed charges. We have also discovered
that ionic crosslinks do not distribute evenly throughout the hydrogel network but rather aggregate
to form highly electron-dense regions within the gel, the dimensions of which increase with
increasing divalent salt concentration. This discovery has raised new questions regarding what
novel information may be obtained from SAXS experiments on this polymer system. Furthermore,
we have determined that, although nanoparticles certainly introduce additional crosslink-like
restrictions to the polymer network, these restrictions are unlikely to have a significant chemical
component. The consistency of the polymer persistence length across all solute types, solute
concentrations, and the presence or absence of nanoparticles, suggests that the polymer chains
themselves retain a similar amount of rotational freedom within short chain segments (i.e., 10s of
monomer units) regardless of non-agueous components.

There is still much to be understood about this hydrogel system through further
experimentation, but the findings presented here will allow us to take a step toward more facile
design of new hydrogel systems and applications and diminish the necessity or scope of trial-and-
error experimentation. One disclaimer to the work presented above is as follows: the amount of
initiator used in these experiments was later determined to be only half that of the initial syntheses
established by Krafcik, et al. As such, the hydrogels used in these experiments likely contained a
higher dispersity in mesh size and a greater amount of unreacted material than assumed in
calculating values such as theoretical mesh size and anticipated chain lengths. In turn, the
numerical values given for swelling capacity and feature size will likely differ from experiments
conducted using the original synthesis method. However, it is believed that this error does not

invalidate the ion-polymer and nanoparticle-polymer interactions elucidated in the report above.
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3. SALT CRYSTALLIZATION AND SWELLING HYSTERESIS IN
POLYELECTROLYTE GELS

3.1 Introduction and Motivation

Chapter 2 discussed investigations of polyelectrolyte gels and silica nanoparticle-
containing composites at the nanoscale. Here we expand upon a hypothesis formed during one of
the experiments in the previous study. Scattering data showed electron-dense aggregates at high
salt concentrations and low swelling ratios that were hypothesized to include salt ions trapped in
the hydrogel mesh. While the data presented in Chapter 2 indicates that these aggregates remained
amorphous, these experiments raised the following questions:

1) Can we induce and control crystallization in neat PANa-PAM hydrogels?
2) How does crystallization in the gel impact subsequent swelling behavior?

Crystallization is an important topic in hydrogel systems, whether it is directed formation
of single crystals'* or the hysteretic effects of unintentional crystallization of solutes in the
network.>® Many researchers have employed hydrogels and organogels (i.e., superabsorbent
networks for organic solvents) for the directed assembly of macromolecular structures.”*” Fewer
have studied the process of unintended crystallization and how this occurrence affects later
hydrogel performance.>®18

Hydrogels have been employed for the directed assembly of a wide range of constructs,
including pure gold nanospheres,® metal oxide and tartrate single crystals,? complex drug
particles,'* polycrystalline salt assemblies for use in synthetic cell scaffolding”%*%'" and as a
control handle for gel properties such as porosity.* The final item listed here is of most interest to
the current study, as controlled salt crystallization could offer an additional handle for tailoring

hydrogel properties.
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Pre-loading gels could also significantly alter subsequent hydrogel responses in other ionic
environments. This possibility makes the effects of unintended crystallization a similar priority.
Recent collaborative efforts have begun seeking ways to recycle or “up-cycle” hydrogel-based
consumer products, many of which are employed in ionic environments, into secondary
applications in fields such as infrastructure. The absorbance performance of such materials is well-
known in their initial application. However, little is known about how ions will behave in these
gels once the materials are disposed of as waste or recycling, allowed to dry, and washed for use
in a secondary application.

In the study described below, we maintain our focus on simple monovalent and multivalent
salts sodium chloride (NaCl) and calcium chloride (CaCl,). Unlike the prevalent use of hydrogels
for the controlled crystallization of more complex ionic compounds, such simple salts have not
been widely investigated in this capacity. Furthermore, these salts are ubiquitous in nature and
absorbed in myriad hydrogel applications. This makes a robust understanding of the crystallization
behavior of these salts in hydrogels critical for a broad range of primary and recycled applications.

This study can be broken into three sequential investigations through which we proceeded
in order to answer the questions outlined above. The first investigation seeks to determine precisely
under what conditions crystallization of these salts occurs in the PANa-PAM hydrogel system.
The second investigation expands into multiple compositions of PANa-PAM hydrogels to explore
whether we can control the size and shape of salt crystals formed in these gels. The third
investigation focuses on hydrogel performance following crystallization of these salts inside the

network.
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3.2 Materials and Methods

3.2.1 Materials

N,N’-methylenebisacrylamide (MBAM), sodium metabisulfite (Na2S20s), sodium
persulfate (Na2S20g), acrylamide (AM), sodium hydroxide (NaOH), sodium chloride (NaCl), and
calcium chloride (CaClz) were all obtained from Sigma-Aldrich (St. Louis, MO) and used as
received. Acrylic acid (anhydrous, 200 ppm MEHQ inhibitor) (AA) from Sigma-Aldrich was
filtered through a pre-packed column (Sigma-Aldrich) to remove MEHQ inhibitor prior to
polymerization. Deionized (DI) water (18.1-18.3 MQ cm™) was purified in-house using a
Barnstead Nanopure system (Dubugue, 1A).

Gravimetric swelling tests were conducted using T-Sac Size 3 tea filter bags. All swelling
solutions were prepared using DI water. Optical microscopy images were collected using an
Olympus BX51 microscope with UIS2 optics, a daylight balancing filter, and a light intensity
preset to maintain uniform specimen lighting. X-ray diffraction experiments were conducted using
a Bruker D-8 Focus XRD with a Cu-Ka source. Scans were collected across a range of 10° <26 <

90°.

3.2.2 Synthesis

Hydrogels were synthesized using the same procedure as described in Chapter 2 of this
dissertation. Gels of a “low” and “high” ionic fraction and a “low” and “high” crosslinker density
were synthesized as outline in Table 3.1. These compositions were chosen as representative
materials for deconvoluting the effects of ionic fraction and crosslinking and were based on

previous work by Krafcik, et al.,*>?° which established these compositions as highly reproducible
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and of interest in concrete applications. As in the previous study, dry hydrogel pieces were ground

to a fine powder before being immersed in swelling solutions.

Table 3.1. Hydrogel compositions and reagent amounts used for synthesis of each composition.

Hydrogel DI AA | AM | 98 M MBAM Na2S20s Na2S20s

Composition Water | (mL) | (g) | NaOH solution solution solution
(mL) (mL) | (15 mg/ml) | (30 mg/ml) | (30 mg/mL)

17% ANa/83% AM 18.6 15 7.5 2.4 12.0 15 15

2% crosslinker

17% ANa/83% AM 9.0 7.5 1.5 12.0 12.0 15 15

0.5% crosslinker

83% ANa/17% AM 27.6 1.5 7.5 2.4 3.0 15 15

2% crosslinker

83% ANa/17% AM 18.0 7.5 15 12.0 3.0 15 15

0.5% crosslinker

3.2.3 X-ray diffraction

Hydrogel particles were swollen to an equilibrium state in DI water, solutions of 100, 200,
and 250 mg/mL NacCl, and solutions of 200, 400, and 600 mg/mL CaCl,. X-ray diffraction (XRD)
patterns were collected on at least 3 samples of gels swollen in each solution. Data was also
collected for pure NaCl, CaCl,, and dried gels swollen in solutions of no salt, 250 mg/mL NaCl,
and 600 mg/mL CaCl.. Samples were prepared by packing gel particles in a flattened layer into a
custom acrylic sample tray designed for insertion into the XRD sample holder. XRD patterns were

processed and analyzed using Match! powder diffraction software.

3.2.4 Optical microscopy

Optical microscopy images were captured of hydrogels as they were dried at a controlled
rate. Drying of the hydrogels at different rates was employed to observe the size and structure of
any salt crystals formed as the concentration of salt ions was increased in the gel through water
evaporation. Each combination of gel composition, solute, and solution concentration was

observed at a variety of temperatures and, in turn, water evaporation rates. Imaging began on gel
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particles at equilibrium swelling, and images were collected every 1 to 10 minutes as the sample
was heated, dependent upon the rate at which water evaporated from the sample being observed.
Hydrogel samples were placed on glass microscope slides and centered on the heating stage of a
Linkam TMS 94 programmable temperature controller. Water evaporation and hydrogel drying
was observed as samples were heated at temperatures ranging from ambient (~23 °C) to 70 °C in

order to monitor the formation of any crystalline structures.

3.2.5 Hysteretic swelling tests

Gravimetric swelling tests were conducted in a manner similar to that described in Chapter
2. However, in the present study swelling was measured at set time points from 0 to 240 minutes
as reported in studies by Krafcik, et al.'*?! in order to discern whether the rate of water uptake was
affected by salt crystallization in addition to the maximum swelling capacity. Timed swell tests
were performed in DI water and 0.1 and 1.0 M NaCl. For samples which are referred to as “fully
rinsed” below, hydrogels were swollen in salt solution, air-dried in a fume hood, and rinsed in DI
water. After each rinsing cycle, the electrical conductivity (EC) of the rinse water was measured.
If the EC was > 5 uS, the polymer was filtered out and placed into fresh rinse water. When the
rinse water EC was measured to be < 5 uS, the sample was considered fully rinsed, as this indicates
that the ion content in the water, as released by the gel, was below that of traditional RO water.
Samples that were fully rinsed were dried completely (i.e., under vacuum) prior to the subsequent

swelling test.
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3.3 Results and Discussion

3.3.1 Investigation 1: Under what conditions does crystallization occur?

In order to determine under what conditions salt crystallization occurs in the PANa-PAM
hydrogels, gels of varied compositions were swollen in DI water and the aforementioned saline
solutions and observed, while at equilibrium swelling, using XRD. Initial investigations began
with using NaCl solutions at a fraction of the solubility limit of the salt (i.e., 20% or 71.4 mg/mL)
to swell gel particles of each composition. Figure 3.1 presents the diffraction patterns from each
composition, alongside the diffraction pattern of pure NaCl with Miller indices assigned to the

diffraction peaks.

Pure NacCl

—— 17% ANa/83% AM/2% crosslinker

— 17% ANa/83% AM/ 0.5% crosslinker
83% ANa/17% AM/2% crosslinker

— 83% ANa/17% AM/0.5% crosslinker

—
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Figure 3.1. XRD patterns for each composition of PANa-PAM hydrogel swollen in 71.4 mg/mL

NaCl solution. Pure NaCl diffraction pattern is provided for reference, and visible diffraction
peaks are marked with arrows for clarity.
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The broad humps produced by the polymer network dominate the diffraction pattern.
However, peaks from the [200] plane of the NaCl cubic lattice can be observed in the two samples
containing low crosslink density (0.5% crosslinker), peaks from the [220] plane can be seen in the
samples containing only 17% ANa, and a slight peak attributable to the [222] plane can be
discerned in the low ANa, high crosslinker (17% ANa/83% AM/2% crosslinker) and high ANa,
low crosslinker (83% ANa/17% AM/0.5% crosslinker) samples. The location of these peaks and
the absence of peak-broadening show that the crystal lattice formed remains unstrained within the
polymer network. As these peak signals are weak, however, it was determined that high
concentrations of NaCl in the network are necessary to form crystals observable under optical
magnification. As the 83% ANa/17% AM/2% crosslinker sample exhibited no crystal diffraction,
this sample was omitted from later studies.

The next set of samples investigated contained increasing concentrations of NaCl in a
single polymer composition, 17% ANa/83% AM/2% crosslinker, to determine a reasonable salt
concentration at which to better evaluate the effects of composition on crystallization. Figure 3.2
presents diffraction patterns for low ANa, high crosslinker hydrogels in DI water, in 100-250
mg/mL NaCl solution and air-dried from the 250 mg/mL NaCl solution. The diffraction pattern

for NaCl remains shadowed behind the data for reference.
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—— DI water
—— 100 mg/mL NacCl
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250 mg/mL NaCl
— Air-dried from 250 mg/mL NaCl
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Figure 3.2. XRD patterns for 17% ANa/83% AM/2% crosslinker gels swollen in varying
concentrations of NaCl. Pure NaCl diffraction pattern provided in shadow for reference.

The first change to note is that the broad peaks from the polymer network shift to a higher
diffraction angle (206) with the addition of salt. This is unsurprising, as this diffraction peak is
representative of the center-to-center distance of some feature of the network, and a shift to higher
20 indicates a decrease in that center-to-center distance (i.e., contraction of the network due to
electrostatic screening). However, the center-to-center distance observed in these data is on the
order of 3 A, which is only the length of a few atomic bonds. This is a significantly smaller length-
scale than that of any ordered structure observed in the polymer network through previous

characterization methods. As such, it is unclear at this stage what feature of the network these data
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represent. It can also be noted that no further shift in peak value for the polymer occurs with
additional increases in salt concentration. This can be understood considering that the lowest
concentration used in these studies is above 1 M NaCl, which is drastically greater than the charge
concentration within the pure gel when swollen. Therefore, even at the lowest concentration of
counter-ions used here, the charges on the polymer chains are screened to the greatest extent
achievable.

Regarding salt crystallization, the onset of crystallization was found to be between 100 and
200 mg/mL of NaCl in this system. However, strong diffraction signals were not visible for planes
other than the [200] plane until the hydrogel was nearly dried. Initially this was thought to still be
a measure of crystallization within the gel. In reality, the strong diffraction peaks representative of
all planes in the crystalline unit cell of NaCl is most likely due to the formation of pure NaCl
crystals on the surface of the hydrogel, suggesting that even with significant crystallization within
the polymer matrix, the only strong signal observable in XRD is the [200] plane. This can be
understood in terms of polymer occlusions. The anticipated mesh size of these polymer networks
is on the order of 10 nm. As salt crystals grow, they will not typically break polymer chains to do
so, but instead will grow around the polymer.1%!* This occlusion results in defects in the crystal
structure in the regions occupied by polymer, causing a significant reduction in the alignment of
salt crystals and the subsequent diffraction of x-rays off of those crystalline planes.

In light of this conclusion, XRD studies of salt crystallization in PANa-PAM gels will
likely never yield multiple strong diffraction peaks. However, the diffraction of x-rays off of the
[200] plane of NaCl crystals is exponentially stronger than the diffraction off of other planes, and
the signal from this plane can be used to understand at least a relative relationship between polymer

composition and crystallization ability. The next investigation was therefore aimed at comparing
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polymer compositions in the same concentration of NaCl. A concentration of 250 mg/mL was
chosen in order to increase the likelihood of crystallization without approaching the solubility limit
of NaCl and inducing crystallization on the surface of the gel. As mentioned previously, the 83%

ANa/17% AM/2% crosslinker hydrogel composition was omitted from later studies.

@ —— 17% ANa/83% AM/2% crosslinker @ ——CaCl,
—— 17% ANa/83% AM/0.5% crosslinker —— 17% ANa/83% AM/2% crosslinker
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Figure 3.3. XRD patterns for hydrogels in solutions of 250 mg/mL NaCl (a) and 600 mg/mL
CaCl; (b).

Figure 3.3a shows diffraction patterns for the remaining 3 compositions swollen in 250
mg/mL NaCl. These data exhibit minimal crystallization in the 17% ANa/83% AM/0.5%
crosslinker gel and much more crystallization in the 17% ANa/83% AM/2% crosslinker and 83%
ANa/17% AM/0.5% crosslinker gels. These trends do not directly match observations from Figure
3.1, where more crystallization was seen in the low ANa composition with low crosslink density
than high crosslink density at lower salt concentrations. This suggests that the crosslink density
affects not only the amount of crystallization achievable but also the concentration threshold above
which crystallization occurs. While, in low ionic content gels, low crosslink density produces
larger voids for crystal nucleation and allows the onset of crystallization at a lower NaCl

concentration than high crosslink density, the achievable amount of crystallization shows the
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reverse trend. This may be due to the difference in mesh size and fixed charge density. Table 3.2
presents the molecular weight between crosslinks (Mc), the distance between crosslinks (¢), and
the molecular weight and volume for each given mesh unit cell as calculated based on the method
developed by Peppas, et al.? It can be seen from these values that the decrease in crosslink density
resulted in an increase in molecular weight per unit cell of about 500%, while the volume within
each unit cell increased by roughly 2000%. The fraction of the M. that belongs to charged pendant
groups remains the same. This means that the density of fixed charges within each mesh unit cell
is significantly lower in the 0.5% crosslinker gel. In turn, if the same number of free ions are
screening each fixed charge, the Na™ and CI" ions are confined in closer proximity in the gel with
the higher crosslink density. As concentration increases, the more densely packed ions in the
smaller mesh crystallize more easily, resulting in more overall crystallization in the smaller mesh

(i.e., 17% ANa/83% AM/2% crosslinker).

Table 3.2. Theoretical mesh size values for hydrogels in DI water.

Composition 17% ANa/ 17% ANa/ 83% ANa/

83% AM/ 83% AM/ 17% AM/
2% crosslinker | 0.5% crosslinker | 0.5% crosslinker

MW between crosslinks, M. (g/mol) 1500 8000 10200

MW per mesh unit cell (Mc*12/4) (g/mol) 4400 23900 30600

Charged pendant groups per mesh unit cell 10 60 350

Polymer length between crosslinks, &, 9 24 45

mesh size (nm)

Mesh volume, "3 (nm®) 660 13500 93000

Charge density of mesh unit cell (g/mol-nm?3) .004 .004 016

Figure 3.3a also shows that more crystallization occurred in the 83% ANa/17% AM/0.5%
crosslinker gel than in the 17% ANa/83% AM/2% crosslinker gel. Once again the swelling
contributions of crosslink density and ionic fraction do not exhibit a simple scaling relationship.
Looking at Table 3.2, the density of polymer pendant groups in the mesh decreases further, which

would suggest that crystallization would be even more difficult. However, the values for ¢
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calculated in Table 3.2 are for hydrogels swelling in DI water and do not account for the screening
of fixed-charges that occurs with the introduction of counter-ions or the subsequent degree of
collapse in the network. A much larger portion of the molecular weight between crosslinks is due
to ANa monomers for the 83% ANa gel than the 17% ANa gels, which means the density of
charged pendant groups in the 83% ANa gel is four times that of the 17% ANa gel. Four times as
much of the polymer network will therefore experience polymer chain collapse due to charge-
screening. Thus, the true mesh size of the 83% ANa gel in saline solution will be smaller than that
of the 17% ANa gel, which results in more densely packed ions at the same solution concentration.

Finally, this investigation sought to determine whether CaCl> crystals could be formed in
these PANa-PAM gels. A concentration of 600 mg/mL CaCl, was chosen for the swelling
solutions via the same reasoning as the chosen NaCl concentration: a highly concentrated solution
optimal for crystallization but not nearing the solubility limit of the salt in order to prevent surface
crystallization. Diffraction patterns were originally obtained for the 17% ANa containing low and
high crosslink densities, as the crosslink density proved to be a significant factor in crystallization
of NaCl. Figure 3.3b shows the XRD patterns for these gels in CaCl,. Unfortunately no
crystallization could be observed for CaCl,, although it is not clear from these data whether no
crystallization occurred. The strongest diffraction peaks of CaCl, appear at the same ranges of 26
as the diffraction peaks for the polymer, and, unlike NaCl, there is no peak with significantly
stronger diffraction than the polymer. An alternative method is necessary to understand why
crystallization peaks are not seen in these cases.

A more thorough quantitative analysis of the XRD presented here may yield the first steps
toward a numerical relationship between crosslink density, ionic content, and crystallization, but

such work was beyond the scope of the current study. Once it was determined which compositions
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yielded significant crystallization and at what salt concentrations, this study moved to investigating
the macromolecular structure of the crystals formed in these gels through the use of optical
microscopy and controlled evaporation. Furthermore, our understanding of CaCl, behavior
through XRD was limited, leading to the pursuit of alternative methods to visualize CaCl.

crystallization.

3.3.2 Investigation 2: Can we regulate crystal size and shape by hydrogel composition and
controlled evaporation?

Hydrogel particles were swollen in solutions of 250 mg/mL NaCl or 600 mg/mL CaCl>
and observed under magnification while heated at different temperatures. Heating causes water
from the gel to evaporate at various rates, increasing the concentration of salt in the gel in order to
induce crystallization. Particles were also swollen in DI water and heated until dry in order to
observe the collapse of gels without salt. Many images were collected in each hydrogel sample,

and so only those offering the most valuable information are presented here.

Table 3.3. Drying time of hydrogel composition in 250 mg/mL NaCl or 600 mg/mL CaCl»
solution at elevated temperatures.

Hydrogel Salt Qequil Timetodry, | Timetodry, | Timetodry, | Timetodry,
Composition 40 °C (min) | 50 °C (min) | 60 °C (min) | 70 °C (min)
17% ANa/83% NaCl 19 76 53 33 --

AM

2% crosslinker CaCl2 | 16 . . . 90
17% ANa/83% NaCl 35 13 5 4 -

AM

0.5% crosslinker | €aClz | 29 . 30 . .
83% ANa/17% NaCl 31 10 9 8 -

AM _ CaCl, | 7 - - - -
0.5% crosslinker

The heating stage for the optical microscope and glass microscope slide were brought to
temperature before placing a swollen hydrogel particle on the slide. Images were taken in set time

intervals, the length of which depended on the total time taken for a particle to fully de-swell. It
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was quickly discovered that the rate at which de-swelling occurred in saline solution depended
strongly on the hydrogel composition. In CaCl; solution, some hydrogel compositions could not
be fully dried even when held at temperatures as high as 70 °C for more than two hours. Table 3.3
presents the time required to fully de-swell each hydrogel composition in a given solution and at
a given temperature. Only a few data points of CaCl> are reported as it was determined that no
composition or temperature produced visible crystalline structures. Figure 3.4 presents swollen

and dry images of particles swollen in each solution.
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Figure 3.4. Optical microscopy images of hydrogels swollen in DI water, 250 mg/mL NaCl, and
600 mg/mL CaCl..
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One can see from Figure 3.4 that even in the CaCl>-containing samples that could be mostly
dried, no defined crystals could be observed. Rather, the images appear to show buckling across
the cross-section, while the hydrogel swollen in DI water shrinks uniformly with no buckling on
either the surface or interior. This is understandable when ionic crosslinks are considered. The
Ca?* ions interact with two different charged polymer functionalities, pulling those segments of
polymer closer together and impeding uniform expansion of the hydrated chains.

A sort of surface buckling is observed in the NaCl-containing samples as well. In this case,
a dendritic front was observed to move across the hydrogel surface as water evaporated, suggesting
that crystallization occurred in stages as each section of the hydrogel reached a threshold salt
concentration for which the packing density was great enough to organize into a cubic lattice.
However, few clear crystals could be observed at the particle surface, and those observed appeared
to be pure salt. The cross-section of NaCl samples, on the other hand, showed discernable crystals
throughout. Figure 3.5 shows the cross-sections of two hydrogels containing 17% ANa, one with
2% crosslinker and one with 0.5% crosslinker. These gel particles were dried at the same
temperature of 40 °C. It is expected that lower drying temperatures promote larger crystal growth,
as the slower evaporation of water allows for more diffusive motion by the salt ions to achieve a
crystalline lattice before being locked in place by the absence of water and total collapse of the
polymer matrix. Drying at the same temperature allows us to evaluate the effect of polymer
composition itself. As can be seen in Figure 3.5, the lower crosslink density, and therefore larger
mesh size, gel allows for the growth of somewhat larger crystals. Unfortunately, due likely to the

occlusion of polymer in these crystals, a regular crystal shape and size cannot be discerned.
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Figure 3.5. Crystal sizes for 17% ANa/83% AM/ 2% crosslinker (a) and 17% ANa/83%
AM/0.5% crosslinker (b) dried at 40 °C from equilibrium swelling in 250 mg/mL NaCl solution.

Optical microscopy allowed us to visualize crystallization of NaCl in PANa-PAM
hydrogels and confirm that achievable crystal size scales with the mesh size of the polymer. It is
possible that we could determine whether crystallization occurs at lower concentrations of salt in
the polymer network, but to do so will require a broader combination of characterization
techniques to likely include extensive SAXS analysis. Such work was beyond the scope of interest
for the present study, and so attention was turned to the effects of crystallization on future hydrogel

performance.

3.3.3 Investigation 3: How does crystallization alter subsequent swelling behavior?

As mentioned in our introduction, recent efforts have been undertaken to recycle hydrogels
from consumer products and apply them in secondary applications. Therefore, having confirmed
that NaCl forms large crystals within the PANa-PAM network upon drying and that said crystals

likely confine polymer chains, we chose to investigate the hysteretic effects of crystallization on
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hydrogel performance. We evaluated NaCl-swelling under three conditions: dried salt-swollen
gels directly into pure water, dried salt-swollen gels into new saline solutions after single swelling
in DI water, and dried salt-swollen gels fully rinsed prior to application in new solution.

Figure 3.6 presents gravimetric swelling tests for the first two conditions. The first set of
curves, under “Initial Solution,” show the swelling performance of pristine 17% ANa/83% AM/2%
crosslinker hydrogels in DI water, 0.1 M NaCl solution, and 1 M NaCl solution. After air-drying
the same NaCl-exposed gels and placing them in DI water, the curves under “H>O” are obtained.
These swelling tests were performed in a limited volume of DI water, and so it is expected that
NaCl migrated out of the gel until the concentration of the external solution matched that of the
gel. In light of reaching osmotic equilibrium prior to full removal of salt from the gel, the relative
equilibrium swelling ratios are appropriate, with the hydrogel swollen in 1 M NaCl reaching
equilibrium swelling near that of the same gel in 0.1 M NaCl and the hydrogel swollen in 0.1 M

NaCl reaching equilibrium swelling for a gel swollen in a significantly lower salt concentration.
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Figure 3.6. Gravimetric swelling ratio as a function of time for 17% ANa/83% AM/2%
crosslinker hydrogels in initial solutions (left), in water after drying from salt solutions (center),
and in 1 M NacCl after drying from water swelling step (right).

When the gels that received a limited amount of rinsing were placed back in 1 M NaCl

solution, both gels approached the equilibrium swelling observed for the pristine gels in the same
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concentration solution. A dashed line is provided to mark the level of equilibrium swelling
observed for the pristine gel in 1 M NaCl for comparison. Unfortunately this behavior does not
give much information on the recyclability of these gels. The volume of DI water in which the
salt-exposed gels were swollen was equal for both samples, which means the samples did not reach
an equivalent level of salt removal. The next step was therefore to fully rinse the gels prior to re-
swelling them in saline solution. These data are reported in Figure 3.7. The curves for H>O and 0.1
M NaCl initial solutions are provided only for reference.
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Figure 3.7. Gravimetric swelling ratios of the same initial swelling tests (left) and of the
hydrogel in 0.1 and 1 M NaCl after prior exposure to 1 M NaCl and full rinsing (right).

Hydrogels swollen in 1 M NaCl solution were dried, fully rinsed as described in Section
3.2.5, dried once more, and then swollen in either 0.1 M or 1 M NaCl solution. It can be observed
in Figure 3.7 that in this case the equillibrium swelling reached in both concentrations of NaCl is
higher than the equilibrium swelling reached in the same solutions by gels without previous salt

exposure. A guiding line is again provided to delineate equilibrium swelling for pristine hydrogel
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in 1 M NaCl solution. This result was unexpected, as it was assumed that further addition of salt
would produce equivalent or further reduction in swelling.

After some consideration, we posited a chemical potential-based explanation for this
phenomenon as follows. When the hydrogels are fully rinsed, a fraction of free ions remain trapped
inside the gel thanks to conformational changes in the polymer mesh produced by crystallization.
If free ions remain in the gel upon rinsing and drying, then the charge concentration inside the gel
is higher than for the pristine gel. When exposed to the same saline solution, then, the chemical
potential gradient between the salt-exposed gel and the exterior solution is smaller than between
the pristine gel and the exterior solution. Water molecules and ions are driven into or out of the
gel due to this chemical potential gradient in order to balance the concentration of ions in a given
unit volume of water. Therefore a lower chemical potential gradient will require more water and
fewer ions to enter the gel in order to reach osmotic equilibrium. This idea is illustrated in Figure

3.8.

Pristine Gel + NaCl 7 Salty Gel + NaCl

Figure 3.8. lllustration of differences in chemical potential (x) gradient caused by residual salt
ions and its impact on swelling as observed in fully rinsed hydrogels.
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However, after a more thorough investigation of the literature, a simpler explanation may
also exist. In some hydrogel systems, crystallization is employed to intentionally break covalent
bonds in a controlled manner to tailor gel porosity.2>%® Although this is most often done through
the formation of water crystals via freeze-drying, it is possible that the relatively rapid
crystallization of NaCl upon drying of a gel may have the same effect. If NaCl crystals indeed
break polymer chains as they grow, then after crystallization, the numbers of polymer chains and
effective crosslink points are reduced, which allows for increased swelling capacity upon re-

swelling.

3.4 Conclusions

The experiments described in this study provided significant insight into the crystallization
of simple salts in PANa-PAM hydrogels. We determined that although CaCl; restricts the polymer
network through ionic crosslinks, the salt does not form a crystal lattice at any concentration, even
when water is driven out of the gel at elevated temperatures. NaCl, on the other hand, exhibits
interesting crystallization behavior and effects in this polymer network. The concentration required
for the onset of crystallization, the achievable amount of crystallization, and the size of crystals
that can be formed are all dependent upon the composition of the hydrogel. Furthermore, crystals
significantly larger than the polymer mesh size were formed, suggesting that the crystals occlude,
or incorporate, polymer chains into the crystal structure as they grow.

Previous studies have shown good reproducibility upon swelling and de-swelling PANa
and PANa-PAM hydrogels in DI water and NaCl solution, respectively, with no signs of
hysteresis.?®?* However, the final stage of this study suggests that, when crystallized, NaCl
exposure can indeed have a hysteretic effect on hydrogel performance. The effect is opposite of

what was anticipated in that the hydrogel swells to a greater degree, instead of a lesser degree,
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after crystallization of NaCl in the network. We have offered two possible explanations for this
phenomenon above, the latter of which (i.e., polymer chain breakage by growing crystal fronts)
has proven more likely in subsequent investigations and discussions. Nonetheless, the behavior
raises many additional questions, some of which will be addressed in later portions of this
dissertation. In particular, after the study described here, we began investigating the hysteretic
effects of other salts on the behavior of these hydrogels (Chapter 4) and delving deeper into the

binding interactions of these free ions with polymer charge groups (Chapter 5).
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4. BEHAVIOR OF POLYELECTROLYTE GELS IN CONCENTRATED
SOLUTIONS OF HIGHLY SOLUBLE SALTS

The following was reprinted with permissions from Sargent, J., Chen, X., Brezina, M., Aldwin, S.,
Howarter, J., & Erk, K. (2020). Behavior of Polyelectrolyte Gels in Concentrated Solutions of
Highly Soluble Salts. MRS Adv., 5(17), 907-915. doi:10.1557/adv.2020.10

4.1 Introduction

lonic hydrogels are an important class of stimuli-responsive superabsorbent polymers with
a rapidly growing breadth of applications.!® These lightly crosslinked networks can contain
fractions of or be composed entirely of polyelectrolytes, which imparts the networks with the
ability to respond to changes in pH and ionic composition of their environments. These responses
include conformational changes in the polymer chains, which leads to changes in permeability,
chemical selectivity, and mechanical properties. As such, a thorough understanding of the
relationships between hydrogel composition and environmental responses is critical to further
advancement of these materials.

The swelling of ionic hydrogels is dominated by osmotic pressure gradients,® as illustrated
in Figure 4.1. However, there are several complex and interconnected phenomena beyond osmotic
pressure that contribute to the performance of these polymer networks, including hydrogen-
bonding, electrostatic, and dipole interactions.” Several researchers have attempted to decouple
and elucidate these interactions, predominately through computational modeling.®'! Despite the
excellent advances made by such studies, many relationships between hydrogel composition and

the physical consequences of these various interactions remain unclear.'?
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Figure 4.1. Osmotic pressure-driven swelling. In pure water (left), water diffuses into the
hydrogel network to balance the chemical potential gradient produced by the polymer’s fixed
charges. In saline environments (right), counter-ions diffuse into the network to neutralize the

polymer’s fixed charges, and water diffuses out as necessary to balance chemical potential.

The current study is focused on the response of ionic hydrogels to multivalent ions of
different character. In particular, it has been observed that anionic polymer interactions with
transition® and post-transition* metal cations contribute to the mechanical strength of a hydrogel,
while interactions with main group metals possessing the same charge valency do not.*® This
difference suggests that transition and post-transition metal ions form “permanent” ionic crosslinks,
while main group metal ions form only transient crosslinks.

Herein we report current results of a work in progress. This work investigates the
underlying cause for these differing crosslink strengths and seeks to establish quantitative
relationships between hydrogel ionic fraction and changes in swelling and mechanical properties
induced by these counter-ions. This work employs the copolymer system of poly(sodium acrylate-
co-acrylamide) (PANa-co-PAM), which is a widely utilized hydrogel system*41° that allows for
facile control over the ionic fraction of the gel. By varying the ionic fraction, the underlying cause
of these interactions can be better understood and relationships can be elucidated between gel

composition and changes in properties induced by multivalent counter-ions.
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4.2 Experiment

421 Materials and methods

All chemicals were used as received from Sigma-Aldrich unless otherwise noted. MEHQ
inhibitor was removed from anhydrous acrylic acid prior to polymer synthesis by passage through
a prepacked inhibitor remover column. Deionized (DI) water was purified to 18.0-18.2 MQ
resistance using a Barnstead NANOpure Infinity Water Purification System (Thermo Fisher
Scientific). Stock solutions of N,N’-methylenebisacrylamide (MBAM), sodium persulfate
(Na2S20g), and sodium metabisulfite (Na2S20s) were prepared using DI water for hydrogel
synthesis. Elastic modulus measurements were performed using a TA-XTplusC Texture Analyser

(Stable Micro Systems). Electrical conductivity was measured using a Hanna Combo pH/EC tester.

4.2.2 Hydrogel synthesis

Hydrogel synthesis was adapted from a previous methodology.**® The amounts of reagents
used for each hydrogel composition are reported in Table 4.1. Hydrogels were synthesized in 50
mL polypropylene centrifuge tubes (Fisher Scientific) at room temperature and then placed in a
60°C oven overnight. DI water, acrylic acid (AA), and 10 M sodium hydroxide (NaOH) solution
were added to the tube first and stirred for 10 minutes to thermally equilibrate. Acrylamide (AM)
and crosslinking agent MBAM were added to the tube and stirred for another 10 minutes. Initiators,
Na2S20s and Na»S»0s, were added simultaneously. Reaction was allowed to stir for 15 seconds,

shaken vigorously for 30 seconds, and allowed to settle for 10 minutes before placing in the oven.
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Table 4.1. Amount of reagents used for synthesis of each polymer concentration. Stock solutions
of MBAM (15 mg/mL), Na2S20g (60 mg/mL), and Na>S>0s (60 mg/mL) were used.

Polymer AA AM DI 10M MBAM  Na;S;0s NazS:0s
Composition water NaOH solution solution solution
17% PANa, 15mL 759 186mL 24mL | 12mL | 15mL | 15mL

83% PAM
83% PANa, 75mL  15¢g 9mL 12 mL 12 mL 1.5mL 1.5mL
17% PAM

Centrifuge tubes were cut open to remove hydrogels. Hydrogels were broken into pieces
and submerged in DI water to remove any unreacted small molecules. Rinse water was changed
daily for 5 days. Hydrogels were then sliced into flat pieces of 1-2 cm thickness for mechanical
testing, air-dried, and placed under vacuum at room temperature overnight. Hydrogels were

synthesized containing 2 wt% crosslinker and either 17 or 83 wt% sodium acrylate.

4.2.3 Hydrogel characterization

Gravimetric swelling

Dry hydrogel pieces were ground to a fine powder as in previous studies.*® Gravimetric
swell tests were conducted using the “tea bag” method?® to determine equilibrium swelling ratios
and provide a qualitative comparison of swelling kinetics in various aqueous environments. The
tea bag was submerged in solution until saturated, removed from solution, shaken for 10 seconds,
and weighed. Ground polymer was added to the tea bag and the bag was placed back in solution.
The bag was removed, shaken, and weighed at set time intervals from 0.5 to 240 minutes. The
swelling ratio (Q) was calculated using Equation (4.1), where my is the mass of dry polymer, mz is
the mass of the wet teabag, and ms is the mass of teabag and swollen polymer.

Q = (m3 —my —my)/my (4.1)

Swelling measurements were performed on both hydrogel compositions described

previously in order to compare responses of gels with low and high fractions of ionic
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functionalities. Swell tests were conducted using DI water and 10 mM solutions of NaCl, CacCly,
and CuSOg in DI water. Experiments were conducted using ~150 mg of polymer per tea bag, with
each tea bag immersed in 300 mL of the given solution.

Hysteretic swelling experiments were also conducted in order to investigate the
reversibility of changes in swelling performance induced by exposure to counter-ions in saline
solution. These experiments were conducted using the same mass of polymer and volume of
solution as described previously. However, after exposure to saline solutions, hydrogels in these
experiments were collected and dried under vacuum at room temperature. These salt-containing
hydrogels were next immersed in DI water to remove all free salt ions. Each polymer was filtered
and placed in clean rinse water every 4 hours until electrical conductivity (EC) of the rinse water
was < 5 pS/cm. This conductivity threshold, which is used for Type IV Reagent Water,?! was
selected as a low EC value which would indicate that all ions which were removable under neutral
pH had been eliminated from the hydrogel. Rinsed hydrogels were then dried under vacuum at

room temperature. Finally, these hydrogels were re-swollen in DI water.

Mechanical analysis

Dried flat slices of hydrogel were swollen to a set swelling ratio of Q=5 for all experiments.
A swelling ratio below the equilibrium Q of CuSOs-swollen samples was chosen in order to
compare all compositions and solutions at the same polymer volume fraction (¢=1/Q). Solution
was added slowly to each sample until the desired Q was obtained in order to mitigate risks of
sample cracking due to rapid and uneven swelling. Separate samples were prepared containing DI
water, 5 mM, 50 mM, and 100 mM solutions of each salt.

The elastic modulus (E) of each sample was measured via compression using a 2 mm

diameter flat punch on a hydrogel sample of 5-20 mm thickness. The maximum compression force
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was set to 50 mN, and the approach and return rates were set to 0.01 mm/sec in order to ensure
that measurements remained in the elastic regime of the materials and there were no velocity-
dependent contributions to the elastic modulus.?? The elastic modulus was determined from the
linear section of each stress-strain curve in order to avoid contributions from an uneven sample
surface at low strain. Reported E values are averages obtained from 3-6 measurements collected
on each sample type. 5 mM was chosen as a saline concentration closer to that of biological
fluids.?® High salt concentrations were chosen at 50 and 100 mM, which approach the typical

concentration range for many high salinity environments.?%

4.3 Results and Discussion

Hydrogel swelling response depends upon both hydrogel and solvent composition. The
overall trends observed in the time-response curves in Figure 4.2 are as expected from previous
observations:*#1®1° 1) increasing ion valency decreases hydrogel swelling capacity, and 2)
increasing ionic fraction in the hydrogel increases the impact of counter-ion-induced de-swelling.
The effect of further counter-ion interaction with increasing ionic fraction is also exhibited though
visual observation as shown in Figure 4.3. It is the difference in swelling behavior between

hydrogels in calcium salts and in copper salts that is of primary interest to this investigation.
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Figure 4.2. Swelling behavior of 17% PANa, 83% PAM hydrogels (a) and 83% PANa, 17%
PAM hydrogels (b) in DI water and 10 mM salt solutions.

Figure 4.3. PANa hydrogels after swelling in 10 mM CuSOQa4. The lighter color in the 17% PANa
gel (a) and darker color in the 83% PANa gel (b) indicate a higher concentration of copper
hydrates present in the 83% PANa gel. Larger pieces of 83% PANa gel (c) formed a measurable
copper-crosslinked shell which, when cut into, revealed an un-crosslinked center to the hydrogel.

The time-dependent de-swelling observed in all samples (i.e., high and low PANa
hydrogels in solutions of both divalent salts) has been observed and explained in previous
works.®18 It has also been observed in previous studies that divalent transition metals cause the
collapse of ionic networks at lower concentrations than alkaline earth metals.*® However, the cause

of this phenomenon remains poorly understood.
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Clues to understanding this phenomenon can be taken from previous studies. In previous
PANa-co-PAM work, similar observations were made concerning aluminum, which is a post-
transition metal of similar character to copper. Krafcik, et al.!® observed that swelling plateaued at
a higher Q for AI** than for Ca?*, while Zhu, et al.* observed the formation of a solid shell similar
to that observed in Figure 4.3c. Horkay, et al.’® observed in pure PANa hydrogels that transition
and post-transition metals increase the elastic modulus, while multivalent main group metals do
not.

In order to understand how observations in pure PANa and with post-transition metal salts
translated to the current system, mechanical analysis of the PANa-co-PAM gels was required.
Elastic modulus measurements of both hydrogel compositions remained similar in DI water and
low concentrations of NaCl and CaCl,. (Figure 4.4) In low concentrations of CuSQOas, the elastic
modulus of 17% PANa gels increased slightly, while that of 83% PANa gels increased drastically.
(Figure 4.5) These results indicate that PAM does not play a role in counter-ion-induced changes
in mechanical properties, as the trends observed in PANa-co-PAM reflect those observed in pure
PANa.!® These data also show that Cu?* contributes more strongly to the elastic modulus in high

PANa gels.
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Figure 4.4. Mechanical responses between the two hydrogel compositions were compared as a
function of metal cation at low salt concentrations.

5 54
@ | 17% PANa @ 83% PANa
44 44 v . [
© 3 e T 3 -
— T B B
e L *
S— e '.——
wl 2+ w 2-
1 1
0 T T T T T T T T T 1 0 T T T T T T ' T T T '
0 20 40 60 80 100 0] 20 40 60 80 100
Concentration (mM) Concentration (mM)
—=—NaCl —+ CaCl, v CuSO, —=—NaCl —+CaCl, ¥ CuSO,

Figure 4.5. Elastic modulus as a function of salt concentration. 17% ANa (a) and 83% ANa (b)
hydrogels were examined in 5 mM, 50 mM, and 100 mM solutions of NaCl, CaCl,, and CuSQOsg.
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Such behavior can be understood within the context of metal ion characteristics. Calcium,
an alkaline earth (main group) metal, is only weakly electronegative. It is capable of ionic
attraction between itself and the anionic polymer functionalities, but it is unable to form covalent
bonds. In turn, these ionic crosslinks, or ion bridges, formed by calcium are only transient in nature,
as illustrated in Figure 4.6. Transition metals (e.g., copper) and post-transition metals (e.g.,
aluminum), on the other hand, are strongly electronegative and capable of forming coordinate
covalent bonds as observed in ceramic matrices.?® This ability in turn allows transition and post-
transition metals to form permanent, covalent-strength bonds with the anionic polymer
functionalities. Only by the formation of permanent bonds can an ion bridge be formed that

contributes to the mechanical strength of the polymer network.

Figure 4.6. lllustration of fluctuation of transient crosslinks as occurs with multivalent main
group metal ions.

This study also investigates how these interactions scale with increasing salt concentration.
One must recall that electrostatic repulsion contributes to hydrogel swelling, and counter-ion-
screening of those repulsions changes the conformation of the polymer chains. At 5 mM, the ionic
strength of the saline solutions is lower than the ionic strength of either hydrogel, which is 9.8 mM
for 17% PANa and 42 mM for 83% PANa. However, many saline environments, such as seawater
or concrete pore solution, can have ionic strengths well into the millimolar range, significantly

above the ionic strength of the hydrogels.?*%
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In Figure 4.5a, it can be observed that for 17% PANa gels, the elastic modulus remains
relatively constant through all concentrations of each salt, with the modulus in CuSO4 remaining
higher than in NaCl or CaClz. This is believed to be because even at 5 mM, a majority — or all, in
the case of divalent cations - of the anionic sites in the polymer should be occupied, and increasing
counter-ion concentration does not significantly increase the amount of charges being screened
from electrostatic repulsion. Conversely, in 83% PANa gels (Figure 4.5b) we observe that the
modulus in NaCl and CaClz increases between 5 mM and 50 mM. In this case, there were still
unscreened charges along the polymer chain in 5 mM salt solutions, and so additional screening
by higher cation concentrations induced further changes in chain conformation and therefore
elastic modulus.

An unexpected result appears in Figure 4.5b for 83% PANa hydrogels in CuSOg4 solution.
Here, the elastic modulus remains high and relatively constant for all concentrations. This data is
contrary to the idea of changes in chain conformation as the ionic strength of the gel is surpassed.
However, this behavior can be explained in light of the copper-crosslinked shell formation
observed as in Figure 4.3c. Quantification of this shell’s thickness and variation with respect to
hydrogel composition remains to be investigated. However, it is clear from visual observations
that the shell formation is more significant in high PANa gels. Once this shell forms, minimal
amounts of water or solute can permeate, and the outer shell of the hydrogel takes on properties
different from the center of the hydrogel. In such a case, compression experiments at low forces
are measuring the elastic modulus of this shell and not the un-crosslinked gel beneath it. Since this
shell forms in 83% PANa gels even at low concentrations, it can be determined that copper ions

fully crosslink the outer layer of the hydrogel, after which there is no further conformational
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change in the polymer chains, even with higher solution concentrations. This is supported by the
consistent elastic modulus measured at all CuSO4 concentrations.

Finally, initial hysteresis experiments also support the permanence of transition metal-
induced crosslinks. It will be noted in Figure 4.7 that there is some level of permanent network
constriction even with CaCl.. This restriction can be attributed to entrapment of Ca?* ions within
the network, which subsequently decreases the osmotic pressure gradient that drives swelling. In
the case of CuSOg4, however, the cleaned, re-swollen hydrogels never surpass the equilibrium Q
obtained during swelling in salt solution. This swelling behavior provides additional support that
a crosslinked shell is formed along the exterior of the hydrogel particles, and water is able to

permeate only into the free volume within the outer layers of that shell.
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Figure 4.7. Swelling hysteresis experiments. Hydrogels were swollen in DI water (a), dried,

swollen in saline solution (b), rinsed, dried, and swollen again in DI water (c). Top row images
are of 17% ANa hydrogels and bottom row images are of 83% ANa hydrogels.
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4.4 Conclusions

In this work we have investigated PANa-co-PAM hydrogels containing a low and a high
ionic fraction and their swelling and mechanical performance in saline solutions. We have
confirmed the formation of permanent crosslinks between ionic polymer moieties and transition
metal counter-ions and the transience of crosslinks formed by main group metal counter-ions. We
have further elucidated the reason for this behavioral discrepancy between metal ions and how this
discrepancy scales in high salinity environments. This work will be continued in order to
investigate a more comprehensive range of hydrogel ionic fractions and establish quantitative
scaling relationships between ionic fraction and hydrogel performance properties in solutions of

multivalent cations.
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5. DEVELOPING A CHARACTERIZATION METHODOLOGY FOR
ELUCIDATING CHELATION OF METAL IONS BY
POLYELECTROLYTE GELS

5.1 Introduction and Motivation: lon Chelation in Hydrogels

Previous studies regarding PANa-PAM hydrogels reported in the earlier chapters of this
dissertation and other publications!* have led to several new questions regarding the behavior of
different types of counter-ions in the hydrogel network. In particular, we have found the need for
a standard methodology for assessing the counter-ion content and ionic history of hydrogel
materials. To our knowledge, there is no current methodology for characterizing the different
bonding behavior observed in hydrogels with counter-ions from various classes of molecules (e.qg.,
different groups within the periodic table, macromolecules, amphiphilic compounds). This study
therefore aims to build off of previous studies using the PANa-PAM hydrogel system and employ
the same alkali metal, alkaline earth metal, and transition metal salts as a model set of variables to
develop a characterization protocol. Many commonly-employed superabsorbent polymers contain
carboxylate, amide, or other chemical functionalities similar to those found in the PANa-PAM
system, and, as such, the protocols developed here may be applied to a broad range of
superabsorbent materials, even beyond direct “hydrogel” applications.

As mentioned previously, there is significant interest in employing these materials in
changing ionic environments (e.g., sensors for heavy metal contaminants) and recycled
applications (e.g., recycling consumer products into infrastructure). Part of this study therefore
focuses on being able to characterize the effects of previous exposure history on subsequent ionic
interactions and develop tools that use those subsequent interactions to establish what ions were

present initially.
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5.1.1 Chelation

Metal ion chelation is achievable between more electronegative metals (e.g., transition
metals) and several hydrophilic functionalities (e.g., -OH, -COO", -NH2, C=0), such as those
employed in superabsorbent polymers. As seen in Chapter 4 and other works,>" chelation of
transition and post-transition metals also produces unique ionically-crosslinked shells in some
superabsorbent polymers, leading to questions of why this chelation is more “permanent” than
weaker ionic crosslinking from alkaline earth metals.

Unlike the weaker electrostatic interactions observed between alkali or alkaline earth
metals and these functionalities, transition metal chelation is capable of forming significantly
stronger noncovalent bonds. These stronger bonds produce vibration bands that can be observed
at low wavenumbers via infrared and Raman spectroscopy. Weaker electrostatic attraction
between polymer functionalities and main group metals can sometimes be inferred through shifts
they induce in other, stronger vibration bands belonging to the polymer itself, but these weaker
bonds often do not have their own signature in an FTIR or Raman spectrum. As such, transition
metal-polymer attraction is significantly more conducive to chemical characterization.

This research proposes using transition metals to characterize not only the hydrogel’s
capacity and strength of transition metal-binding but also as a signaling molecule to discern the
previous swelling history and ion content of the gel. It has been observed that hydrogel swelling
behavior in transition metal solutions is altered by previous exposure to other salts, and so it is
believed that prior exposure changes the character of the gel’s interaction with the transition metal
ions. Several factors influence the stability of metal-ligand compounds, including the ions’ and
polymer functionalities’ electronegativity, but a direct relationship cannot be assumed between
electronegativity and binding affinity as initially presumed. Nonetheless, stability constants have

been calculated for many metal-carboxylate compounds, and a clear order of relative stability has
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been established (e.g., bond stability of Na*-PAA < Ca?*-PAA < Cu?*-PAA).812 The reported
values of these constants vary across literature, but to illustrate the difference in stability,
Gustafson and Lirio report stability constants in the range of 8.03 < —log(K) < 9.39 for Ca?*-PAA
and 4.60 < —log(K) < 5.49 for Cu?*-PAA.1! The attraction between sodium and PAA in water is so
weak relative to divalent ion attraction that values for the stability constant are not widely reported
in literature.

Furthermore, it has been concluded that, although acrylamide monomer strongly chelates
with copper (11),** polyacrylamide is likely incapable of strong chelation with copper ions without
being first deprotonated.**® This idea is strongly supported by the extensive use of polyacrylamide
gels as gel electrophoresis media that diffuse copper-containing compounds or use copper (1)
staining procedures (i.e., copper reacts with either a surfactant to form precipitant or is templated
by specific proteins).’622 Additional literature investigations have found reports that both
agree!*1>2324 and disagree®2?’ with this theory. Those that disagree present other evidence for
polymer-ion coordination, and it is feasible that very weak chelation is occurring for which the
attraction does not noticeably impact chemical bond vibrations. It is therefore believed that,
particularly relative to copper-acrylate chelation, copper-acrylamide interaction is of minimal
consequence to the current study. The amount by which transition metal-polymer binding is altered
by ions previously present in the gel can thus be related to the difference between the bond stability
of the transition metal-PAA interaction and that of the previously-present species. Therefore, if
this change in polymer-transition metal ion interaction can be characterized and understood, a
relationship could be developed to determine the amount and type of counter-ions already present

in the gel.
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5.1.2 Copper as a model transition metal

Copper (1) is useful as a model transition metal for several reasons. First, it possesses the
same ion valency as a main group metal under investigation but forms significantly stronger bonds
with the polymer. It is not strongly chao- or cosmotropic?® so that its influence on the structure of
the hydrogen-bonding network in the gel is not significantly different from that of calcium and
sodium. Furthermore, it is photochromic, which allows for characterization of copper (11) content
and confirmation of the metal’s ionization State through absorbance measurements and optical
observation.

Copper (1) chelation with poly(acrylic acid),®*22°% acrylamide monomers,*® and other
organic molecules®® has also been studied by many researchers. Copper chelation in similar
PANa-PAM systems has been investigated for its effects on swelling, but no studies have been
found in which a mixed-polymer system was studied with respect to molecular-scale bonding.
Therefore a complete set of spectroscopic reference values for the functionalities in this combined
system cannot be compiled from previous studies. Nonetheless, portions of the studies referenced
above do offer insight into the spectroscopic signals generated by copper-related interactions and

how to interpret alterations observed in spectra for these organic compounds.

5.1.3 Spectrometry and spectroscopy

Due to the photochromic and chelating properties of copper (1), counter-ion uptake by the
gel, as well as the strength with which it interacts with different functionalities within the gel, can
all be characterized through spectroscopic techniques. UV-Vis spectrometry offers a facile method
by which we can measure the concentration of copper (I1) in a given solution, and by measuring

the concentration of a solution after a hydrogel has been swollen in it, we are able to calculate the
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amount of copper absorbed by the gel. Data interpretation in FTIR and Raman spectroscopy is
significantly more complex, but the spectra obtained can provide a wealth of information.

UV-Vis spectrometry functions by measuring the absorbance of light by a given volume
of solution at a set wavelength. Spectra can be collected across a wide range of wavelengths in the
visible to ultraviolet range, and one or more peak absorbance wavelengths can be discerned for
any photochromic compound. The molar absorptivity coefficient is well-established for many
transition metals, which provides a direct relationship between absorbance and solution
concentration.

Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy have been used
extensively to measure metal-ligand chelation bonds,3:323>3" including a few studies regarding
superabsorbent materials.®®° In general, FTIR data collection is simpler than that of Raman
spectroscopy, but it has proven not to be an ideal characterization method for superabsorbent
materials in their swollen state, including the current system. This is because the O-H bond in
water molecules is highly absorbent of infrared wavelengths. In a highly swollen system such as a
hydrogel, this results in signal from other bond vibrations being buried within the broad, intense
signal produced by the water. As described in previous chapters, this work has been heavily
focused on understanding ionic interaction in hydrogels in their end-use state (i.e., swollen), and
so it is important to be able to conduct spectroscopy experiments on fully swollen gels. Raman
spectroscopy provides an alternative method to overcome the strong absorption signal produced
by water in FTIR.

Raman spectroscopy functions by measuring the Raman scattering of a monochromatic
laser off of vibrating atomic bonds. Raman scattering is weak relative to scattering by other means

(e.g., fluorescence) or absorbance measurements (e.g., UV-Vis, FTIR), which makes data
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collection more complex. Scattering is therefore most efficient at high microscope magnifications
(i.e., 50-100X) using a laser spot size on the order of microns.®° Nonetheless, this method is
capable of superior resolution at low wavenumbers (e.g., less than 800 cm™) where metal-organic
bonds often appear and is minimally affected by H>O bond vibrations, making it the preferred
characterization method for the current study.

An additional benefit of Raman spectroscopy is that scattering is only measured from a
sample thickness of around 1 micron. This makes it possible to produce a depth profile in which
spectra are collected from different layers in a stepwise manner by changing the focal plane of the
microscope. This depth profile would be highly beneficial for measuring the concentration gradient
of copper that has been observed optically in some hydrogel samples and which is likely
responsible for the “shell” formation often observed in hydrogels swollen in solutions containing
transition metals. This process was not completed in the current study due to constraints on
laboratory access during the COVID-19 pandemic. However, it is proposed here as a valuable
follow-up experiment to be conducted in future studies.

As mentioned previously, Raman spectroscopy allows us to overcome strong signals from
water molecules. This is because Raman scattering is produced by different vibrational modes than
those that absorb infrared light in FTIR. However, most data collection programs present spectra
according to their Raman shift, which aligns vibration bands at the same wavenumber as those
produced in FTIR, making the translation of information between the two methods straightforward.

Due to the multiple vibration modes that produce Raman scattering, information can be
drawn from these spectra regarding both bond strength and character, and changes in stretching
symmetry can even indicate changes to vibrations of neighboring bonds. The latter capability

further increases the usefulness of Raman spectroscopy in the current study, as weaker interactions
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between the polymer and main group metal ions can be observed by changes in the vibration of
adjacent bonds. More detail as to the relationships between bond vibrations will be discussed in

the results section of this study.

5.1.4 Experimental considerations

In contrast to previous studies discussed in this dissertation, the method by which swelling
experiments are conducted has been altered for the present investigation. This study focuses on an
83% ANa/17% AM/2% crosslinker hydrogel. Scaling laws may be developed at a later date to
relate ANa content and the extent of copper chelation, but the current study focuses on gels with
the highest ANa content in order to most clearly illustrate the interactions of counter-ions with the
ionic polymer functionalities.

Hydrogel samples were also fabricated in a new fashion for this study. The high sensitivity
and small collection volume of Raman spectroscopy requires flat sample surfaces that can be
probed at high magnifications of an optical microscope. Flat hydrogel samples were therefore
synthesized as described below. Furthermore, all swelling experiments were conducted on pre-
swollen hydrogels. This method was chosen due to the high level of internal stresses produced in
gel samples that were swollen from the dry state. Rapid water uptake in previous studies led to
extensive curling and fracture of hydrogel samples, which made analysis by Raman spectroscopy

impossible.

5.2 Experimental Methods

5.2.1 Materials

N,N’-methylenebisacrylamide (MBAM), sodium metabisulfite (Na2S20s), sodium

persulfate (Na2S20g), acrylamide (AM), sodium hydroxide (NaOH), sodium chloride (NacCl),
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calcium chloride (CaCly), and copper (1) sulfate (CuSQO4) were all obtained from Sigma-Aldrich
(St. Louis, MO) and used as received. Acrylic acid (anhydrous, 200 ppm MEHQ inhibitor) (AA)
from Sigma-Aldrich was filtered through a pre-packed column (Sigma-Aldrich) to remove MEHQ
inhibitor prior to polymerization. Deionized (DI1) water (18.0-18.3 MQ cm™) was purified in-house
using a Barnstead Nanopure system (Dubuque, I1A).

Gravimetric swelling tests were conducted using T-Sac Size 3 tea filter bags. All swelling
solutions were prepared using DI water. UV-Vis spectra were collected using a SpectraMax M
Series spectrophotometer from Molecular Devices (San Jose, CA). Raman spectra were collected

using a Renishaw inVia confocal Raman microscope (Auburn Hills, MI).

5.2.2 Hydrogel fabrication

Flat sample fabrication

Flat pieces of hydrogel were synthesized by creating a multilayer assembly that could be
inserted into a 50 mL centrifuge tube prior to synthesis. Three glass microscope slides (Fisher
Scientific, Waltham, MA) were placed on top of each other, and aluminum foil spacers were placed
at each end to separate each of the three slides. A strip of aluminum foil was folded 12 times and
cut to size so that each spacer was composed of 24 layers of foil and was of equal width with the
glass microscope slides. The assembly of slide-spacer-slide-spacer-slide was clamped on each end

using a mini binder clip and inserted into a centrifuge tube.

Hydrogel synthesis

Poly(sodium acrylate-co-acrylamide) hydrogels containing 83% PANa, 17% PAM, and 2%
crosslinker were synthesized according to the procedure described in Chapter 4, using the reagent

amounts provided in Table 4.1. However, instead of mixing all reagents in the centrifuge tube, the
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solution was prepared in a separate beaker. Initiator was added to the solution, the solution was
allowed to stir for 30 seconds, and then the solution was poured directly over the slide assembly
in the centrifuge tube, making sure the solution fully infiltrated the space between each pair of
glass slides. The centrifuge tube was then capped and placed in the oven at 60 °C overnight to

drive the reaction to completion.

Sample recovery

The centrifuge tube was removed from the oven and allowed to cool to room temperature,
then the cap was removed. A utility knife was used to cut the conical tip of the tube off and make
a slit down the side of the tube. The tube could then be pulled apart and the gel could be removed
as a single piece. Excess gel was peeled off of the slide assembly, and the binder clips and
aluminum foil spacers were removed. The glass slides were not forcibly separated but were placed
as one unit in a wide dish filled with DI water.

As the hydrogel layers swelled, they delaminated from the glass slides naturally. Rinse
water was decanted out of the dish and replaced with fresh DI water daily for 5 days. After rinsing,
hydrogel samples were cut into small pieces of approximately 2-6 cm wide and long. Samples

were stored in large petri dishes (Fisher Scientific) in DI water to keep them at equilibrium swelling.

5.2.3 Sample preparation

Hydrogels at equilibrium swelling were placed into various saline solutions for subsequent
experiments. For each sample, a small petri dish was zeroed out on a balance, a hydrogel piece
was patted dry using a KimWipe and placed in the dish, and the initial mass of the hydrogel was

recorded. Ten milliliters of the chosen solution was then added to the dish, and the closed dish was
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wrapped with Parafilm to prevent water evaporation. Hydrogels were allowed to swell for at least

12 hours in NaCl and CacCl; solutions and at least 48 hours in CuSQOj4 solutions to reach equilibrium.

5.2.4 Charge density calculations

The average charge density of the hydrogel samples was calculated for use in later salt-
uptake calculations. Five samples were measured, at equilibrium swelling in DI water, via optical
microscope. Images were taken of the full length, width, and cross-section of each gel and
dimensions were measured using ImageJ software. Each piece was then dried fully (i.e., under
vacuum), and gravimetric swelling tests were conducted as described in previous chapters.

The theoretical charge density of each sample was calculated using the equilibrium
swelling ratio (Qequil) and the formulae developed by Peppas, et al.*! The swollen volume of each
sample was calculated from the optical microscopy measurements. From these values, an average
number of charges per unit volume (mL or mm?®) was determined. The total charge content of each
sample used in a subsequent experiment was then calculated using Qequit, the polymer volume
fraction at Qequil, the polymer specific volume, and the density of water at 23 °C. Equations for
each value mentioned above, including the complete formulae for the theoretical charge density,

can be found in Appendix A.

5.2.5 UV-visible spectrometry

UV-vis spectra were collected on the remaining solution from each CuSOs swelling
experiment. Solution from each small petri dish was pipetted into a polystyrene cuvette and
analyzed over the wavelength range of 350 nm < 4 < 1000 nm. The absorbance (A) was recorded

at Amax = 810 nm, and the concentration [C] of each sample was calculated using Beer’s law, as
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shown in Equation 5.1. The molar absorptivity coefficient of copper (1) at 810 nm is ¢ = 12.3
L/mol-cm, and the path length through the cuvette cell is 1 =1 cm.

A= g[C]l (5.1)

From the concentration of the remaining solution and the initial volume of solution (i.e.,

10 mL), the number of charges taken up by the gel could be determined. The divalent cation

capacity of the gel, assuming ideal chelation where every copper (1) ion is bound to two charged

polymer functionalities, was then calculated and the amount of copper absorbed by the gel was

expressed as a percent of the theoretical capacity. These calculations are laid out in more detail in

Appendix A.

5.2.6 Raman spectroscopy

Raman spectra were collected on hydrogel samples swollen in DI water, 100 mM NaCl, 50
mM CaCly, solutions of 1-50 mM CuSOs, and in 50 mM CuSO; after swelling in NaCl or CaClo.
Spectra were collected over the range of 100 nm™ to 3200 nm™ using a 532 nm laser at 1-10%
laser power, 50-100x magnification, and a scan rate of 10 s™*. At least 3 spectra were collected for
each set of swelling conditions. Data were plotted, smoothed, and analyzed using KnowltAll (Bio-
Rad) software for spectroscopic analysis, and normalized integrals, amplitudes, and peak values
were collected for every spectrum. For peaks that overlap, deconvolution was performed using the
“Peak Analyzer” function in OriginPro (OriginLab, Northampton, MA). Peaks were fitted using a

Gaussian-Lorentzian Cross Product type curve.

5.3 Results and Discussion

In this section we report results of UV-Vis spectrometry and Raman spectroscopy

experiments on PANa-PAM hydrogels swollen in NaCl, CaCl,, and CuSQO4 solutions from various

105



previous swelling conditions (e.g., DI water, NaCl, CaCly). All data is presented early, followed

by a more thorough discussion.

5.3.1 UV-Vis measurements

Copper uptake was first measured by UV-Vis spectrometry. Since UV-Vis absorption
deviates from Beer’s Law (Equation 5.1) at high absorbance, UV-Vis spectrometry cannot be
performed directly on hydrogels containing copper. Instead, a known amount of copper solution
(10 mL) was added to a petri dish containing a known mass of hydrogel swollen to Qequil in DI
water and allowed to equilibrate for two days. The initial solutions were analyzed using UV-Vis,
the spectra of which can be seen in Figure 5.1, to obtain an accurate initial concentration. The
remaining solution from each hydrogel sample was analyzed in a similar fashion after the gel
reached its new equilibrium swelling capacity in the copper solution. From these data, the initial
and final concentrations of each solution could be determined using Beer’s Law. The theoretical
charge density for the hydrogel was determined using the previously-mentioned formulae
developed by Peppas, et al., and the maximum ion capacity for each sample was calculated from
these values, Qequil, and the initial volume of each sample as measured by optical microscopy. The

steps of these calculations are laid out in detail in Appendix A.
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Figure 5.1. UV-Vis spectra for increasing concentrations of CuSOa. Precise concentration was
calculated using the absorbance at 810 nm and Beer’s Law.

The average amount of copper absorbed from solutions of each concentration, as well as
for samples that were swollen in either 100 MM NaCl or 50 mM CaCl; and then in 50 mM CuSOs,
is reported in Figure 5.2. Values are reported as a percentage of the theoretical charge capacity of
the gel. One will quickly notice that the copper uptake value for pure gel soaked in 50 mM CuSO4
exceeds 100% of the theoretical charge capacity. This can be explained in light of osmotic pressure,
in that even once all PANa charged sites were occupied, the ionic strength of the solution was still
greater than that within the gel and excess copper ions were pushed into the gel by the osmotic
pressure gradient. Of primary interest to this work is the difference in copper uptake in a pure
hydrogel relative to a gel previously swollen in a solution containing a different salt, and so the
values to the far right of the plot (i.e., 50 mM CuSOs solution) are outlined in Figure 5.2 as those

of greatest interest.
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Figure 5.2. Copper ion uptake as determined by UV-Vis. Uptake is presented as a percentage of

theoretical charge capacity at different concentrations of CuSQO4 (x-axis) with different initial
conditions (see Legend).

5.3.2 Raman spectra

Although excess copper may be present in the pure hydrogels swollen in 50 mM CuSOsa,
only the ions strongly coordinated with polymer functionalities will appear in vibrational
spectroscopy analyses such as FTIR or Raman spectroscopy. As mentioned above, Raman
spectroscopy was chosen for this study due to the minimal contribution from H20 bond stretching
and higher resolution at low wavenumbers. Raman spectroscopy was therefore conducted on all
of the previously described hydrogel samples. Bond assignments and their respective wavenumber
ranges are tabulated in Table 5.1, and representative spectra of hydrogels swollen under each set
of conditions are plotted in Figure 5.3. Peak assignments have been confirmed with previous

literature®%:32:35-38.4243 and spectroscopy databases.**4°
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Table 5.1. Peak assignments of interest and their respective spectral ranges for Raman scattering
from hydrogel samples.

Peak Assignment Wavenumber (cm?)
O-Metal (v) 400-515
CO-O (str) 860-870 | 895-910 (primary) | 981
CO-0O" (v) 1090-1105
C-NH (str) 1405-1430
C-COO  (str) 1440-1460 (s) 1540-1615 (a)
C=0 (str) 1635-1675 (AM) 1705-1745 (ANa)
—— Pure gel
— NaCl |
— CaCl,
CuSO,
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Figure 5.3. Representative Raman spectra for each swelling condition, normalized to peaks from
backbone C-C stretching.

109




Peak-splitting features

There are several features to note in the spectra in Figure 5.3. Beginning at wavenumbers
in the range of 860 to 981 cm™, we observe a splitting of the CO-O" stretching peak with the
inclusion of divalent salts. This splitting is caused by the introduction of a new asymmetrical
stretching mode induced by ionic-crosslinking from the divalent ions. The ratio of the amplitude
of the primary peak to that of the split peak in this region can therefore be used as a measure of
the relative amount of singly- and doubly-bound divalent ions. An additional stretching or
vibrational mode at higher wavenumbers appears for CuSO4 swelling, the location of which
remains stable for all conditions under which it appears (i.e., 981 cm™), suggesting that this peak
is unique to the CO-OCu stretch. We hypothesize that this peak is specifically representative of O-
Cu-0 crosslinks where the copper is chelated with two carboxylate groups. The logic behind this
hypothesis is as follows: in an excess of CuSQO4 solution (50 mM) only a portion of the copper ions
are chelated on both sides by carboxylate groups. When an excess of NaCl is previously present
in the gel (CuSQO4 after NaCl), a smaller number of copper ions migrate into the gel to reach
osmotic equilibrium. However, the copper-carboxylate (Cu-O) bond is exceedingly more stable
than the sodium-carboxylate bond (Na-O), and so the copper ions that do enter the gel essentially
all interact with two carboxylate groups, producing more O-Cu-O crosslinks and a stronger peak
at 981 cm™. In the case of an excess of CaCl, previously present (CuSQOys after CaCl,), although
the Cu-O bond is more stable than the Ca-O bond, the difference in stability is significantly less.
As such, the prior presence of Ca?* crosslinks further limits the influx of Cu?* ions into the gel and
also appears to prevent the Cu?* ions entering the gel from chelating with two carboxylate groups,

thereby eliminating the peak at 981 cm™ caused by the O-Cu-O double chelation.
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The peaks attributed to stretching of the C-C bond of the carboxylate group (C-COO) (i.e.,
1440 to 1615 cm™) and the C=0 stretches of both the carbonyl and the carboxylate groups (i.e.,
1635-1745 cm™) also offer broad insight from both their peak wavenumber and their relative
intensities. The C-C bond adjacent to the C=0 bond is bound on one side by a more neutral C-C
bond and on the other side by significantly more electronegative oxygen atoms, inducing a dipole
in the C-C bond of the carboxylate. As the pull from a metal cation on the carboxylate anion
increases, it decreases the polarity of the C-C bond by pulling electrons away from the carbon
atom and toward the negatively charged oxygen atom. This in turn decreases the asymmetrical
stretch of the C-C bond and decreases the ratio of asymmetrical-to-symmetrical C-COO" (str)
peaks. The same increasing pull from a metal cation increases the intensity of the C=0 stretching
for the PANa carboxylate found at 1705-1745 cm, as it increases the polarity of the C=0 bond
by pulling electrons toward the negatively charged oxygen and away from the carbon atom. This
pull does not change the strength of the C-C bond itself, so no shift in wavenumber occurs.
However, it does weaken the C=0 bond as it draws electrons away from the C=0 bond toward the
C-O bond and delocalizes the double bond, causing the PANa C=0 bond signal to “red-shift” to
lower wavenumbers.

In order to explain more precise peak changes and their implications, we first offer Table
5.2, where we report the wavenumber for each peak of interest under each set of swelling

conditions.

111



Table 5.2. Peak assignments of interest and their values for each set of swelling conditions.

Peak Center (cm™)

Peak Assignment DI Water NaCl CaCl; CuSO; | CuSOq after | CuSQO; after

NaCl CaCl,
O-Metal (v) - - 513 403 419 415
CO-O (str, asym) - - 864 860 862 862
CO-O (str, sym) 895 899 905 903 903 905
CO-O (str, O-Cu-0) - - - 981 981 -
CO-0- (v) 1104 1091 1103 1091 1101 1094
C-NHz (str) 1414 1409 1420 1426 1419 1420
C-COOQ" (str, sym) 1441 1451 1458 1454 1454 1454
C-COOQO" (str, asym) 1543 1553 1608 1605 1604 1602
C=0 (str, AM) 1642 1649 1666 1672 1663 1663
C=0 (str, ANa) 1732 1742 1706 1719 1716 1716

Direct signal from metal-polymer coordination

The peak that is attributed by researchers®\:35374647 to direct metal-polymer coordination
(i.e., around 400-900 cm™) becomes stronger in intensity but shifts to lower wavenumbers with
the introduction of Cu?*. It has been thoroughly established in literature that copper (I1) binds more
strongly with the carboxylate group of PANa than sodium or calcium,®*? which would suggest
that it should cause a blue-shift (i.e., shift to higher wavenumbers) to correspond with an increase
in bond strength. However, the red-shift (i.e., shift to lower wavenumbers) observed in this region
can be understood regarding the difference in mass between the cations. If atomic bonds are
envisioned as the popular ball-and-spring model,* having a ball or atom with a larger mass (Cu?*)
will cause a lower frequency vibration (i.e., lower wavenumber, in this case ~400 cm™) relative to
one with a smaller mass (Ca®*).

The amplitude of this peak can be directly related to the number of bonds in the sample

volume vibrating at this frequency and therefore can be used as a relative measure of the amount
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of copper-chelation occurring in the gel. It is believed that a scaling relationship between the
density of copper-polymer bonds and either the amplitude or integral of this peak could be derived,
although such a relationship was not the primary focus of the work described herein. With previous
salt exposure, this peak shifts to higher wavenumbers, suggesting contribution from other metal-
polymer interactions, but continues to increase in intensity. Unfortunately, since a slight signal
arises from Ca-polymer interactions in CaClz-soaked gels at ~510 cm™, the gels exposed to Ca*

followed by Cu?* salts may require additional deconvolution of peaks in this region as well.

Polyacrylamide signal contributions

It is next simplest to summarize the peaks related solely to the PAM functionality, which
include the C-NH: stretch and the C=0 (AM) stretch. In both of these peaks, one sees shifts in
wavenumber with the addition of divalent salts. However, in each case, the shift is to higher
wavenumbers, not lower, which indicates an increase in bond strength. We hypothesize that this
increase is due to the preferential interaction of the ions with the PANa functionalities. As the
PANa bonds are weakened by the pull of metal ions, each acrylamide group is separated from that
pull by 2 or 3 C-C bonds so that it does not “feel” the pull. In the meantime, acrylic acid groups
and associated ions are being pulled away from the acrylamide groups, allowing the acrylamide
groups more bond stretching and vibrational freedom. Furthermore, it has been documented that
high concentrations of salt disrupt hydrogen-bonding networks, and so this blue-shift could be

partially due to a breaking of hydrogen bonds around the polymer.

Polyacrylic acid signal contributions

Interpretation of the many spectroscopic signals that are produced by bonds in the

carboxylate group becomes more complex. Returning to low wavenumbers, we can examine more
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closely the relative intensities and shifts in peak values for the symmetric and asymmetric CO-O
peaks. As mentioned previously, shifts to lower wavenumbers (red-shifts) indicate a decrease in
bond energy, which occurs whenever one bond is “pulled on” from a new interaction occurring at
an adjacent bond. Therefore, red-shifts in signals related to the carboxylate group indicate a
stronger draw on an adjacent bond (e.g., the anion coordinating with a metal cation). The
asymmetric stretch of the CO-O bond itself splits to a lower wavenumber than the symmetrical
stretch observed in gels without divalent ions present. This indicates that the metal-polymer
coordination is exerting further strain on the CO-O bond. An additional slight red-shift is observed
in the asymmetric stretch of the CO-O" bond between the calcium-swollen gel and the copper-
swollen gel, indicating that the strain exerted by copper coordination is stronger than by calcium
coordination. Gels swollen in copper after a different salt show a slight shift back toward higher
wavenumbers, which shows that the impact of the copper coordination has less overall impact on
the asymmetrical stretching when the gel already contains a more weakly-coordinating cation.
The relative amplitudes of the asymmetric and symmetric stretches, illustrated in Figure
5.4, also offer information. The asymmetric-to-symmetric ratio of the CO-O bond increases with
the addition of copper, indicating that copper ions coordinate strongly with a larger fraction of the
carboxylate groups than calcium ions do. In both conditions for which the hydrogel was swollen
in a more weakly-coordinating salt prior to copper, this ratio is less than in gels exposed only to
copper and remains the same for both NaCl and CaCl. initial exposure. This suggests that a
comparable, lower fraction of carboxylate ions are interacting with divalent cations, although the
contributions of calcium and copper ions to that interaction cannot be deconvoluted in this

measurement.
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Figure 5.4. Ratios of peak amplitudes for spectra collected under various swelling conditions.

Moving incrementally to higher wavenumbers, we encounter a broad peak attributed to
CO-Or vibration. The maximum intensity of this peak has been measured at wavenumbers varying
between 1091 and 1104 cm™. It is not anticipated that the vibrational mode of CO-O is strongly
impacted by cation coordination, and so this variation is attributed to the broad nature of the peak
and shortcomings of model-fitting at this time.

The next contribution from polyacrylic acid groups occurs with the symmetric and
asymmetric C-COO- stretch at 1441-1458 and 1543-1608 cm, respectively. In this instance, there
are both symmetric and asymmetric stretching modes regardless of the composition of the swelling
solution, as described in section 5.3.2.1. All cations cause a blue-shift in both peaks relative to gels

in DI water, with divalent cations inducing a significantly larger shift relative to Na* ions.
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Surprisingly, calcium cations induce a larger blue-shift than copper cations in these stretching
modes. The cause of this is not fully understood, but we hypothesize that it is due to a greater
amount of delocalization of the negative charge on the carboxylate group in the presence of Cu?*.
Referring back to Figure 5.4, one can observe the ratio of asymmetric-to-symmetric stretching for
the C-COO" bond as well. The significant decrease in the asymmetric stretching mode, as described
in section 5.3.2.1, can be attributed to a shift in charge density on the carboxylate group, in which
strong coordination at the carboxylate anion decreases the polarity of the C-C bond.

Finally, the C=0 stretch of the carboxylate group can be examined. As mentioned
previously, coordination with divalent cations causes an increase in the amplitude of the C=0
stretch and a redshift in its peak center. Once again, the amount by which the peak center is shifted
is larger in CaCl> than in CuSOs solution. This seems counter-intuitive due to the copper cation
having a stronger coordination bond with the negatively charged oxygen, but once again we must
consider that this stretching mode belongs to an adjacent bond and not the bond being stretched
by metal-polymer coordination. At this stage we attribute this difference again to greater
delocalization of the negative charge between the two oxygen atoms in the carboxylate group, but

further investigation would be beneficial.

5.3.3 Changes in Copper Chelation Induced by Previous Salt Content

Here we outline the significant changes induced by concentrated CuSOs (e.g., 50 mM
solution), relative to hydrogel samples swollen in DI water, before specifying the impact of
previous salt content. Copper-polymer coordination produces a new spectral band centered at 403
cm®. The symmetric CO-O" stretch at 895 cm™ splits into an asymmetric peak at 860 cm™, a
symmetric peak at 903 cm™, and a double-chelation peak (i.e., O-Cu-O bonding) at 981 cm™. The

symmetric and asymmetric C-COO" stretching bands shift from 1543 to 1605 cm™ and from 1642
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to 1672 cm?, respectively. The C=0 stretch of the carboxylate shifts from 1732 to 1719 cm™. The
C-NHg stretching band from the carbonyl group shifts from 1414 to 1426 cm™, and the carbonyl
C=0 stretching band shifts from 1642 to 1672 cm™. The ratio of the amplitudes of asymmetric to
symmetric C-COO" stretching changes from 1.4 to 0.3. The ratio of the amplitudes of carboxylate
to carbonyl C=0 stretching increases from 0.5 to 1.0.

In the presence of NaCl, copper-polymer coordination generates a vibrational band at a
higher wavenumber of 419 cm™. Since sodium-polymer coordination is not strong enough to
produce a vibrational band in this range, it is expected that the blue-shift observed is a function of
the high salt concentration in the gel. As mentioned previously, the hydrogen-bonding between
unbound water molecules inside a polymer network, as well as between water molecules and
hydrophilic polymer groups, is disrupted by increasing salt concentrations. The disruption of the
hydrogen-bond network increases the vibrational strength of other bonds, which in this case causes
the vibration of the Cu-O bond to shift to a higher wavenumber.

From the increased intensity of the O-Cu-O peak at 981 cm?, it is believed that a larger
fraction of the copper ions present in the gel is chelated with two carboxylate groups each, as
described previously. The presence of NaCl does not impact the symmetric stretching of either the
CO-O" bond (903 cm™?) or the C-COO" (1454 cm'Y), but it marginally decreases the magnitude of
the red-shift observed in the asymmetric CO-O" stretching (i.e., from 860 to 862 cm™) and the
blue-shift observed in the asymmetric C-COO" stretch (i.e., from 1605 to 1604 cm™). Due to the
higher concentration of ions already in the gel, fewer copper ions enter the gel, which means they
produce, as an average across the sampled section, less pull on the negatively charged carboxylate
oxygen and cause a less significant shift in asymmetric stretches. The ratio of asymmetric-to-

symmetric CO-O" amplitude decreases from 1.1 to 0.8, again indicating that the averaged effect of
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copper-polymer coordination is diminished by previous presence of NaCl. The C-NHz stretch and
the carbonyl C=0 stretch shift back to a lower wavenumber of 1419 cm™ and 1716 cm™,
respectively, which is believed to be attributable to less pull on the carboxylate groups and less
freedom for the carbonyl groups. Finally, the ratio of C=0O peaks for carboxylate to carbonyl
groups increases from 1.1 in CuSOs-only samples to 1.3 under the current conditions. This too can
be explained by a smaller fraction of carboxylate groups being chelated with copper ions.
Chelation increases the intensity of the C=O stretch as it further polarizes the bond, and
predominantly double-chelation (O-Cu-O) further increases the polarity of the bond. All of the
changes described above agree well with the concept that the presence of NaCl diminishes the
amount of CuSO4 taken up by the gel, as indicated by UV-Vis measurements (Figure 5.2), but that
the fraction of copper ions in the gel that are chelated with two carboxylate groups increases.

In the presence of CaCl,, some of the shifts observed follow the same trend as NaCl-
swollen gels, but some shifts suggest that Ca®* alters copper-binding by a different mechanism
than Na*. This dissimilarity may prove useful in differentiating between gels initially containing
each cation. First, we can delineate which shifts in spectral bands follow a similar trend to NaCl-
swollen gels: signals for asymmetric stretching of the CO-O" bond, stretching of the C-NH> bond,
symmetric stretching of the C-COO" bond, and stretching of both the carbonyl and carboxylate
C=0 bonds remain the same as in “CuSQg after NaCl” gels.

As for signals that differ, several conclusions can be drawn from the O-Metal peak in
“CuSO4q after CaCly” spectra. The ion content in the gel after this set of swelling conditions should
be a mixture of Cu?* and Ca?* cations but with far fewer Cu?* ions than under other conditions, as
confirmed by UV-Vis. It would therefore be logical that the O-Metal peak shifts to somewhere

between the peaks for pristine gels swollen in CaCl, and CuSO4. However, the previous exposure
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to CaCl; causes less of a blue-shift than NaCl. One will also note that the peak entirely disappears
at 981 cm™. These features lend credence to the idea that the peak at 981 cm™ is produced
specifically by fully-chelated copper (O-Cu-O) assemblies, and that the presence of Ca?" ions in
the gel limits the Cu?* ions to binding with only one carboxylate group each. In this case, we can
also conclude that the O-Metal peak is produced predominantly by single copper-polymer binding
interactions.

In the previous set of gels, the presence of NaCl caused a slight blue-shift in asymmetric
stretching of the CO-O" bond, relative to a CuSOas-swollen gel, but did not shift the peak for the
symmetric stretch. Here, the presence of CaCl. blue-shifts both the symmetric and asymmetric
stretching of this bond by 2 cm™, corresponding to an overall weaker pull on the carboxylate anion.
We must remember that these shifts in wavenumber represent only the peak center of the
vibrational band, not the intensity. Therefore an overall decrease in pull simply means the average
pull is lessened, which correlates with the idea that O-Cu-O assemblies are prohibited by the
presence of Ca2*. The ratio of the amplitudes of these two signals (i.e., asymmetric to symmetric
CO-0O") implies that there is still a mixed contribution from Cu?* and Ca?*, as the ratio for this case,
0.8, falls between the ratios observed in CuSOs-only (1.1) and CaClz-only (0.5) swelling
conditions.

The asymmetric stretch of the C-COO™ bond exhibits a small red-shift with the previous
presence of CaCl,, which indicates a slight decrease in the strength of this bond’s asymmetric
stretching relative to CuSQOs-only swelling conditions. As previously described, it is believed that
Cu?* causes greater delocalization of the negative charge on the carboxylate group. This small shift

again supports the idea that Ca®" prevents Cu?* ions from chelating with two carboxylate groups
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each, which decreases the delocalization effect on the carboxylate charge, increases the polarity of
the C-C bond, and slightly weakens the C-COQO" stretch.

Finally, The ratio of C=0 groups appears larger in “CuSOg4 after CaCly” gels than in
CuSOg-only gels but lower than in “CuSOa after NaCl” gels. This is unsurprising, as Ca%* ions pull
more on the carboxylate group than Na* ions, but the pull from Cu?* ions is diminished both by
their limited presence and if they are unable to chelate two carboxylate groups. All of the changes
described above agree with the idea that the presence of CaClz is more restrictive on copper-uptake,
as confirmed by UV-Vis, and Ca?* ions at least largely prevent Cu?* ions from chelating with two

carboxylate groups per ion.

5.4 Conclusions and Outlook

The studies described in this chapter have established a more thorough understanding of
the differences in ion-polymer interactions between metal cations of different classes and outlined
specific effects of previous salt content on the chelation of hydrogel functionalities by transition
metal ions. We have confirmed the lack of chelation between copper and polyacrylamide
functionalities and hypothesized several specific changes in the charge distribution and bond
vibration modes that occur under various swelling conditions. The ideas expressed in this chapter
have laid a foundation, but there is still work to be done to establish a standard methodology for
identifying hydrogel ion content and swelling history.

Our conclusions to-date include the following:

1) Peak-splitting in the range of 860-990 cm™ can indicate the relative amount of singly- and
double-bound divalent counter-ions.

2) The full (double) chelation of Cu?* produces a unique scattering peak at 981 cm™.
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3)

4)

5)

6)

7)

8)

Copper-chelation produces a unique vibrational band at 403 cm™ from the direct Cu-O
bond vibration.

High concentrations of salt cause the Cu-O vibration to shift to higher wavenumbers, likely
due to disruption of the hydrogen-bond network in the gel.

Strong metal coordination weakens the bond between the negatively charged oxygen atom
and the rest of the carboxylate group.

Strong metal coordination alters the polarity of the C-C and C=0 bonds of a carboxylate
group by drawing electrons toward the negatively charged oxygen atom with which the
cation is coordinating.

Previous presence of Na* ions in the gel decreases the number of Cu?* ions that enter the
gel due to osmotic pressure gradients but promotes a large fraction of chelation due to the
large difference in metal-polymer bond stability.

Previous presence of Ca?* ions in the gel more drastically limits the number of Cu?* ions
that can enter the gel and also prevents true chelation by the Cu?* between multiple
carboxylate groups.

The above conclusions may be expanded to other alkali, alkaline earth, and transition

metals thanks to trends in electronegativity and metal-ligand bond stability values. Additionally,
the shifts that occur between pristine gels swollen in CuSO4 and previously-exposed “salty” gels
swollen in CuSOg all shift toward the peak observed in the initial salt solution (i.e., NaCl or CaCl,-
swollen gel samples). This indicates that if a transition metal is introduced into a “salty” gel, then
a reference set of spectra for the gel composition of interest swollen in different salts from the
pristine state may be used to identify the prior content of the “salty” gel. For example, if reference

spectra are compiled for gel composition X swollen in salts 1, 2, and 3, where one of those salts is
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the transition metal salt used to test the previously-exposed “salty” sample, then the differences
between those spectra may be used to interpret the changes observed in a spectrum of the “salty”
sample. With more data available, this process may even be extendable into samples containing a
mixture of two or more counter-ions.

Future work necessary to develop a robust characterization protocol for hydrogel content
and history will require additional UV-Vis and Raman spectroscopy analysis on gels containing
different fractions of PANa and possibly swollen in different salt concentration combinations in
order to fully elucidate the relationship between polymer ionic fraction and metal cation binding.
Furthermore, a depth profile study of copper binding in these gels would offer insight into the
“shell” formation induced by transition metals and the permeation distance of transition metal ions
into a gel sample.

An additional valuable step will be the inclusion of mechanical analysis of the hydrogels
under these various swelling conditions. The formation of a “shell” by transition metals, as
described in earlier results, produces an increase in the elastic modulus of the sample. The
anticipated changes in modulus values under each condition may be calculated using stability
constants and other thermodynamic data reported in literature,®? and these values can be
compared to experimental mechanical data to gain more insight into shell formation. Comparing
calculated values to experimental data may help us understand not only the magnitude of these
contributions and the relative strength of weaker ionic crosslinks that do not form a “shell,” but
also how the “shell” crosslink density varies with depth and hydrogel composition. Samples have
been prepared for mechanical testing using a three-point-bending apparatus on a Texture Analyzer,
but such experiments were delayed due to COVID-19 related lab access restrictions. Additionally,

rheological studies have been considered as an alternative method by which to measure
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coordination bond strength. Shear rheology at low strain rates may be employed to break metal
coordination bond crosslinks without breaking chemical or physical crosslinks.34°

This study has laid foundational work for a robust, widely-applicable characterization
methodology for assessing ionic hydrogel content and history. Such a methodology, when fully
developed through the follow-up experiments described above, we believe could be invaluable in
understanding how superabsorbent materials will perform in changing ionic environments and
recycled applications. With this understanding, more polymeric materials could be up-cycled,

improving both future applications and sustainability efforts.
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6. CONCLUSIONS AND FUTURE RECOMMENDATIONS

6.1 Summary of Research

This dissertation set out to develop a more thorough understanding of structure-property
relationships in hydrogels driven by ionic interactions. To achieve this, a model hydrogel system
composed of poly(acrylic acid-co-acrylamide) crosslinked with MBAM was utilized to investigate
noncovalent interactions within a pH- and ion-sensitive superabsorbent network. Interactions were
probed relative to polymer composition, solution composition, and solute character across multiple
lengthscales using a broad range of non-destructive characterization techniques.

The initial investigation in this dissertation sought to provide a more robust understanding
of the changes in polymer conformation and distribution of network components induced by
monovalent and multivalent counter-ions. It employed a previously-established synthetic protocol
to produce polymer gels and their nanocomposite counterparts that are of interest for a wide range
of applications so that this work might offer the broadest impact. Characterization relied heavily
on macroscale swelling experiments and spatially-averaged nanoscale measurements via small-
angle x-ray scattering. This work determined that while monovalent counter-ions produce a
gradual reduction in swelling through increasing electrostatic screening, multivalent ions induce a
significant degree of network collapse at low concentrations due to the formation of ionic
crosslinks between polymer functional groups. These ionic crosslinks do not distribute evenly
throughout the polymer network but instead aggregate to form clusters of electron-dense regions.
The incorporation of nanoparticles further decreases the swelling capacity of these hydrogels by
adding physical crosslinks to the system. However, we found no evidence that these crosslinks
contain a chemical component, as the persistence length of the polymer chains was unaffected by

nanoparticle presence. As for ion-induced reductions in swelling in the presence of nanoparticles,
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evidence suggests that there is a preferential association of free counter-ions around the negatively
charged nanoparticles. This results in minimal ion-induced decreases in hydrogel swelling until
the solution concentration exceeds the saturation concentration for the nanoparticles.

Motivated by the appearance of polymer-salt aggregates in scattering spectra, the next
portion of this research sought to understand crystallization of simple salts in PANa-PAM
hydrogels. This study discovered unexpected relationships between hydrogel composition and the
onset concentration and capacity of the gel for crystallization of NaCl. A deeper investigation into
the anticipated mesh size of each polymer composition offered insight into these relationships.
This study also discovered that despite the aggregates observed via SAXS in hydrogels containing
CaCly, crystallization of CaCl; in these gels could be achieved. The size of crystals formed by
NaCl could be somewhat controlled by hydrogel composition and the rate at which salt
concentration in the gel increases, although the probable occlusion of polymer by the salt crystals
limited the uniformity and measurement capacity of these crystals. This investigation further
probed the effects of NaCl crystallization on subsequent hydrogel performance, finding that salt
crystallization, even after fully rinsing the hydrogels in DI water, still has a hysteretic impact on
gel swelling.

Investigation of the hysteretic impact of salts in these hydrogels was expanded to other
solute types, resulting in the investigation using metal cations of different character (i.e., ions with
the same valency but from different groups within the periodic table) presented in Chapter 4. Here,
the permanence of ionic crosslinks was investigated as a function of polymer composition. It was
confirmed that transition metals such as copper (II) form “permanent” ionic crosslinks, which
contribute to the mechanical properties of the polymer gel and can be broken only under extremely

acidic conditions. The magnitude of ionic contributions to the elastic modulus of the polymers was
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determined with respect to solute concentration, and theories were developed for the chemical
cause of the discrepancies between hydrogel properties when swollen with alkaline earth metal
ions versus transition metal ions.

The final portion of this dissertation sought to obtain a deeper understanding of the physical
chemistry behind these hydrogel-ion interactions and develop a robust characterization protocol
by which the contents of such polyelectrolyte gels could be measured. This study employed a
combination of spectroscopic techniques to more fully elucidate the effects of alkali, alkaline earth,
and transition metal cations on the noncovalent bonding interactions within a PANa-PAM network.
Spectroscopic shifts were identified and quantified for polymer interactions with NaCl, CaCly,
CuSOg4, and CuSO4 after prior exposure to NaCl and CaCl.. From these measurements, we have
been able to hypothesize the effects of main group metal cations on the subsequent binding of
transition metal ions. Specifically, we conclude that the presence of sodium (or monovalent) ions
in the gel decreases the number of copper (or transition metal) ions that enter the gel through
osmotic pressure gradients but increases the fraction of copper ions that chelate with two
carboxylate groups. We anticipate that this is due to the significantly higher stability of Cu-O
bonds over Na-O bonds. Similarly, the presence of calcium (or divalent main group) ions further
limits the influx of copper when placed in the same concentration solution. However, in the case
of calcium-copper competition, the difference in Cu-O and Ca-O stability is less significant, and
calcium ions appear to wholly preclude copper ions from interacting with more than one
carboxylate group, rather than being replaced entirely by copper ions as is the case with sodium

ions.
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6.2 Future Work and Outlook

The investigations described herein have elucidated a range of ionically-driven structure-
property relationships in polyelectrolyte gels and have the built a foundation for several different

paths forward. As such, a few recommendations for future studies are laid out below.

6.2.1 Non-destructive characterization

This research will continue to benefit from non-destructive characterization techniques that
allow investigation of nanoscale features of hydrogels in the swollen state. Additional scattering
and spectroscopic analysis, including the methods described in this dissertation as well as new
analysis techniques proposed below, will allow future investigators to obtain a complete
understanding of the nanoscale phenomena investigated in this dissertation as a function of

polymer composition.

Scattering

This dissertation has designed Xx-ray scattering experiments for the analysis of PANa-PAM
hydrogels and PANa-PAM-SiO. nanocomposites. The experiments described here may be
reproduced using properly-synthesized (i.e., higher initiator content) hydrogels and should be
expanded to include gels swollen with transition metal salts. Further expansion in SAXS
experimentation may include data collection at larger sample-to-detector distances in order to fully
characterize the PANa-PAM-SiO, nanocomposites. At sufficiently low g-values (i.e., large
scattering distances), changes in the size of nanoparticle-based features, such as increases in the
measured radius of the particles that appear due to the coordination of cations on their surfaces.
The inclusion of neutron scattering experiments on the same materials would provide a more

complete understanding of polymer conformation and ionic interactions in these gels, if feasible.

131



Spectroscopy

Perhaps even more valuable than SANS, however, would be the addition of PALS
characterization. Positron annihilation can provide information about changes in free volume of
the polymer network, complementing correlation length measurements obtained through scattering.
It can also measure alterations in hydrogen-bonding induced by counter-ions in the gel by
determining the relative amount of bound and unbound water in the system. Furthermore, a PALS
instrument is readily accessible within the department, and experiments can be conducted on it
without incurring additional costs or facing time limits on access to the instrument.

Building off of the Raman spectroscopy experiments described in this dissertation, future
work should also prioritize conducting depth profiling experiments on transition metal-crosslinked
gels of varying polymer composition. This step will be particularly important, as the formation of
crosslinked “shells” has been observed to strongly depend on polymer composition, and such shell
formation will drastically impact any subsequent mechanical characterization attempts. As
mentioned previously, these experiments can be conducted using the same Raman microscope
used for prior experiments.

This same Raman microscope assembly can further be combined with an AFM chamber
that is currently available for the instrument but not in use. This AFM chamber can be used to
conduct force measurements on swollen hydrogel samples under ambient conditions, which will
provide an in situ method to gain insight regarding the distribution and strength of ionic crosslinks.
This form of non-destructive mechanical analysis could prove particularly valuable in measuring
more “permanent” ionic crosslinks from transition metals, as well as nanoparticle distribution in

PANa-PAM-SiO2 nanocomposites.
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6.2.2 Mechanical Characterization

Finally, some characterization in which the hydrogel sample is destroyed may prove
valuable for elucidating the strength of ionic bonds and the crosslink gradient formed by the “shell”
observed in transition metal-swollen gels. Mechanical analysis will allow researchers to more
thoroughly connect the nanoscale interactions with macroscale hydrogel performance. As
mentioned in Chapter 5, three-point-bending experiments have been planned for quantifying
mechanical contributions made by stronger “permanent” ionic crosslinks. Once the shell thickness
and transition metal concentration gradient have been determined, mechanical characterization of
hydrogels swollen in main group metal salt solutions, transition metal salt solutions, and transition
metal solutions following main group metal solutions should be conducted in order to fully
quantify bonding interactions. In the case of transition metal-containing gels, this will require
exfoliation of the shell layers such that the mechanical properties of test materials are more uniform

throughout the thickness of the test sample.

6.2.3 Outlook

Quantification of the strength and distribution of ion-polymer interactions, changes to
polymer bonding and conformation, and competitive ion effects, all as a function of polymer
composition, would provide a complete and robust understanding of ionically-driven structure-
property relationships in this polymer system. Many facets of these phenomena have been
elucidated in this dissertation, but more investigation remains in order to complete our
understanding. With this information, scaling relationships can be derived in order to tailor
hydrogel composition for targeted ionic environments. Furthermore, this understanding of the
ionically-driven changes in polymer properties can be applied to polymer systems well beyond the

PANa-PAM copolymer.
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Finally, a unified characterization protocol for recyclable materials, as represented by
“CuSOg4 after NaCl” or CaCl, conditions in Chapter 5, would open the door for understanding the
full performance capacity of recycled hydrogel materials and allow researchers to decide where
and how such used materials could be applied in a secondary field without extensive Edisonian

experimentation.
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APPENDIX A. RELEVANT EQUATIONS

EQUATIONS RELATING SAX PARAMETERS

__4msin®

Scattering vector: q=—;

21

Feature diameter, or center-to-center distance: d= "

CALCULATIONS RELATED TO THEORETICAL POLYMER MESH SIZE
Input Parameters:
Naa — moles of AA in reaction
Nam — moles of AM in reaction
Ninit1 — moles of Na2S20s in reaction
Ninit2 — moles of Na2S20s in reaction
Nmeam — moles of MBAM in reaction
NnaoH — moles of NaOH in reaction
Vot — total volume of reaction
Minit — mass of reagents in reaction
Mrec — recovered mass of polymer
Q — equilibrium swelling ratio
Constants:
Maa — mass of AA monomer — 72.06 g/mol
Mawm — mass of AM monomer — 71.08 g/mol
Na — Avogadro’s number
pw — density of water — 1
paa — density of AA —1.41
pam — density of AM — 1.3
V1 — molar volume of water — 18 mL/mol
x1 — AA-AM interaction parameter — 0.4707*
¢ — functionality of crosslinking agent — 4
Ka —acid dissociation constant AA — 4.5
| —length of C-C bond — 0.154 nm
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Calculated Parameters:
X —molar ratio AM:AA

— Nam
Naa
Conv. — conversion
Minit

Conv.=

Mrec

Mon. — monomer units in reaction
Mon.= (N4 + Nyp) * Ny

Rad. — radicals produced in reaction
Rad.= 2 * Nipjrp * Ny

R — repeat units per chain at 100% conversion

__ Mon.
Rad.

Navg — average repeat units per chain

Ngyg = R * Conv.

M,, = average molecular weight of polymer chain

M, = (Navg * ; + MAA) + (Nav * L * MAM)
1+X 914X

pp — density of polymer

Nga ) ( Nam )
= ¥ — + , —
Pp (pAA Naa+Nam Pam Naa+Nam

Vo,r — volume of polymer in relaxed state (i.e., immediately after polymerization)

M. 1
vy, = Mree 1
! Pp Vtot

V2,5 — swollen volume fraction

Pw 1
pp Q

VUys =

v — specific volume of polymer (mL/g)

_ 1
v=—
Pp
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| —ionic strength of gel (see table)

Reagent | Zion1 | Zion2 | Cion1 Cion2

| = Z 1 (C:Z?) NaOH +1 -1 NnaoH | NNaoH
2 AA +1 |1 Naa [ Naa
AM 0 0 Nawm Nam
MBAM |0 0 Nmeam | NmBam

NazS20s5 | +1 -2 Ninit1 | Ninit,1
NazS20s | +1 -2 Ninit2 | Ninit,2

M; — average monomer mass

1 X
My = Ma (55) + Man (35)
pH — pH of gel

Cn — Flory characteristic ratio of the polymer**

Co= (22— 5 6.7) + (22— 2.72)

Nga+Nam Nga+Nam

Governing equation for ionic gels:
Vi (E) ( K, )2
4IM, \ 7 /\10-PH + K,

1/3
Vl ZMC UZ S UZ S
= [In(1 = vy,) + vy s + 1 V2 +(_—>U 1-— ' ~ 2,
[ ( 2,5) 2,s T X1 2,5] ﬁMC 2,r MTl Vo r ZUZ,T

Solve for M¢ — molecular weight between crosslinks

¢ — mesh size (nm)

zchC)l/ 2

E = (172,5)_1/3 < Mr l

*interpolated value based on Turan, E.; Caykara, T.; “Swelling and network parameters of pH-sensitive
poly(acrylamide-co-acrylic acid) hydrogels” J. Appl. Polym. Sci. 2007, 106 (3), 2000-2007.
**interpolated value based on Thakur, A.; Wanchoo, R. K.; Singh, P. “Structural Parameters and Swelling Behavior
of pH Sensitive Poly(acrylamide-co-acrylic acid) Hydrogels” Chem. Biochem. Eng. Q. 2011, 25 (2), 181-194.
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CALCULATIONS RELATED TO HYDROGEL FIXED CHARGE CONCENTRATION,
THEORETICAL CHARGE DENSITY, AND COPPER-UPTAKE
Useful conversions:

1nm =1.010° mm

1nm3=1.0*10" mm3

1mL =1 cm?®=1000 mm3
Equations:

pcharge — gel charge density (chains/mm3)*

(M . My, ) . 12

—c -
_ \M, " Mya + Myy)~ & 1%107nm?
Pcharge = = * 1mm?3

pgel — average gel density
Mequil — Mass of sample at Qequil

Vequil = (Iength * width * thickness) as measured by optical microscopy at Qequil

p _ Megquil
el —
9 Vequil

Ci — concentration of copper solution in UV-Vis, i designates before/after gel uptake

A

C;, = 121;’ (Beer’s Law)

Capgel — charges in gel at Qequil
Capgel = Pgel * Mequil

Capudiv — capacity for divalent charge interactions

__ Capger
Capdiv - 2

Abs — cations absorbed from solution**
Abs = (Cafter - Cbefore) * 0-01 L * NA

%ans — percent of theoretical capacity occupied by absorbed ions

Yogps = C“i £ 100

aPdiv

* 12/4 factor assumes cubic structure, where 12 chain lengths make up a cube, and each chain length between
crosslinks is shared between 4 cubes
** 10 mL solution per sample
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13.

14.

15.
16.

APPENDIX B: STANDARD OPERATING PROCEDURE FOR
SAXSANALYSIS SOFTWARE

Locate the .h5z data files (individual and averaged) collected from your experiments and
transfer them to a personal computer using an external storage device.
Open the SAXSanalysis package on your personal computer.
Start an empty session.
Right click on Source Data, select Add File(s). Choose the files you wish to process.
Expand the Source Data banner, select a frame.
Click Figures across the top, select 2D graphs, and click “select data” on right panel
Load the frame of interest. You should see a 2D scattering pattern.
Notes on Settings:

a. The gear icon on the left side of the image panel can be used to scale colors and

bring out subtle scattering rings.
b. The symbol composed of four diamonds next to the Figure title to dock/undock a
panel.

Right click on Source Data and select Add Process. If you have individual frames, proceed
to step 9. If you have averaged frames, skip to step 13.
Select Process type: Combiner and click Create process.
Right click on Process and click the “Select” button to choose which files to include in the
process.
Right click on Process again and choose Insert Tool. Select the “Frame Averager” tool.
Click Calculate to run the process and average your frames.
Right click on the Process (or on Source Data if you have not added a Combiner process).
Select Insert Process and choose Process type: Sequential.
Right click on the most Process to select your data. Click “Select” to choose the files you
wish to include. If you used a combiner process, choose the frame under the “Frame
Averager” menu.
Right click on the Process again and select Insert Tool.
Select “Zero Point by Moments 2D” and create tool. You can filter tools by data type at the

top of this menu.
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18.

19.

20.

21.

22.
23.

24,
25.
26.
27.

Click on the Zero Point by Moments 2D tool and click “Select Dataset” and choose the
most recent frames.
To set your zero point, go to the graph settings (gear icon) and select color mapping. Turn
off scale, and zoom to the center of your scattering pattern by clicking and dragging a box
around the area.
Select the “Box” (dashed line box with a plus in the corner). Box in only the signal that is
passing through the center of the beamstop but clicking at one corner, releasing the mouse
button, moving to the opposite corner, and clicking again. If you click and drag, you will
zoom. Double click to zoom back out to your full frame. Click Apply in the bottom right
and Calculate.
If masking is needed, right click on the Zero Point by Moments 2D tool and insert tool.
Select 2D Masking. If you do not want to mask portions of your pattern, skip to step 23.
Select your dataset, making sure you select the frame under your last tool. Use the box,
slice, or arc tools on the left side of the frame to draw masking boxes to cover the beamstop
or select portions of your pattern. Masking parts of your pattern is primarily useful if you
have a flare on one side of the pattern caused by scattering off the edge of a capillary tube
sample holder.
Click Mask and Calculate.
Right click on your last tool, Add tool, and select Q Transformation. Click on the tool.
a. For transmission SAXS, select Transformation type: Transmission.
b. For GISAXS, select Transformation type: Gisaxs and select Type of GISAXS
projection: (qy,q_2).
Calculate.
Right click on Q Transformation and Insert tool. Select Data Reduction 2D.
Click on the tool and Select Dataset. Make sure to select the frame under Q transformation.
Use the box, slice, and arc tools to highlight the area of scattering that you wish to reduce.
a. For isotropic samples, you will typically use the slice tool. Click at the center of
your beamstop, release the mouse button and drag up the highlighting section to the
top edge of your frame. Click again.
b. For anisotropic samples, box and arc tools are helpful for highlighting the desired

sections of data.
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29.

30.

31.

32.
33.

34.

35.

c. To make sure your slice is centered at the zero point, click “Set 0 on the menu that
appears once you’ve highlighted an area. You can then change your x and y out,
which moves the far end of the slice, and choose the angle over which you want to
integrate.

Click Apply and Calculate.

Go to the Figures tab across the top and select a 1D graph. Select data. You should now see
the 1D reduction of you scattering pattern.

For 1D masking, right click on Data Reduction 2D, Insert tool, and select Masking 1D.
Click on the tool and select your most recent data set. Use the “x Range” tool on the left
side of the frame to mask sections like signal from the center of the beamstop or trim noise
at large g ranges. You will likely skip this step if you conducted 2D masking.

Click Mask and Calculate.

If you would like to subtract a background file, right click your last tool, Insert tool, and
select Standard Operations 1D. Select a Reference background under the Subtract intensity
heading. Click apply and Calculate. You may choose to skip this step.

Right click your most recent tool, Insert tool, Export ASCII. This will generate a general
comma-separated file. Depending on additional software you are using, you may choose
to export in a different format.

Create tool, choose your Output File Name and Path. Click apply and Calculate. This will
generate a file that can be opened in Excel or any program that can read ASCII or .csv.

Note on removing the gap between detectors on your 2D data: Collect an additional set of data at

an SDD approximately 10 cm closer to the detector. When processing, perform a standard

sequential process until you reach the Q transformation step. Calculate the Q transformation, and

then create a new Combiner process. Check the box for “Separate output per input file,” and select

inputs.

Right click on the process to insert a tool, and Insert tool: Binning 2D combiner.

141



VITA

Jessica Sargent was born and raised in Lawrenceville, GA. She graduated summa cum
laude from Auburn University with her Bachelor of Science degree in Polymer & Fiber
Engineering and a minor in Music Performance. While attending Auburn, she was an
undergraduate researcher under Professor Maria Auad and assisted in the development of
antimicrobial polyurethanes and naturally-derived epoxy resins. She completed her M.S., Thesis
degree at Purdue University in Chemical Engineering, where she studied self-assembly of triblock
copolymers for application in water purification membranes. In 2017, she joined the Materials
Engineering program at Purdue University to complete her PhD studies. She is interested in
synthesis and characterization of soft and composite materials with a focus on polymer chemistry.
She is the primary author of four publications, one of which is related to Engineering Education
through the Purdue University Women in Engineering Program. She has co-authored five other

research papers, of which three have been published to date.

142



