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Electricity, a convenient stimulus, was used to manipulate the mechanical properties of two classes
of materials, each with a different mechanism. In the first system, macroscale electroplastic
elastomer hydrogels (EPEs) were reversibly cycled through soft and hard states by sequential
application of oxidative and reductive potentials. Electrochemically reversible crosslinks were
switched between strongly binding Fe®* and weak to non-binding Fe?', as determined by
potentiometric titration. With the incorporation of graphene oxide (GO) into the EPE, a significant
enhancement in modulus and toughness was observed, allowing for the preparation of thinner EPE
samples, which could be reversibly cycled between soft and hard states over 30 minutes. Further
characterization of this EPE by magnetic susceptibility measurements suggested the formation of
multinuclear iron clusters within the gel.

Copper-derived EPEs which exploited the same redox-controlled mechanism for switching
between hard and soft states were also prepared. Here, the density of temporary crosslinks and the
mechanical properties were controlled by reversibly switching between the +1 and +2 oxidation
states, using a combination of electrochemical/air oxidation and chemical reduction. In addition to
undergoing redox-controlled changes in modulus, these EPEs exhibited shape memory.

In the second system, electroadhesion between ionomer layers was exploited to create
laminate structures whose rigidity depended on the reversible polarization of the dielectric

polymers. The role of the counter-ion in determining the intrinsic and electroadhesive properties
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of poly(ethylene-co-acrylic acid) ionomers in bi- and tri-layered laminate structures was examined.
PEAA ionomers were prepared with three tetraalkylammonium cations (NR4*, R = methyl, TMA";
ethyl, TEA™; and propyl, TPA™). Reflecting the increasing hydrophobicity of the longer alkyl
chains, water uptake changed as a function of counterion with TMA* > TEA* > TPA". The glass
transition temperatures, electrical resistivities, elastic moduli, and coefficients of friction were
measured and found to depend on the cation identity. Overall, the cation-influenced mechanical
properties of the ionomer determined the flexural rigidity range, but not the magnitude of the

rigidity change, between the on and off states.
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1.0 INTRODUCTION

1.1 OVERVIEW

The overarching goal of this work was to develop materials and structures whose mechanical
properties can be reversibly switched between hard and soft states using electricity. Presented here
are two distinct strategies to control mechanical properties using electricity. The first strategy
focuses on exploiting redox chemistry to reversibly control the coordination preferences of metal
ions. The second strategy focuses on using polymer-based electroadhesion to bind the layers of
laminates and reversibly switch the overall stiffness of the structure between rigid and flexible. In
this introduction, focus is directed only to the first strategy and relevant background on stimuli-
responsive materials. An overview of the second strategy will be given in Chapter 5.

Specific to strategy 1, the overall goal of this research was to design, synthesize, and
understand the chemical nature of a class of hydrogels with redox-active crosslinks whose
mechanical properties could be reversibly manipulated using an electrical input. We chose to
explore an electrical stimulus rather than more common stimuli such as ionic strength, temperature
and pH because this approach avoids the need for heating/cooling and does not require addition of
reagents or collection of waste. Metal-crosslinked hydrogels were targeted because they offer
advantages over other redox-based materials in their reversibility, range of moduli, scalability, and

maintenance of three-dimensional shape in all states. The further elaboration of these materials



through the addition of a graphene/graphene oxide filler was also explored with a goal of creating
responsive hydrogels with a wider range of mechanical properties. In the long term these materials
could be used for applications such as tissue engineering,! drug and protein delivery,>2 sensors,*

actuators,® shape memory devices, and morphing structures.

1.2 STIMULI-RESPONSIVE MATERIALS

Utilizing a broad range of input, stimuli-responsive materials with switchable mechanical
properties have been developed using light,® temperature,” pH, ionic strength, electric field,®
magnetic field,® enzyme-catalysis,'® and redox reactions!!. Each of these strategies involves a
stimuli-induced change in crosslink density, a key contributor to the mechanical response of the
material to external force.

The mechanical properties of a polymer depend both on the structural properties of the
polymer backbone and the nature of the chemically-induced interactions between polymer chains.
Structurally, the molecular weight, polydispersity, chain orientation, degree of branching and chain
entanglements influence physical interactions between polymer chains. Chemically, interactions
are governed by the formation of crystalline domains, hydrogen bonds, ionic interactions, dipole-
dipole interactions, and other inter- and intramolecular forces. These chemically-derived
interactions are typically of greater importance than the fundamental structure of the polymeric
backbone. These interactions also alter the distribution of crosslinks.

Crosslinks can be divided into two categories: permanent covalent, and temporary, non-

covalent interactions. Many stimuli-responsive materials with alterable mechanical properties



focus on the use of non-covalent interactions to change the crosslink density of the material. Below
are described selected examples of previous reports that exploit this strategy.

Temperature is widely used as a method to alter polymer mechanical properties.
Thermoplastics, for example, are used extensively in industry and exhibit dramatic changes in
mechanical properties once heated past their glass transition temperature (7;), forming a viscous
mixture of flowing polymer chains. Other thermoresponsive polymers incorporate monomers such
as N-isopropylacrylamide (NIPAM)!2 whose polymer, PNIPAM, exhibits a lower critical solution
temperature (LCST). At room temperature, PNIPAM is hydrated and collapses to a dehydrated
form when heated past its LCST, resulting in an increase in modulus.

Polymers containing sulfonated cellulose nanocrystals (CNCs) rapidly respond to
hydration changes, eliciting dramatic changes in mechanical properties of the composite (Figure
1.1). As reported by Rowan and Weder, these CNCs, or “whiskers”, when embedded in a
polymeric matrix have high affinity for one another under dry conditions creating a stiff material.
In the presence of a hydrogen-bonding solvent such as water, these whisker-whisker interactions

are “switched-off” resulting in a softened material.*®
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Figure 1.1 (A) Chemical structure of cellulose whiskers isolated through sulfuric acid hydrolysis of tunicate cellulose
pulp and the matrix polymers used. (B) Schematic representation of the architecture and switching mechanism in the
artificial nanocomposites with dynamic mechanical properties. (Adapted with permission from Capadona, J. R.;
Shanmuganathan, K.; Tyler, D. J.; Rowan, S. J.; Weder, C., Science, 2008, 319 (5868), 1370-1374. Reprinted with
permission from AAAS).



In addition to heat and solvation, light can also be used to induce mechanical property
changes depending on the nature of the light-absorbing component. Reversible photocrosslinking**
and azo-benzene cis-trans isomerization have been shown to reversibly alter the Young’s modulus
of polymer films using UV-light (Figure 1.2a and b).®® Reversible adhesives derived from
metallosupramolecular polymers containing zinc complexes have also been shown to transform

UV-light into heat, raising the temperature of the polymer above its T, softening the adhesive

joint (Figure 1.2c).1

........ hq > 260 nm; Az < 260 nm
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Figure 1.2 (a) Trans-cis photoisomerization of azobenzene groups; (b) photodimerization of the cinnamic acid group;
(c) chemical structure of zinc cluster and schematic assembly and disassembly of supramolecular polymer with light
or heat; (a) and (b) adapted from Jiang, H. Y.; Kelch, S.; Lendlein, A., Adv. Mater. 2006, 18 (11), 1471-1475.
Copyright © 2006 by John Wiley Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc. (¢) Reproduced with
permission from Heinzmann, C.; Coulibaly, S.; Roulin, A.; Fiore, G. L.; Weder, C., ACS Applied Materials &
Interfaces 2014, 6 (7), 4713-4719. Copyright 2014 American Chemical Society.



The repetitive application of mechanical force has also been used to alter mechanical
properties, known as strain-stiffening. When subjected to recurring elastic stress, irreversible
stiffening can occur in elastomeric materials containing carbon nanotubes!’ or liquid crystals.8
Similarly, materials containing mechanophores, or groups reactive to mechanical deformation, can
induce increases in modulus by mechanical bond scission, increasing crosslink density.!%-2°
Collagen containing biomaterials such as ligaments and tendons also exhibit reversible strain-
stiffening.?1-22

Related to this work, electrical current has been used to alter mechanical properties. Here,
current flow causes Joule-heating of the material past its T;;, making this stimulus a sub-class of
thermoresponsive materials.?>2* This response is distinct from the work presented herein as redox
reactions are not employed to alter the mechanical properties.

Supramolecular materials have also gained considerable attention for the range of stimuli
possible and types of crosslinks which may be formed and encompass many of the methods given
above.?® B-cyclodextrins (host-guest interactions),?® quadruple hydrogen-bonding motifs,?’
diblock-copolymers,? electrostatic interactions (such as polyelectrolyte complexes),?>*° metal-
ligand coordination, and 7-r stacking® have all been utilized to create different materials which
respond to stimuli.

The theme relating all of these materials with alterable mechanical properties is the
modification of chain-chain interactions via a stimulus, (or multiple stimuli), resulting in a change
in crosslink density. While these approaches all present elegant solutions to the problem, an unmet
need exists for materials whose mechanical properties can be altered without the use of external
reagents or heating/cooling where the material maintains mechanical integrity in both soft and hard

states. Electrical input is particularly useful for achieving this aim since it offers spatial control of



the stimulus, does not require the addition or removal of reagents or heating. Metal-ligand
interactions are especially amenable to this approach as oxidation state-dependent binding and
crosslinking is well-understood. Indeed, others have utilized this technique, but until recently, only
a handful of examples existed which utilized electricity alone without the need for chemical
reagents to reversibly alter mechanical properties where three-dimensional shape is preserved. In
the following sections, our approach to this problem is presented and background is given on
hydrogels, hydrogel nanocomposites, and other redox-responsive materials which utilize oxidation
state dependent binding to alter mechanical properties. Highlighted are materials harnessing metal

ions as reversible crosslink points, with emphasis on those featuring electrical input as stimulus.

1.3 HYDROGELS AND MATERIALS WITH REDOX-ACTIVE CROSSLINKS

1.3.1 Redox-responsive materials with tunable mechanical properties

1.3.1.1 Metal-ion based materials with changes in primary coordination sphere

Numerous examples exist of stimuli-responsive metal-containing polymers and
supramolecular materials which exploit metal ion oxidation state.32-3 Of particular relevance to
our work are those systems that rely on redox-driven changes in coordination around the metal
center. Iron, due to the accessibility and stability of the +2 and +3 oxidation states is one of the
most widely used metals. Tong and co-workers have, for example, reported on the reversible sol-
gel transitioning of poly(acrylic acid) (PAA) using the Fe?*/Fe*" redox couple as controlled by
light, air oxidation,®” or an applied potential.®® The dynamic bonding of Fe3* with carboxylate

ligands has also been utilized for autonomous self-healing of crosslinked PAA hydrogels as



reported by Wang and Nie.*® Reduction is also intrinsic to the photodegradation of Fe3*-
crosslinked alginate gels for biocompatible scaffolds as reported by Melman and coworkers*® and
also by Ostrowski.*!

Other transition metals have been utilized, including the cobalt-based supramolecular
polymers by Terech and coworkers,*? and the copper-based systems by the Rowan and Shinkai
groups.**** Also related is the Cu/Cu?" ionoprinting methodology reported by Velev and
coworkers.* Copper redox was also used to promote self-healing of hydrophobic gels as reported

by Mashelkar and coworkers.*°

1.3.1.2 Materials with intact complexes that undergo changes in oxidation state without
changes in primary coordination sphere

Indirectly related, but also relevant, are systems that involve redox-promoted changes in
the charge on intact metal complexes. Harada and coworkers have, for example, used a redox
strategy to control the host-guest interactions between B-cyclodextrin and ferrocenyl moieties and
have demonstrated in their materials reversible associations,*’ self-healing,*® and mechanical
motion.*® Poly(ferrocenyl siloxanes) have been utilized to prepare color-tunable displays as
reported by Manners®®>! and redox-controlled actuators as demonstrated by Hempenius, Vancso
and coworkers.® In another case, ferrocyanide was utilized to control reversibly the degree of

swelling of polyelectrolyte multilayers.>?



1.3.1.3 Other redox-based mechanisms which do not utilize metal ions or coordination
complexes

Finally, there are some interesting examples of hydrogel materials that exploit redox as a
stimulus but are not metal-based. Disulfide crosslinking, for example, has been utilized to control
crosslink density in a variety of systems.>3 Electrochemical control of crosslinking has also been
demonstrated by altering the charge on polyviologens incorporated in polyelectrolyte
multilayers.*® Quadruple hydrogen bonding motifs have also been used to prepare

redox-responsive gelator systems.®’

1.3.2 Electroplastic elastomers

The goal of this project was to develop and characterize a new class of polymeric materials, herein
termed electroplastic elastomers (EPES), whose mechanical properties can be reversibly switched
on a macroscale using electricity. The functional mechanism of the material relies on metal ion
redox-state controlled formation and breakage of polymer chain crosslinks (Figure 1.3). Redox-
stimulated systems that exhibit reversible changes in mechanical properties have been reported in
the literature, but these systems typically involve switching between solution and gel phases."3
The Fe?*/Fe®* redox couple was chosen for developing these EPEs because this system is both
well-behaved and well-understood; these two ions can be interconverted in a convenient potential
window. As iron ions in different oxidation states have distinct coordination preferences—Fe>"
binds more strongly than Fe?* to “hard” ligands—the change in oxidation state can be used to
control the degree of crosslinking in a polymer bearing hard carboxylate side-groups (Figure 1.3).

Given the correlation between crosslink density and the stiffness of polymeric materials as



discussed above, it follows that the mechanical properties of the bulk material should be reversibly

controlled by the interconversion of Fe?* and Fe®*.>®

Figure 1.3 Representation of cross-linking in strongly cross-linked Fe®* hydrogel (left), and weakly cross-linked Fe?*
hydrogel (right).

We have chosen to focus our attention on hydrogels as these materials allow for the
preparation of bulk scale objects without the need for large quantities of synthetically challenging
monomers. Polymeric hydrogels are a particularly suitable medium in which to create materials
that respond to environmental changes. The aqueous environment is amenable to the establishment
of equilibria that can be reversibly manipulated and the swelling/deswelling of the gel amplifies

responses caused by changes in inter- and intramolecular interactions.? >%-60

1.3.3 Hydrogels

Hydrogels are three-dimensional water-swollen chemically crosslinked polymeric networks
typically prepared by free-radical polymerization from hydrophilic monomers.52%2 The presence
of permanent chemical crosslinks renders the network insoluble. Hydrogels can be prepared from
one (homopolymer), two (copolymer), or three or more monomers and, depending on the nature
and combination of the monomers used, the hydrogel can be neutral, anionic, cationic, or
amphoteric.51%2 A di-functional or multi-functional monomer can be added to crosslink the

network, ideally crosslinking all chains (Figure 1.4a and b). Network structure and morphology is
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an important component in determining the mechanical and swelling properties of the gel. The

mechanical properties of the system and the diffusion of molecules through the network are related

to three key properties of the hydrogel: the molecular weight between crosslinks (M), the degree
of swelling, and the network mesh size. In addition to chemical crosslinks, physical chain
entanglements are possible (Figure 1.4c). Defects such as unreacted monomer ends and loops
(Figure 1.4d and e) can also occur. Loops and dangling ends do not contribute to the elastic

properties since they are not connected to the network.52-2
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Figure 1.4 Representation of network structure in hydrogels. (a) ideal network. (b) Multifunctional crosslinks. (c)
Physical entanglements. (d) Unreacted dangling ends. (e) Loops.

Much research has been devoted to improving the mechanical properties of hydrogels since
these gels are typically very weak and brittle, limiting their potential applications.®® Tough
hydrogels have been prepared in a variety of ways. Interpenetrating network (IPN) hydrogels have
been synthesized by polymerizing a second network into a first, highly crosslinked network,
resulting in increased entanglements.®* Nanofillers such as clay platelets or graphene oxide have
also been used to enhance the mechanical properties of hydrogel materials. (For reviews on the

use of nanofillers in hydrogels, see Section 1.4).

1.3.3.1 Theory of rubber elasticity
Hydrogels behave similarly to rubber materials and will respond nearly instantaneously to an

applied stress. When deformed to a small extent, (strain less than 20-30%),%°% the gel will

10



typically recover to its initial state. Under these conditions, the response of the material can be
approximated as elastic. From the classical equation of state for rubber elasticity, a relationship
between the applied stress and the deformation under uniaxial compression or extension can be
derived (1.1).% 8" From analysis of the stress-strain curve, important structural information about
the hydrogel, in conjunction with swelling measurements, can be obtained, such as the molecular
weight between crosslinks, the shear modulus (G), and the Young’s Modulus (E = 3G for a material
within its elastic regime).

For a polymer crosslinked in the solid state or without solvent, the stress-strain behavior

can be predicted by

o= pMRT <1 — ZMMC> <a — i) (1.1)

where o is the stress, p is the density of the polymer (kg/m®), R is the ideal gas constant, T is the
absolute temperature, M, is the molecular weight between crosslinks, M,, is the number average
molecular weight for a linear polymer prepared under the same conditions without crosslinker, and
a is the extension ratio (o« = L/L,) where L is the length of the sample at a given time and L is
the initial length). The second term is a correction for dangling chain ends and can be approximated
as 1 when M,, » M,.5%7

In the case of a network crosslinked in the solid state and then swollen in a solvent, the

stress-strain relation becomes

RT 2M 1
o=E" (1 - = C) (a - —2) (v, 5)1/3 (1.2)
M, My, a '

where v, ¢ is the polymer volume fraction in the swollen state, and can be determined from

buoyancy and swelling experiments, 5" 8
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Vos =5 (1.3)
2,8 Vg,s
Woa—W,
VP — a,d n,d (1.4)
Pn
W,s —W,
Vs = % (1.5)

where Vp is the volume of the polymer, W, ; and W, 4 are the dry weight in air and in a non-

swelling solvent (such as hexanes), W, ; and W, ; are the swollen weight in air and in a nonsolvent,

and p,, is the density (g/mL) of the nonsolvent.

Finally, for the case of a polymer crosslinked in the presence of a solvent and then swollen

to equilibrium (representative of most hydrogels), the stress-strain relation becomes

7 1/3
_puRT ( . 2Mc> (e 2) (g) / (1.6)
MC Mn a?/ \vyr

Vp
Vv, = & (1.7)

2,r Vg’r
Vgr _ Wa,r B Wn,r (]_8)

' Pn

where p, - is the density of the polymer in the relaxed state, v, ,- is the polymer volume fraction in

the relaxed state after polymerization but before swelling, W, ;- and W, , are the weight in air and

in a nonsolvent after crosslinking, respectively.5 %
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1.4  CLAY AND GRAPHENE OXIDE NANOCOMPOSITES

Incorporation of nanomaterials in hydrogels imparts unique features to these typically very soft
materials. The nanofiller can have a pronounced influence on the mechanical properties of the
system depending on the nature of its interaction with the monomers used and the resulting
network structure. In the case of poly(acrylamide)/clay nanocomposite (NC) gels, the clay
nanoplatelets act as multifunctional crosslink points (Figure 1.5).6%7° Additionally, the polymer
chains adsorb to the surface of the clay sheets, such that more energy is required to desorb the
polymer from the sheets at high extensions (0~3). The combination of these characteristics
improve the toughness and extensiblity (over 1400% strain) compared to gels prepared with

organic crosslinker N,N'-methylenebisacrylamide (BIS) alone, which break at ~500% strain.’

exﬁ}ffhred’

Figure 1.5 Schematic illustration of clay nanocomposite hydrogel. D is the interparticle distance of exfoliated clay
sheets. y, g1, and g» represent cross-linked chain, grafted chain, and looped chain. Reproduced with permission from
Haraguchi, K.; Farnworth, R.; Ohbayashi, A.; Takehisa, T., Compositional Effects on Mechanical Properties of
Nanocomposite Hydrogels Composed of Poly(N,N-dimethylacrylamide) and Clay. Macromolecules 2003, 36, 5732-
5741. Copyright (2003) American Chemical Society.”™

Graphene and graphene oxide (GO) have received a great deal of attention in recent years

due to the excellent mechanical, thermal, and electrical properties of the one-atom thick graphene
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sheet.”? Accordingly, because of the potential to imbue materials with graphene’s extraordinary
properties, the field of graphene and GO polymer composites has grown rapidly.”*"® Due to the
limited solubility of graphene in aqueous systems and the difficulty associated with obtaining large
quantities of graphene, most hydrogel composites utilize GO as the nanofiller. Oxidation of
graphite via Hummers’ method”® yields oxidized graphite which after exfoliation in water forms a
stable dispersion of GO sheets. Oxidation significantly disrupts the m-conjugated network and
introduces multiple oxygen-functionalities including epoxy and hydroxyl groups on the basal

planes and carbonyl, carboxyl, and hydroxyl functionalities on the edges (Figure 1.6).%

Figure 1.6 Graphene oxide with ether, hydroxyl, carbonyl, and carboxyl functional groups.

Stimuli-responsive GO hydrogel composites with improved mechanical properties have
been made by including a small weight fraction of GO in the polymer mixture.8-8 Hydrogels have
also been prepared using surface-modified graphene oxide.?* Relevant to this work, PAA GO-
composite hydrogels crosslinked with BIS have been reported® and the authors hypothesized that
GO functioned similarly to clay nanoplatelets as proposed by Haraguchi for NC gels.®® A
microstructure is formed by the GO sheets and organic crosslinker BIS (Figure 1.7). The ratio of
BIS to GO influences the mechanical properties. If the ratio of BIS to GO is high, the network will
be saturated with BIS and an organic crosslink network structure will form in addition to the
microstructure. During elongation, stress is localized to the organic crosslinks and the gel will

fracture at low elongations since only a small number of chains are available to dissipate the
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applied force. When the BIS to GO ratio is low, the crosslink architecture is dominated by the
microstructure and contributes to the enhancement of elastic properties since the applied force can
be distributed more effectively and evenly throughout the network.®? Additionally, tough and
stretchable GO-poly(acrylamide) hydrogels without any organic crosslinker have been prepared
by standard free-radical polymerization® and using graphene peroxide (which functions as

initiator and crosslinker).®’

s = Graphene
BIS

Polymer Chain

Figure 1.7 Proposed microstructure of graphene oxide in PAA hydrogel with BIS as crosslinker. Reproduced from
Shen, J.; Yan, B.; Li, T.; Long, Y.; Li, N.; Ye, M., Soft Matter, 2012, 8 (6), 1831-1836 with permission from The
Royal Society of Chemistry.®?

The synthesis of graphene oxide significantly disrupts the n-network rendering the material
non-conductive. Restoration of the w-network can be accomplished by chemically or thermally
reducing the oxygen functionalities on the basal plane of GO to form reduced graphene oxide
(rGO). Varying levels of success have been attained depending on the reduction method, but the
restored properties are typically less than those of pristine graphene.”® 78 88

Another interesting property of GO is the response to multivalent cations. Shi and
coworkers studied the effect of metal ion valency on the gelation of GO and found that monovalent
cations (salts used: NaCl, KCI, and AgNOs) did not induce gelation but that divalent and trivalent
metal cations could (salts used: CaCl,, MgClz, CuClz, Pb(NOs)2, CrClz, and FeCls). The authors
attributed the response to metal ion coordination to carboxyl and carbonyl groups present on the

GO sheets.®® Similarly, Ruoff and coworkers reported on modified GO paper doped with less than
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1 wt% Ca?* or Mg?* which enhanced the mechanical properties of the GO paper. Here, the authors
specifically attributed the improvement in modulus to the coordination of metal ions to the
carboxylate groups present on the edges of the GO sheets.®® This property could be easily exploited
in EPEs since binding of Fe** to carboxylate groups along the polymer backbone is utilized in

forming crosslinks.

1.5 ELECTROAHESIVE LAMINATES WITH REVERSIBLE CHANGES IN

FLEXURAL RIGIDITY

As an alternative to the direct control of bulk crosslink density within the material, our second
strategy, as mentioned in the overview of this introduction, focuses on the use of electroadhesion
to reversibly alter the rigidity of layered structures (Chapter 5). Note that this strategy does not
rely on changes in the modulus of the polymer itself but on changes in the rigidity of structures
composed of polymeric electroadhesive laminates. As shall be seen in Chapters 2,3, and 4, the
materials presented therein undergo reversible changes in crosslink density but are inherently
limited by diffusion, requiring minutes to hours to observe macroscopic changes in mechanical
properties. Electroadhesion was pursued as a mechanism for reversibly bonding the layers of
laminate structures as the adhesive force generation is both rapid and large in magnitude, allowing
for a greater change in rigidity between on and off states.

A full introduction to electroadhesion and its application to laminate structures with
alterable flexural rigidity will be given in Chapter 5. The fundamentals of electroadhesion and the
two main forces, Coulombic and Johnsen-Rahbek, are detailed. The governing equations for the

Coulomb force and Johnsen-Rahbek force are described. An introduction to beam theory and its
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application to multi-layered laminates is given with descriptions of the theoretical changes in

flexural rigidity for multilayered structures.

1.6 THESIS OVERVIEW

This thesis is divided into two projects, the first of which is detailed in Chapters 2, 3, and
4 and the second of which is detailed in Chapter 5. Both of these projects involve tuning the
mechanical properties of materials or structures using an electrical input.

Chapter 2 describes the creation of the first-generation EPE material using Fe?*/Fe®*
chemistry. The conditions for electrochemical reversibility are described and presented. Transition
times between hard and soft states required hours for bulk electrochemical conversion, as these
systems are diffusion-limited.

Chapter 3 describes the copper-based EPE. The Cu-EPE could be reversibly cycled
between hard and soft states using reducing agent and air exposure, allowing for a striking shape
memory response. Electrochemical reduction resulted in the irreversible formation of Cu-metal on
the electrode, resulting in only partial re-oxidation to Cu?* and partial restoration of initial
modulus.

Chapter 4 discusses in more detail the mechanism controlling the redox switching in the
Fe?*/Fe®" system and presents a second-generation Fe-EPE with graphene oxide (GO) as
nanofiller. Potentiometric titrations were performed and the binding constants of Fe** and Fe?* for
carboxylate ligands of the gel were determined. At the operating pH of 1-2, Fe** was found to bind
strongly whereas Fe?* did not show any coordination. Magnetic susceptibility measurements

suggested the formation of multinuclear iron clusters in the Fe®*-gel. The inclusion of GO
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enhanced the Young’s modulus and toughness of the as-prepared gels, allowing for preparation of
thin, (80 - 100-um thick) samples. While still diffusion-limited, these thin samples could be
transitioned between hard and soft states within minutes.

Chapter 5 presents our work on the second project utilizing polymer-based electroadhesion
to reversibly alter the flexural rigidity of laminate structures. lonomers were prepared with a series
of three tetraalkylammonium cations. Glass transition temperatures, electrical resistivities, elastic
moduli, and coefficients of friction were measured and the effects on overall electroadhesion were

determined.
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20  MANIPULATING MECHANICAL PROPERTIES WITH ELECTRICITY:

ELECTROPLASTIC ELASTOMER HYDROGELS

(Portions of this work were published previously and are reprinted with permission from Calvo-
Marzal, P.; Delaney, M. P.; Auletta, J. T.; Pan, T.; Perri, N. M.; Weiland, L. M.; Waldeck, D. H.;
Clark, W. W.; Meyer, T. Y. ACS Macro Letters 2012, 1 (1), 204-208. Copyright 2012 American
Chemical Society.)

This work was performed in collaboration with Dr. Percy Calvo-Marzal, Tiangi Pan,
Nicholas Perri from the Meyer group. Mark Delaney from the Clark group helped with mechanical
characterization. Catalina Achim from Carnegie Mellon University carried out the Mdssbauer

measurements.

21 OVERVIEW

Nature integrates phenomena on multiple length scales and energy domains to establish
extraordinary ranges of functionality. Among the numerous chemo-electro-mechanical examples
are the rapid pressure and stiffness evolution observed in the motion of the Venus flytrap and
neurological muscle control in animals.®**? To create systems that exhibit responses in one domain
or scale based on stimuli in another, Nature typically couples processes that transform the stimulus
to a response through pathways or networks of mediating processes (Figure 2.1)%% We report the
creation of a new material that uses electricity as a stimulus to produce, reversibly, a change in

bulk-scale stiffness as a response (Figure 2.2). We term this new class of materials electroplastic
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elastomer hydrogels (EPEs). Herein, we describe the synthesis, functional mechanism, and

potential applications of this first-generation material.

-4 4 =db

[+ 6B N = _b
‘ Electricity \Oxsi'::::"“ B":ﬁ:::‘; c;’;‘:l:m:;s Stiffness

Figure 2.1 Electroplastic elastomer mechanism. Multi-step pathway that reversibly converts electricity to a change in
bulk stiffness in iron-crosslinked electroplastic elastomer hydrogels.

We chose to utilize the Fe?*/Fe3* redox couple for developing these EPEs because this
system is both well-behaved and well-understood; these two ions can be interconverted in a
convenient potential window. As iron ions in different oxidation states have distinct coordination
preferences—Fe>* binds more strongly than Fe?* to “hard” ligands—the change in oxidation state
can be used to control the degree of crosslinking in a polymer bearing hard carboxylate side-
groups. Given the known correlation between crosslink density and the stiffness of polymeric
materials, it follows that the mechanical properties of the bulk material should be reversibly
controlled by the interconversion of Fe?* and Fe®*,

Although the creation of materials that respond to external stimuli is one of the most active
frontiers of current materials development,®-19 EPEs display a unique and valuable combination
of properties not found in any other system: 1) reversible changes in mechanical stiffness using
only electrical input and 2) 3D-macroscale dimensions in all states. The mechanism that underlies
the change in bulk mechanical properties of EPEs, forming and breaking polymer chain crosslinks,
has been exploited by others. However, few of these materials are reversible and of those that are,
all have stimulus-defined limitations not shared by EPEs. For example, many systems are not self-

contained—they require manual addition and removal of solvents or chemicals for each
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response.1%21% Other systems are stimulated by temperature'®19 which, unlike electricity, is
difficult to direct to a specific location in the material. Moreover, the required activation
temperatures could prove impractical to access and/or implement for specific applications. A need
exists for materials whose properties can be adjusted on-demand without requiring a change in the
overall environment of the material. Electricity, which is employed as the stimulus for EPEs,
satisfies these requirements and offers practical advantages including ease of access, portability,
and a sophisticated technology infrastructure.

The second key property of the EPESs, one not shared by other electrically reversible
systems, is the maintenance of a three-dimensional shape in all states. Electrically-stimulated
polymeric materials that exhibit mechanical property changes other than osmotically-controlled
mechanical actuation!®-1% are generally stimulated either as cast films (not macroscopic in all
dimensions),®” 19 or they undergo a transformation between sol and gel states (shape is neither
controlled nor maintained).2® 37-38. 44 110-113 Tong and coworkers, for example, demonstrated that
using either electrochemistry or light the Fe?*/Fe®* redox couple can be used to induce a sol-gel
transition in poly(acrylic acid).®”-* EPEs, in contrast, have macroscopic dimensions in all
directions and maintain a non-zero stiffness in all states, which enables shape to be retained while

compliance is tuned.
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Figure 2.2 Redox-mediated switching between hard and soft states for iron-based electroplastic elastomer. Reversible
electrochemical conversion of stiff Fe3*-crosslinked hydrogel (left) to softer Fe?* hydrogel (right). (a) Hydrogel in
oxidized (left) and reduced (right) states held in gloved hand. (b) Md&ssbauer spectra of hydrogel samples in the
oxidized and reduced states. (c) Mechanical stress/strain curves for EPEs in the oxidized and reduced states under
compression. (d) Cartoons depicting differences in intra- and interchain crosslinking for Fe* and Fe?*. (e) Key for d.
(f) Representation of the chemical structure of the hydrogel in the oxidized state.
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2.2 RESULTS AND DISCUSSION

2.2.1 EPE synthesis

EPE samples were prepared by simple free-radical copolymerization of commercially purchased
monomers under standard conditions. Sodium acrylate, sodium (4-styrene sulfonate), and
polyethylene glycol diacrylate (PEG-DA, Mn = 575) in a weight ratio of 12:8:1 were reacted in
aqueous solution with an ammonium persulfate catalyst at 85 °C for 1.5 hours to give a soft,
colorless hydrogel. The presence of the permanent PEG-DA crosslinks gives the hydrogels a
baseline shape defined by the reaction vessel. Cation exchange of sodium ions for Fe?* or Fe®* was
accomplished by submersion of the hydrogel in a solution of 2.0 M FeCl> or FeClsz and 0.5 M citric
acid for a period of 20-48 hours. Exchange with Fe?* produced samples that were pale yellow-
green in color and slightly smaller than the original hydrogel, due to coordinative crosslinking ().
Samples prepared with Fe®* were orange-red and even more contracted in dimension—up to 50%
smaller in thickness than the pre-doped samples (Figure 2.3). Hydrogels were transparent and
appeared homogeneous throughout. Although the standard samples prepared for this article are
relatively small, 2.5 x 2.5 x 0.2 cm after doping with Fe®*, the procedure is inherently scalable to

nearly any sample size.

Figure 2.3 Iron-doped hydrogels. Initial appearance of an Fe®*-doped hydrogel (left) and an Fe?*-doped hydrogel
(right).
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2.2.2 lron content

Samples prepared independently with comparable Fe?* and Fe®" ion content (Table 2.1, ca. 1.2
mmol/cm?) exhibited more than an order of magnitude difference in modulus when subjected to
mechanical testing using an indentation methodology. Compressive moduli of 0.06 and 2.1 MPa
were measured for Fe?* and Fe** samples that were prepared, measured, and analyzed for iron
content using identical protocols. Moduli higher than 2.1 MPa can be achieved for Fe** samples

by adjustments in doping conditions.

Table 2.1 Mechanical properties of Fe?*- and Fe®*-doped hydrogels.?

Fe?* Fes* Young’s
Dopant (mmoles) (mmoles) Modulus (MPa) Fe:carboxylate
FeCl, 2.116 - 0.06 1:2.6
FeCls — 2.210° 2.1 1:2.5

aSample size ca. 2.5 x 2.5 x 0.3 mm = 1.875 cm?; ? Fe®* per volume of
1.2 mmol/cm?,

2.2.3 Electrochemical transitioning of EPE and change in mechanical properties

The mechanical properties of the EPE samples are controlled by the electrolytic interconversion
of the Fe* and Fe?* within the same bulk sample. An EPE sample of standard dimensions was
prepared directly on a glassy carbon electrode (Figure 2.4). After in-situ Fe3* exchange the sample
was protected from exposure to light and subjected to a reducing potential of -0.8 V for 18 hours
in an electrolyte solution of 0.5 M citric acid and 2.0 M FeCl,. The sample became softer to the
touch, pale orange-yellow in color, and was visibly swollen relative to the initial state (Figure 2.2a-
right). Exchange of the tightly bound Fe3* with the Fe?" present in the electrolyte solution
(necessary for the reduction step in samples that will be cycled between states, vide infra) is not

significant—a control submerged for the same period in the same solution without electrolysis,
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did not soften nor change color. It is important to note that the reduction occurs analogously when
the electrolyte solution comprises only KNOz (0.2 M, pH 1). Also, leaching of hydrogel-bound
Fe3* into the electrolyte solution is negligible under these conditions. Mdssbauer analysis of both
the starting sample and the sample produced by reduction established unambiguously that a nearly
complete conversion of the high-spin Fe** in the sample to high-spin Fe?* occurred (Figure 2.2¢).
Air oxidation during Mdssbauer sample preparation and/or incomplete reduction is responsible for
the small Fe** shoulder (< 15%). The sample color for the reduced EPEH, which is orange-yellow
rather than the yellow-green that is characteristic of freshly prepared Fe?*-doped hydrogels, is

likewise consistent with the presence of a small fraction of the more intensely colored Fe®*

crosslinks.
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Figure 2.4 Electrochemical cell design. Photograph of electrochemical cell (left). Schematic diagram of
electrochemical cell design (right).

Oxidation of a freshly prepared Fe** EPE in 2 M FeCl,, 0.5 M citric acid produced the

opposite changes in color and mechanical properties. After oxidation at 1.2 V for a period of 14
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hours (light excluded, N> atmosphere), the sample became darker orange in color, thinner, and
stiffer (Figure 2.2a-left; grid pattern caused by macroporous pressure cap). The presence of FeCl;
in the electrolyte facilitates the oxidation step because, as per the design of the system, Fe?* is
weakly bound and will, therefore, rapidly equilibrate with the external solution. Figure 2.2d shows
stress strain curves that were acquired by indentation testing of electrode-mounted samples after
oxidation (left) and reduction (right). Chemical oxidation of Fe** samples by treatment with
ammonium persulfate gave analogous physical and optical changes. EPEs with Fe?* crosslinks
also slowly oxidize in air over the course of hours to days, as shown by changes in color and

stiffness of samples stored in humid environments to prevent drying.

2.2.4 Reversible electrochemical oxidation and reduction

The oxidation/reduction is reversible as can be seen in Figure 2.5a. The compressive moduli for a
single EPEH sample that was subjected to two cycles of reduction and oxidation switch reversibly
between ca. 1.0 MPa and 0.6 MPa. At each stage the samples displayed the color profile and degree
of swelling that is characteristic of the particular oxidation state. Although the changes are
reproducible and the moduli are clearly distinct, the difference in modulus range is smaller than
that observed for samples directly prepared from Fe?* and Fe®*. We attribute the differences to a
combination of two factors: 1) iron equilibration between the sample and electrolyte under
experimental conditions and 2) air oxidation of reduced samples during sample transport and

mechanical measurement.
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Figure 2.5 Mechanical and electrochemical characterization of redox-switched electroplastic elastomers. (a)
Compressive moduli for oxidized and reduced samples. * Est. > 2 MPa. (b) Cyclic voltammograms before and after
redox cycles. (c) & (d), Typical chronoamperometry and chronocoulometry for redox transitions. (e) Reduction of
carbon-nanotube modified electroplastic elastomers. Improved charge transport for EPEH samples prepared with 0-
3% by weight carbon nanotubes (MWNTS).

Figure 2.5 (b, ¢, & d) shows the electrochemical characteristics of the hydrogels used for
these proof of concept experiments. In Figure 2.5b the cyclic voltammograms (CVs) acquired at
each stable state represented in Figure 2.5a are plotted. The overlay demonstrates that the oxidized
and reduced states are distinct and reproducible under cycling conditions. Example
chronoamperometry and chronocoulometry plots (Figure 2.5¢ & d, see Figure A.1-A.4 for
compilation of all data) establish that the redox process is slower than desired for applications. It

should be noted that the total charge passed is much greater for the oxidation process because of
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the presence in the electrolyte solution of excess Fe?*, which is maintained in constant excess
within the system—not added or removed—for both the oxidation and reduction cycles.

Although the EPEs are new materials and have not been optimized, they already manifest
a combination of features that suggest that they have an exceptional potential for further
development and applications: scalability, reversibility, stability, tunability, and effective delivery
of the stimulus. Scalability is a key characteristic of the EPE materials. Many intriguing nano-
and subnanoscale phenomena have not successfully been translated into macroscale responses. By
employing Nature’s tactic of using multiple mediating steps it has been possible to translate an
atomic scale phenomenon, metal-ion redox transformation, to a mechanical response that is readily
observable on a macroscale. The coupling of the mediating steps was a non-trivial challenge,
however, as it was necessary to create conditions in which all the relevant equilibria could operate
in their functional regions. pH, for example, must be reasonably low to prevent the formation of
insoluble metal oxidation products but maintained above the minimum threshold required for iron
ions to compete effectively with protons for the carboxylate groups. Citrate ion, which facilitates
iron mobility, is another necessary component of the system whose concentration must be strictly
controlled because it assists some steps and hinders others. EPESs are also physically scalable. The
hydrogels are prepared from non-exotic reagents and the same basic procedure is applicable to
samples on larger scales—we have prepared samples with thicknesses up to 2.5 cm and length x
width dimensions > 100 cm?,

Reversibility and stability of the different states are also important features of the EPEs.
The redox process cycles the metals between two states that are stable as long as the material is
protected from environmental oxidants and reductants. The electrical power used to switch states

IS not necessary to maintain them. There is also no theoretical limit on the number of times that
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the electrochemical process can be repeated. It should be noted that the aqueous Fe?* reservoir is
an essential component since the uptake and exclusion of water and ions in the hydrogel is integral
to the manifestation of oxidation-state dependent mechanical properties.

EPEs are highly tunable both in their preparation and in their implementation. By varying
the percentage of carboxylate monomers or PEG-DA crosslinking agent relative to the other
components, the fundamental stiffness can be adjusted within the limits of maintaining sample
integrity and hindering ion migration. There is also the potential to adjust the stiffness through a
full continuum of values within its range by partial redox.

The final characteristic of the system, delivery of stimulus, is still evolving. Although we
have demonstrated that iron ions can be reduced and oxidized throughout the sample in the EPE
hydrogels, the process is slow because the electrode is localized on one face. The
chronocoloumetry data (Figure A.1-A.4) and direct observation suggest that the transformation is
largely diffusion controlled (with possible contributions by electron exchange).*'* In a preliminary
experiment, the effect of increasing the conductivity of the hydrogel on conversion time was
probed. EPE samples prepared with the addition of 1-3% vinyl-functionalized multi-walled carbon
nanotubes (MWNTSs) were doped with Fe** and then subjected to reducing conditions. The charge
vs. time response changed dramatically as shown in Figure 2.5e. The time to pass 40 Coulombs
decreased from 11.9 h for hydrogel with no nanotubes to 3.2 h for 3%-MWNTSs. Although the ratio
of charge consumed by reduction of the nanotubes vs. Fe* under these conditions has not been
determined, qualitative examination of the hydrogel color and behavior is consistent with a
significant decrease in time for iron reduction. We hypothesize that the nanotubes improve

conduction such that the distance that iron atoms must diffuse for reduction is decreased. These
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data are encouraging and suggest that conversions on the time-scale of minutes would be

accessible with further refinements.

2.3  CONCLUSIONS

Throughout the history of design, the materials available to engineers have been predominantly
fixed in their properties, with some exceptions mentioned above. EPESs represent the first of a novel
class of materials that act in a self-contained system to change mechanical properties with electrical
stimulus. The availability of materials of this type will potentially spawn new design paradigms

that in turn lead to innovations in aerospace, manufacturing, consumer products, robotics, etc.

24  MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich, unless otherwise noted, and were used as
received. Poly(dimethylsiloxane) (PDMS) was commercially purchased locally, under the brand
name GE Silicone Il Kitchen & Bath. COOH-functionalized multi-walled carbon nanotubes
(COOH-MWNTs, diameter: 8-15 nm, length: 10-50 um, 2.56 % (w/w) functional content) were

purchased from cheaptubes.com.
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2.4.1 Typical hydrogel preparation

Sodium acrylate (4.8 g, 51 mmol) and sodium (4-styrene sulfonate) (3.2 g, 14.3 mmol) were
combined with 36 mL of deionized water and gently heated (< 40 °C) until all solids were
dissolved. Poly(ethylene glycol) diacrylate, (PEG-DA, Mn =575, 400 uL, 0.78 mmol) was added
and the mixture was purged with N> for 5 min. Ammonium persulfate (APS, 72 mg, 0.47 mol%)
was added as a radical initiator for copolymerization. Note: adjustments in PEG-DA stoichiometry
relative to the other monomers produced hydrogels that were qualitatively stiffer (increased PEG-

DA\) or softer (decreased PEG-DA).

2.4.2 lron doping

Depending on the dimensions of the sample being prepared, 2 to 8 mL of the reaction mixture was
pipetted into a mold. For electrochemical experiments the mold for the sample was created by
temporarily affixing, using PDMS adhesive, a square glass cell to a Teflon base bearing a freshly
polished glassy carbon electrode (GCE). The mold/sample combination was then heated at 85 °C
for 1.5 h. After cooling to RT, the hydrogel was doped by simple submersion in either a solution
of 2.0 M FeCl»/0.5 M citric acid or 2.0 M FeCls/0.5 M citric acid for a period of 20-48 h (Figure

2.3). A 1:3 ratio by volume of doping solution to pre-polymer was used.

2.4.3 Incorporation of vinyl-functionalized MWNTSs

Vinyl-functionalized MWNTSs were synthesized as reported in the literature!'® from commercially

purchased COOH-MWNTSs. Prior to hydrogel polymerization MWNTSs were suspended in DI-
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water and dispersed in an ultrasonic water bath for 30 min. The dispersed MWNTSs were then
added to the dissolved monomers (mixed in the same ratio as for simple hydrogels) and APS was

added as a radical initiator. Polymerization and iron doping was performed as described above.

2.4.4 Mossbauer spectroscopy

The 5'Fe Mossbauer spectra were collected on constant acceleration instruments over the
temperature range of 4.2-300 K in zero or 0.045 T applied fields. Samples were prepared by adding
minced hydrogel (1-5 mm? pieces) to Teflon Mdossbauer cups covered with lids. Spectral
simulations were generated using WMOSS (WEB Research, Edina, MN). Isomer shifts are
reported relative to Fe metal foil at room temperature.

The room temperature Mdossbauer spectrum of a sample of the Fe®*-doped hydrogel
showed one quadrupole doublet with an isomer shift of 6 = 0.41 mm/s and a quadrupole splitting
of AEq = 0.53 mm/s. These Mdéssbauer parameters confirm the presence in the hydrogel of high-
spin Fe**. They are also similar to Mossbauer parameters of high-spin Fe** ions in oxalates (5
between 0.35 mm/s and 0.41 mm/s and AEq between 0.38 mm/s and 0.75 mm/s).116-119

The 4.2-K Mdssbauer spectrum of a similar sample of the iron-doped hydrogel that was
electrochemically reduced to Fe?* showed a quadrupole doublet with § = 1.37 mm/s and AEq =
3.26 mm/s, which represents 85% of the iron in the sample. These parameters are typical of high-
spin Fe?* and are comparable, although at the high end, of the Mdssbauer parameters of Fe?" in
oxalates. 1% This result confirms the efficiency of the reduction protocol. A small shoulder on
the right side of the left line of the Fe?* quadrupole doublet indicates the presence in the sample of
a small amount of high-spin Fe3*. Note: spectrum collected at low temperature to inhibit oxidation
during data collection.
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2.45 Mechanical measurements

The mechanical testing procedure, specifically developed for the case of testing thin EPE
materials, was based on an indentation testing methodology.?® A circular cylindrical indentation
probe (diameter 6.2 mm) was fashioned to screw into the crosshead of an MTI-1K screw driven,
table top load frame. A 10N Transducer Techniques load cell was employed to measure the force
exerted on the EPE specimen by the indentation probe. Owing to the thin nature of the specimens
tested (< 10 mm), as well as the small range of expected loading, the strain was calculated from
the crosshead displacement as opposed to using an external extensometer. Additional experimental
parameters such as strain rate and total strain were determined by referring to ASTM D1621-04A
Standard Test Method for Compressive Properties of Rigid Cellular Plastics. Each indentation test
yielded a single stress-strain curve, which contributed a single stiffness measurement (Young’s
modulus). In total, five indentation tests were performed on each 2.5 x 2.5 x 0.2 cm sample (one
in each corner, and one in the center of the sample) and the mean value was reported. Per the

standard, Young’s modulus is measured by taking the slope of the linear portion of the curve.

2.4.6 Electrochemical methods

Cyclic voltammetry (CV) and amperometry measurements were carried out with a CH Instruments
Electrochemical work station Model 430A (Austin, TX) at RT using a three-electrode system
composed of a glassy carbon plate (GCE, 25 x 25 mm) working electrode, a Ag/AgCl reference
electrode, and a platinum grid counter electrode (Figure 2.4). The GCE was polished with 0.3 um
Al>O3 paste and cleaned thoroughly in an ultrasonic water bath for 5 min prior to each use. The

CV and amperometry experiments for reduction and oxidation were carried out in 15 mL of 2.0 M
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FeCl2/0.25 M citric acid, pH ~1.8. CV data were acquired at a scan rate of 100 mV/s over a voltage
range of 1.2 to -0.8 V. Bulk electrolysis was performed in the same electrolyte solution for up to
40 h (reduction potential -0.8 V, oxidation potential +1.2 V). All electrochemical experiments were
performed under N atmosphere with careful exclusion of ambient light to prevent the

photoreduction of Fe3* ions in the presence of citric acid.®’

2.4.7 Control experiments

Bulk electrochemical reduction at -0.8 V of Fe**-hydrogel in 15 mL of KNO3 (0.2 M, adjusted to
pH 1) electrolyte was performed for 16 h. Sample exhibited properties analogous to reductions
performed under standard conditions (15 mL of 2 M FeCl»/0.25 M citric acid, pH ~1.8, 16-20 h).

Fe3*-hydrogel samples showed negligible leaching of Fe** when soaked in 15 mL of KNOs
(0.2 M, adjusted to pH 1) over similar time periods without applied reduction potential. Fe?*-
samples showed dramatic leaching into the electrolyte under similar conditions.

Fe3*-hydrogel samples showed negligible exchange when soaked in 15 mL of 2 M
FeCl2/0.25 M citric acid, pH ~1.8. The material retained both color and stiffness over periods >20
h.

A Fe?*-doped sample was treated with 2M APS by a combination of submersion (< 1 hour)
and intra-gel injection. The sample rapidly became dark-orange in color, smaller in dimension and
qualitatively stiffer.

A Fe?"-doped sample was exposed to atmospheric conditions in a closed container under
moisture conditions (reservoir of free water, covered with damp towel) known to prevent sample

dehydration. The sample became progressively orange in color and stiffer over a period of hours.
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Consistent with increased Fe3* crosslinking, some water loss from the gel occurs during this period,

as indicated by sample shrinkage.

2.4.8 Chronoamperometry and chronocoulometry for redox cycling of Fe3+ hydrogel

The sample used for the redox cycling was initially doped for 47 h to yield an ~2 mm thick Fe3*
hydrogel. Due to a technical difficulty, the first reduction segment took place over 3 experiments
totaling 80 h. The last segment is shown in Figure A.1. Redox cycles following the first reduction

were carried out for 15-18 h and are shown in Figure A.1-A.4.

2.4.9 Quantification of iron

The method for quantifying the amount of iron in the EPEHs was based on the quantitative

121 and Peng®’. 1,10-phenanthroline was the reagent used to bind

methods reported by both Viollier
Fe?*. One variation from the two cited methods was the use of concentrated HCI to break down
EPEH’s in order to extract the iron contained within the gels. FeCl, standards (0.025 M) were
prepared in concentrated HCI and diluted in sodium acetate buffer (0.1 M, pH=4). A Lambda 9
(Perkin-Elmer) UV/Vis/NIR spectrometer was used to create a calibration curve (Figure A.5).
Iron-doped hydrogels were digested for 2 h using concentrated HCI (5 mL HCI per 1 mL
pre-polymer volume). Two 100 pL aliquots from the HCI-degraded hydrogel were diluted in
parallel in sodium acetate buffer (0.1 M, pH=4) so that the absorbance was in the linear range of
the instrument (10 mL final volume, denoted Samples A and B). To determine the Fe?* content, a

solution of 1,10-phenanthroline in water (2 mL, 0.0055 M) was added to Sample A and the

absorbance was measured. To determine the total Fe content, Sample B was treated with an excess
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of the chemical reductant hydroxylamine'HCI (1.5 mL, 1.4 M in water). After reacting for 10 min
a solution of 1,10-phenanthroline (2 mL, 0.0055 M) was added and the absorbance was measured.

Fe3* was determined by difference.

2.4.10 Mechanical properties of Fe2+ and Fe3+ doped hydrogels and Fe:carboxylate ratio

Mechanical measurements and quantitative analysis were carried out on Fe?*- and Fe®* -doped
EPEs (ca. 2.5 x 2.5 x 0.3 mm after doping) that were prepared in parallel and the results are
summarized in Table 2.1. The FeCl.- and FeClz-doped hydrogels contained approximately the
same amounts of total iron. When the parallel samples were mechanically tested an ~36-fold
difference was observed between their moduli. The iron to carboxylate ratio was calculated
assuming complete SA copolymerization (4 mL pre-polymer). It is important to note that the only

difference between these samples is the oxidation state of the iron.
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3.0 CHEMICAL AND ELECTROCHEMICAL MANIPULATION OF
MECHANICAL PROPERTIES IN STIMULI-RESPONSIVE COPPER-CROSSLINKED

HYDROGELS

(Portions of this work were published previously and are reprinted with permission from Harris,
R. D.; Auletta, J. T.; Motlagh, S. A. M.; Lawless, M. J.; Perri, N. M.; Saxena, S.; Weiland, L. M.;
Waldeck, D. H.; Clark, W. W.; Meyer, T. Y. ACS Macro Letters, 2013, 2 (12), 1095-1099.
Copyright 2013 American Chemical Society.)

This work was performed in collaboration with Rachel Harris and Nicholas Perri from the
Meyer group. Mechanical characterization was carried out with help from Dr. Amin Motlagh from

the Clark group. Matthew Lawless from the Saxena group performed and interpreted EPR spectra.

3.1 INTRODUCTION

Stimuli-responsive materials that exhibit significant property changes when exposed to an external
trigger provide new approaches to challenges in diverse areas including energy, sensing, health,
chemical synthesis, construction, and electronics.®” 122124 polymers can be engineered to respond
to specific stimuli including temperature, light, pH, ion concentration, chemical structure of
additives, magnetic field, mechanical forces, and electricity and can respond with changes in
dimension, shape, viscosity, healing, release of guest species, fluorescence, conductivity,
permeability and mechanical properties.?® 59-60. 93, 95-96, 100, 125127 Njoregver, as with natural

materials, synthetic polymers can be designed to respond to multiple stimuli by producing either a
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unified response or a repertoire of stimuli-specific responses. These multi-responsive materials
allow for greater flexibility in material design and a wider range of functionality and
applications.%® 128

We are interested in exploring the use of redox stimuli to introduce changes in mechanical
properties and shape.'?® Oxidation state is a powerful tool for manipulating metal-containing
materials and a variety of responses have been shown to depend on metal oxidation state.®’-38 43
60,108,126, 130131 Copper, which exhibits redox-state preferences in coordination number, geometry,
and ligand type, has been exploited in the design of responsive molecules and materials.*345 132-
134

Herein, we describe a new copper-based metallopolymer, an electroplastic elastomer
(EPE), that is dual-responsive, undergoing both electrochemically and chemically-stimulated
transitions between hard and soft states. Analogous to the Fe?*/Fe3* EPE that we reported
previously, the Cu-EPE has two crosslinking systems: a stable, covalent system that maintains the
hydrogel’s basic shape and a dynamic system based on the coordination of side-groups to metal
ions. This new copper system uses redox-specific coordination with hydrophobic pyridine groups
to access higher moduli and larger differences in hard and soft moduli than those observed in the
carboxylate-based iron system (Figure 3.1). Additionally, the unique redox characteristics of

copper facilitate the demonstration of shape memory.

3.2 RESULTS AND DISCUSSION

The basic hydrogel was prepared by simple free-radical copolymerization of commercially

purchased monomers. Sodium (4-styrene sulfonate), 4-vinylpyridine, and poly(ethylene glycol)
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diacrylate (PEG-DA, M, = 575) in a weight ratio of 16:4:1 were reacted in aqueous solution with
an ammonium persulfate catalyst at 85 °C for 1.5 hours to give a soft, pale yellow hydrogel. The
presence of the permanent PEG-DA crosslinks gives the hydrogels a baseline shape defined by the

reaction vessel.
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Figure 3.1 (a) Indentation modulus measurements of a sample at various stages of electrochemical cycling (Red =
reduction, Ox = oxidation). Multiple moduli are a result of sample inhomogeneity as measured with an indentation
probe. (b) Current vs. potential graphs showing oxidation and reduction peaks of the copper ion. (c), (d)
Chronocoulometry and chronoamperometry for the oxidation and reduction processes.
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Figure 3.2 Dependence of mechanical stiffness on the concentration of copper in the doping solution (incl. 0.025 M
urea). Inset shows dumbbell samples used for tensile testing. From left to right increasing copper concentration, scale
bar 10 mm.

The Cu?* hydrogel was produced by submersion of the undoped hydrogel in a solution of
0.5 M CuCl»/0.025 M urea for a period of 20-48 hours. Qualitatively, the samples were bright blue
in color, tougher, and stiffer than the original hydrogel. Consistent with the formation of metal-
mediated crosslinks, the sample volume decreased with a concomitant loss of ~19% of the water
content during this process (Table 3.1). Urea was used as a component of the metal solution in
order to promote homogeneous doping by acting as a competitive ligand with the side-chain
pyridine; use of pure CuCl; solutions gave samples with a hard shell and a soft interior because
fast crosslinking of the exterior inhibits ion diffusion to the interior. The mechanical properties of
the Cu?*-EPE depended on the concentration of the dopant solution. The highest modulus, as
determined by tensile testing, was obtained with a doping solution of 0.375 M CuCl2/0.025 M urea
(Figure 3.2). Both a deficiency of copper and an excess would be expected to decrease the crosslink
density as too few ions should give high pyridine coordination numbers, e.g., (py)sCu but a low
number of crosslink points whereas a high concentration of copper would be expected to give a
high number of potential crosslink sites but low pyridine coordination numbers, e.g.

(py)(OH2)CuCl,. Supporting this interpretation is the change in absorption frequency with
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increasing copper from the blue (Amax = 690 nm) color associated with donor ligands to the green

color (Amax = 840 nm) associated with chloride ligands (Figure 3.3 and Figure 3.4).

Table 3.1 Water content of Cu*- and Cu?* - doped hydrogels.

Sample Condition Water Content (% by mass)
Undoped gel 76%
Cu (I)-doped 78%
Cu (11)-doped 57%
Cu (I)-doped; air oxidized to Cu(ll) 69%

1.0
fully oxidized 0.1 M Cu*-doped hydrogel
—— hydrogel film doped with 2 M CuCl,/0.025 M urea

0.8 A
n
m
<C 0.6 ~

0.4

T T T T
350 450 550 650 750 850

Wavelength (nm)

Figure 3.3 UV-Vis absorption spectra of fully oxidized Cu*-doped hydrogel (blue) and hydrogel doped with 2 M
CuCl»/0.025 M urea (green).
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Figure 3.4 (a) Conversion of Cu*-doped hydrogel to Cu?* in air. (b) Demonstration of shape memory for copper-
crosslinked hydrogels.

Both ESR and quantitative analysis of samples prepared with our standard doping
concentration of 0.5 M CuCl; suggest that the copper coordination sphere contains both nitrogen
(pyridine) and oxygen ligands (water/sulfonate). Specifically, ESR spectroscopy was consistent
with four equatorial ligands, i.e., type Il coordination with a 3N10 or 2N20 ligand distribution
(Figure 3.5 and Figure 3.6) with possible contributions from axial ligands, most likely water in
this case. Quantitative analysis of the copper in a sample at the 0.5 M CuCI2 level () gave a ratio
of copper to pyridine of ca. 2.5:4 which is consistent with the mixed nitrogen/oxygen coordination
determined by ESR spectroscopy. Access to higher pyridine coordination numbers is likely
inhibited both by the presence of sulfonate groups as well as accessibility limitations arising from
the connection of the coordinating ligands to the polymer backbone. It should be noted that
although the urea co-dopant may also act as a ligand, the relatively low concentrations and weak
binding strength should minimize any contribution.
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Figure 3.5 Experimental (solid black line) and simulated (dashed black line) CW spectrum of a 0.025 M Cu?*

hydrogel. Figure prepared by Matthew Lawless.
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Figure 3.6 Experimental (solid black line) and simulated (dashed black line) CW spectra are shown. (a) 2.0 M Cu?*
hydrogel with g;=2.3125 A= 158 G, (b) 0.75 M Cu?* hydrogel with g;=2.3125 A= 158, (c) 0.50 M Cu?" hydrogel
with gy=2.3125 A= 158, (d) 0.25 M Cu?* hydrogel with g;=2.3125 Aj= 156.5 G and (e) 0.025 M Cu?* hydrogel with

01=2.3000 A= 165. Figure prepared by Matthew Lawless.
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Table 3.2 Copper quantification results. Quantity of 4-vinylpyridine (VP)
was assumed to be constant at 0.845 mmol, calculated from the mass of
VP added to the hydrogel solution and assuming complete polymerization.

Dopant mmol Cu Cu : VP ratio
0.1 M CuClI* 0.289 1.4:4
0.5 M CuCl* 0.530 2.5:4
0.25 M CuCl, 0.329 1.6:4
0.1 M CuCl; 0.321 1.5:4

*Conditions reported in Materials and Methods

The softer Cu*-EPEH was prepared by submersion of the hydrogel in a solution of 0.1 M
CuCl/0.5 M NH4OH in water or 0.1 M CuCl in acetonitrile for 24-48 hours under nitrogen. If the
sample was to be handled in air after preparation, the copper could be stabilized in the +1 state by
the addition of sodium metabisulfite to the doping solution. The poor solubility of copper (1) salts
precluded the use of more concentrated solutions. Qualitatively, the Cu*-doped hydrogels were
pale yellow in color, modestly stiffer, and much tougher than the undoped gel. Water content
decreased by a negligible amount during this doping process (Table 3.1), which was consistent
with weak coordination between the Cu™ ions and the pyridine ligands.

The Cu?*-doped EPEHSs exhibited significantly higher moduli than those observed for the
iron system that we described previously.'?® Moduli obtained by indentation testing™*® ranged from
3.1-3.5 MPa, while those obtained using tensile measurements were as high as 10-18 MPa (Table
3.3). Indentation testing of Cu*-doped EPEHs gave much lower moduli than those of Cu?*, in the
0.29-0.73 MPa range (0.15-0.16 MPa, tensile). Moduli measured for comparable iron samples
were 0.06 for Fe?* and 2.1 MPa for Fe3* by indentation.*® It should be noted that the indentation
testing method employed, which is easier to administer to samples that were not specifically
prepared for mechanical testing, produces measurements that are useful for qualitative
comparisons but not as accurate in our case as those acquired by tensile testing. Schubert and

coworkers,**® have reported previously that indentation tests present numerous challenges both in
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acquisition of accurate measurements and in the relationship of these measurements to those

acquired by other methods.

Table 3.3 Mechanical properties of typical Cu*- and Cu?*-doped hydrogels.
Ave Compressive  Compressive Modulus ~ Average Tensile  Tensile Modulus

Dopant Modulus (MPa)? Range (MPa)? Modulus (MPa)>  Range (MPa)®
0.1 M CucCl 0.46 0.29-0.73 0.16 0.15-0.16
0.5 M CuCl, 3.3 3.1-3.5 13 10-18

aDetermined by indentation method on a sample measuring 2.5 x 2.5 x 0.2 ¢cm. ® Determined by
elongation of thick films measuring ca 9-10 x 1.5-2 x 0.1-0.2 cm.

The sample could be switched from the hard to soft state electrochemically (Figure 3.7,
Figure B.1). Reduction of Cu?* to Cu* was accomplished by the application of a -0.2 V potential
(vs. Ag/AgCl) to the sample on a glassy carbon electrode in an electrolyte comprising 0.067 M
KNO:s in water saturated with acetonitrile (ca. 1:3). The extent of reduction could be monitored
visually by the change in color from dark blue to lighter green-blue (Figure 3.1b and c). Indentation
moduli measurements revealed a greater than one order of magnitude difference between the Cu?*-
doped state at 3.0 MPa and the reduced state at 0.11 MPa. In simple aqueous electrolyte, over
reduction led to the formation of copper metal particles (Figure 3.8). Use of a mixed
acetonitrile/water solution appears to prevent this problem. Cyclic voltammograms (CVs) of the

gels in the oxidized and reduced states are distinct (Figure 3.7b, ¢, and d).
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Figure 3.7 (a) Indentation modulus measurements of a sample at various stages of electrochemical cycling (Red =
reduction, Ox = oxidation). Multiple moduli are a result of sample inhomogeneity as measured with an indentation
probe. (b) Current vs. potential graphs showing oxidation and reduction peaks of the copper ion. (c), (d)
Chronocoulometry and chronoamperometry for the oxidation and reduction processes.
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Figure 3.8 A Cu?*-doped hydrogel, after electrochemical reduction for 30 hours at -0.2 V in 0.1M KNO3/0.1 M urea
aqueous electrolyte shows over-reduction to Cu®, likely due to the presence of Cu ions in the electrolyte.

The electrochemical oxidation of a freshly prepared Cu*-gel to Cu?* could be partially
achieved by applying a +1.0 V potential to a Cu*-doped hydrogel in 0.1 M CuCl (stabilized by

sodium metabisulfite) in water saturated with acetonitrile. As shown in Figure 3.7a, the oxidation
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does not return the sample to the original level of stiffness and the sample is not homogeneous.
Re-reduction, however, does give a hydrogel with a modulus similar to that observed after the first
reduction. The electrochemical oxidation step appeared to be hindered by the formation of a hard
Cu?*-crosslinked shell on the hydrogel face that was in direct contact with the electrode (Figure
3.9). We hypothesize that the Cu?*-shell was poorly permeable and inhibited the ion migration
necessary for bulk oxidation. Also consistent with this observation was the relatively low amount

of charge passed during the oxidation process.

Figure 3.9 Partial electrochemical oxidation of a Cu* gel to a Cu?* gel. The scraps of blue hydrogel are the
impermeable shell that forms on the electrode during oxidation, separating from the rest of the bulk sample upon
removal from the electrode.

Completely reversible switching between hard and soft states could be accomplished using
chemical stimuli. Oxidation from Cu* to Cu?*, which was challenging electrochemically, occurs
through simple exposure to ambient oxygen (Figure 3.4). The sample rapidly changes color and
becomes stiffer. UV-Vis spectra of films undergoing this oxidation process show a gradual
conversion from the Cu™ state which absorbs only weakly in the visible to the blue absorption (Amax
= 690 nm) associated with the Cu?* crosslinks (Figure 3.10). Samples that were “shaped” prior to
oxidation maintained the new shape after the transition. In contrast, samples doped with Cu?*

remained stable to air and retained their color, shape, and mechanical properties. The water content
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decreased by 12% during the air oxidation from Cu* to Cu?* (Table 3.1). This decrease in water
was not caused by sample drying—hydration was maintained during oxidation—but rather to the
increased binding of Cu?* to the polymer chains. Chemical reduction was also facile. Submersion
of the stiffer Cu?* samples in a solution of 0.15 M sodium metabisulfite gave a flexible, Cu*

hydrogel in minutes.
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Figure 3.10 UV-Vis absorption spectra of Cu*-doped hydrogel oxidized in air over 120 min.
The copper hydrogel materials also possess shape memory characteristics. A sample

prepared in the +1 oxidation state, for example, was molded to form a flat, flexible strip (Figure
3.4). If the sample was then formed into a shape and allowed to air oxidize, the new stiffer Cu?*-
EPEH held the new profile. Reduction of the sample by immersion in a solution of sodium
metabisulfite regenerated the original flat, flexible form, which could be recast into a new profile
and hardened by oxidation. The cycle is repeatable, although recharging of the copper ions is
necessary after several cycles as the poorly bound Cu™ is prone to leaching. The fundamental shape
of the hydrogel (2-3 mm thick rectangular prism) is determined by the original network formed

with the non-reversible PEG-DA crosslinks. The secondary network that allows the material to
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hold a second shape is formed by the oxidized Cu?* ions which crosslink the chains by coordination

with pyridine. Reduction to Cu™ destroys the secondary network and restores the original shape.

3.3 CONCLUSIONS

The creation of a stable hydrogel system that selectively coordinates more strongly to copper in
the +2 oxidation state than in the +1 oxidation state has been accomplished. The material properties
of hydrogels containing Cu?" are significantly different from those of hydrogels containing Cu*.
Cu?*-containing hydrogels are bright blue and rigid, whereas hydrogels containing Cu* are light
yellow, soft, and pliable. The EPE material can reversibly transition between these two states using
chemical stimuli and unidirectionally using electrochemistry. These Cu-based EPEs offer a
multiresponsive paradigm for a self-contained, three-dimensional stimuli-responsive material that

undergoes changes in mechanical properties.

3.4  MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich, unless otherwise noted, and were used as

received. Poly(dimethylsiloxane) was from GE Brand (GE Silicone Il Kitchen & Bath).
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3.4.1 Typical hydrogel preparation

Sodium (4-styrene sulfonate) (SS, 1.6g, 7.77 mmol), 4-vinylpyridine (VP, 0.41 mL, 3.80 mmol),
and poly(ethylene glycol) diacrylate, (PEG-DA, M, = 575, 100 uL, 0.194 mmol) were combined
with 9 mL of deionized water and gently heated (< 40 °C) until all solids were dissolved. The
mixture was purged with N2 for 1 min. Ammonium persulfate (APS, 60 mg, 2.2 mol%) was added
as radical initiator for copolymerization.

The reaction mixture was pipetted into a mold (Figure B.2 and Figure B.3). Typical sample
dimensions were 2.5 x 2.5 x 0.3 cm. For electrochemical experiments the mold for the sample was
created by temporarily affixing a square glass cell using poly(dimethylsiloxane) (PDMS) adhesive
to a Teflon base bearing a freshly polished glassy carbon electrode (GCE). The mold/sample
combination was then heated at 85°C for 1.5 h. After cooling to RT, the hydrogel was doped by
simple submersion in aqueous 0.5 M CuCly/ 0.025 M urea solution. Samples were doped with 5
mL copper solution for every 2 mL hydrogel solution. For a typical doping solution, CuCl (0.34
g, 2.5 mmol) and urea (0.008 g, 0.13 mmol) were combined with 5 mL deionized water and stirred

until all solids were dissolved. Both sample and solution were covered and allowed to sit overnight.

3.4.1.1 Preparation of large PSS/PVP samples for shape memory and tensile testing

For a typical 12 mL hydrogel, sodium 4-styrenesulfonate (SS, 4.3 g, 20.6 mmol), 4-vinylpyridine
(VP, 1.1 mL, 10.1 mmol), and poly(ethyleneglycol) diacrylate (PEG-DA, M, =575, 267 pL, 0.464
mmol) were combined with 24 mL of deionized water and gently heated to below 40 °C until all
solids were dissolved. The mixture was purged with N2 for 3 min. APS (160 mg, 2.2 mol%) was
added as radical initiator for copolymerization. Aliquots (12 mL each) of the hydrogel solution

were pipetted into two 5.0 cm x 12.5 cm Teflon wells. The samples were covered with aluminum
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foil and then heated at 85 °C for 1.5 h. The samples were then allowed to cool to room temperature
over a period of several minutes. Samples were doped overnight with 0.5 M CuCl»/0.025 M urea

or 0.1 M CuCl/0.5 M NH40OH/0.25 M sodium meta-bisulfite.

3.4.1.2 Preparation of large PSS/PVP samples for tensile testing (sheets)

Sodium (4-styrene sulfonate) (SS, 9.6 g, 42.8 mmol), 4-vinylpyridine (VP, 2.46 mL, 22.8 mmol),
and poly(ethylene glycol) diacrylate, (PEG-DA, Mn = 575, 600 uL, 1.17 mmol) were combined
with 54 mL of deionized water and gently heated (< 40 °C) until all solids were dissolved. The
mixture was purged with N2 for 15 min and 1200 pL of 300 mg/mL ammonium persulfate solution
(APS, 360 mg, 2.2 mol%) was added as radical initiator for copolymerization. To prepare hydrogel
sheets, 5 mL aliquots were transferred to glass molds (1 mm x 8.3 mm x 7.3 mm), covered with
aluminum foil and placed in an oven at 85 °C for 1.5 h. The gels were cooled to RT, carefully
removed from the molds and doped for 36 h using 12.5 mL of dopant solution per sample with
increasing [CuCl] at 0.25, 0.375, 0.5, 0.625, 0.75, 1.0, and 2.0 M CuCl> with 0.025 M urea held

constant throughout.

3.4.1.3 Hydrogel film preparation for UV-Vis measurements

Sodium (4-styrene sulfonate) (SS, 0.3556 g, 1.73 mmol), 4-vinylpyridine (VP, 91 pL, 0.85 mmol),
and poly(ethylene glycol) diacrylate, (PEG-DA, Mn = 575, 22 uL, 0.043 mmol) were combined
with 2 mL of deionized water and gently heated (< 40 °C) until all solids were dissolved. The
mixture was purged with N2 for 15 min. Ammonium persulfate aqueous solution (APS, 44 uL of
300 mg/mL, 13.2 mg, 2.2 mol%) was added as radical initiator for copolymerization. A hydrogel
film was cast by sandwiching the monomer mixture between two glass plates using ~120 um
spacers (Final size: 80 x 70 x 0.12 mm) and polymerizing in an oven at 85 °C for 1.5h. After
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cooling, the film was carefully removed and placed in 5 mL of freshly prepared dopant comprised
of 0.1 M CuCl, 0.5 M NH4OH, and 0.25 M Na2S,0s (sodium metabisulfite) and kept under N2 for
15 min. The sample was removed from the dopant and a slice of Cu(l)-doped hydrogel was cut
from the bulk film (=5 mm x =30 mm) and placed on the side of a halved polystyrene cuvette. The
UV-Vis spectrum of the hydrogel was recorded over time as shown in Figure 3.10. Between scans
the hydrogel film was kept in a petri dish with a moist paper towel to prevent the sample from

dehydrating.

3.4.2 Electrochemical measurements

Cyclic voltammetry (CV) and amperometric i-t curve measurements were carried out with a CH
Instruments Electrochemical work station 430A Model (Austin, TX) at room temperature using a
three-electrode system, composed of a glassy carbon (GC) plate (25 x 25 mm) coated with a
copper-hydrogel film of 2 mm thickness as working electrode, a Ag/AgCl reference electrode and
a platinum grid as counter electrode. The GC plate electrode was polished with 0.3 um Al>O3 paste
and cleaned thoroughly in an ultrasonic water bath for 5 min. The CV and amperometric i-t curves
for reduction was carried out in 15 mL of electrolyte containing 0.067 M KNO3 in water saturated
with acetonitrile (ca. 1:3). Oxidation was carried out in 0.1 M CuCl (stabilized by the addition of
sodium metabisulfite to the solution) in water saturated with acetonitrile. CV data were acquired
at a scan rate of 100 mV/s over a voltage range of 1.2 to -0.6 V. Bulk electrolysis was performed
in the same electrolyte solution for up to 30 h (reduction potential -0.2 V, oxidation potential +1.0
V). All electrochemical experiments were performed under N2 atmosphere with careful exclusion

of ambient light. See Figure B.1 for schematic.
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3.4.3 Shaping experiments

A large Cu*-hydrogel was prepared as described above. Depending on the desired final shape, the
sample was trimmed to size before shaping. Shaping was performed by manipulating the soft gel
into a desired shape, often using common lab objects (graduated cylinders, pipettes, scintillation
vials) as a structural support. Once the gel was in place, hydration was maintained by wrapping
the mold and gel with a dampened paper towel. The sample was then allowed to oxidize by
exposure to air for at least 18 h.

Shape memory experiments: Shaped Cu?* samples prepared as described could be returned
to their original flat and flexible state by submersion in 0.15 M sodium meta-bisulfite for 20-30
minutes under stirring. Samples could then be re-formed into a different desired shape following

the procedure described above.

3.4.4 Mechanical measurements (indentation modulus)

The mechanical testing procedure, specifically developed for the case of testing thin EPEH
materials, was based on an indentation testing methodology.**” A circular cylindrical indentation
probe (diameter 5.7 mm) was fashioned to screw into the crosshead of an MTI-1K screw driven,
table top load frame. A 75 Ib. Transducer Techniques load cell was employed to measure the force
exerted on the EPEH specimen by the indentation probe. Owing to the thin nature of the specimens
tested (< 10 mm), as well as the small range of expected loading, the strain was calculated from
the crosshead displacement as opposed to using an external extensometer. Additional experimental
parameters such as strain rate and total strain were determined by referring to ASTM D1621-04A

Standard Test Method for Compressive Properties of Rigid Cellular Plastics. For all samples, a

53



0.15 N preload force was applied prior to taking the measurement. Each indentation test yielded a
single stress-strain curve from 0-15% strain, which contributed a single stiffness measurement
(compressive modulus). In total, five indentation tests were performed on each 2.5 x 2.5 x 0.2 cm
sample (one in each corner, and one in the center of the sample) and the mean value was reported.
Per the standard, the modulus is measured by taking the slope of the linear portion of the curve

from 10 to 12% strain.

3.4.5 Mechanical measurements (tensile modulus, strips)

Large PSS/PVP hydrogels were prepared and doped in 12.5 cm x 5 cm Teflon molds according to
the procedures detailed above. Samples were cut to appropriate size (typically 9-10 cm x 1.5-2 cm)
with a straight razor and measured in all dimensions precisely with a micrometer. Contrast markers
were applied to the sample about 3 cm in from the location of the grips. Characterization of
material stiffness was performed via tensile tests conducted at room temperature, utilizing an MT]I-
1K (Measurement Technology Inc.) screw driven load frame under displacement control. For all
samples, a 0.15 N preload force was applied prior to taking the measurement. A 75 Ib Transducer
Technologies load cells was employed to measure stress and a Messphysik ME46-450 video
extensometer was used to monitor strain. The strategy used adheres to ASTM Standard 882 for
thin films, where typical sample thickness is 0.10 mm. Per the standard, the modulus is measured
by taking the slope of the linear portion of the curve. In the case of the tensile tests, the modulus

is measured by taking the slope of the curve from 1 to 3% strain.
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3.4.6 Mechanical measurements (tensile modulus, dumbbells)

Large PSS/PVP hydrogel sheets 1 mm in thickness were prepared as detailed above. After doping
with CuClz, samples were cut into dumbbell shapes using a cutter fashioned after ASTM D412-
06a, with length 35 mm, gauge 14.75 mm, and width 3 mm. Sample thickness was measured using
a micrometer and varied from 0.67 to 0.76 mm. Stress-strain curves were collected using an MTI-
1K load frame with a 75 Ib Transducers Techniques load cell at a loading rate of 10 mm/min and
the strain was calculated from the crosshead displacement. The modulus was calculated from the
slope of the stress-strain curve from 1 to 3 % and the average was reported from 7 to 8 tests per

sample per concentration of CuCl. dopant used, as detailed above.

3.4.7 Multi-well experiment to determine optimum concentration of CuCl2 and urea for

doping

SS (3.2 g, 15.5 mmol), VP (0.82 mL, 7.61 mmol), and PEG-DA (M, = 575, 200 pL, 0.348 mmol)
were combined with 18 mL of deionized water and gently heated to below 40 °C until all solids
were dissolved. The mixture was purged with N2 for 3 min. APS (120 mg, 2.2 mol%) was added
as radical initiator for copolymerization. Aliquots (2 mL each) of the hydrogel solution were
pipetted into nine 2.5 cm x 2.5 cm Teflon wells. The samples were covered with aluminum foil
and then heated at 85 °C for 1.5 h. The samples were then allowed to cool to room temperature
over a period of several minutes. Samples were doped with solutions that varied in concentration
of urea and CuCl,. Urea concentrations were 0.05 M, 0.025 M, and 0.01 M. CuCl. concentrations

were 2.0 M, 1.0 M, and 0.5 M. In a 3 x 3 array, samples were doped with 5 mL doping solution,
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with CuCl2 concentration decreasing to the right and urea concentration decreasing down as shown

in Figure B.2 and Figure B.3. Finally, samples were covered and allowed to sit overnight.

3.4.8 Water content measurements

All measurements were performed in quadruplicate. Hydrogel samples were prepared according
to the procedures described above. To calculate water content of the undoped hydrogels, samples
were weighed before and after drying 18 h in an 85 °C oven, and the mass loss was calculated. To
determine the water content of Cu?* and Cu* doped samples, the mass was taken before doping,
after doping overnight, and after drying 18-36 h in an 85 °C oven; the mass loss was calculated
from these values. To obtain the water content of a Cu*-doped sample oxidized in atmospheric
conditions, samples were prepared and doped with Cu* as described above. The samples were
weighed after doping and allowed to oxidize for 48 hours. Masses were taken for the oxidized

samples. The oxidized samples were dried in the oven for 18 h, and a final mass was obtained.

3.4.9 Copper quantitation

The method for quantifying the amount of copper in the EPEHs was based on the quantitative
methods reported by Gahler.1® 2 9-dimethyl-1,10-phenanthroline (neocuproine) was the reagent
used to bind Cu?*. CuCl; standards (0.00148 M) were prepared in concentrated HCI. A Lambda 9
(Perkin-Elmer) UV/Vis/NIR spectrometer was used to create a calibration curve (Figure B.4).
Analysis: HCI was used to break down EPEH’s in order to extract the copper for
quantification. Copper-doped samples were digested in 10 mL of concentrated HCI for a period of

18-24 hours. A 200 pL-aliquot of the digested sample solution was diluted in 10 mL water to create
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a sample stock solution with an absorbance in the range of the instrument. The following reagents
were added to a 60-mL separation funnel: 2 mL sample stock solution, 5 mL 100 g/L
hydroxylamine hydrochloride, 10 mL 300 g/L sodium citrate, 10 mL 1g/L neocuproine (2,9-
dimethyl-1,10-phenanthroline) in absolute ethanol and 10 mL chloroform. The separation funnel
was shaken vigorously for 30 seconds, and the contents were allowed to separate. The chloroform
layer was collected and the aqueous layer was washed with an additional 5 mL of chloroform. The
organic layers were combined and diluted with EtOH to 25 mL in a volumetric flask. The
absorbance of the solution was measured at 457 nm and quantified using the calibration curve

shown below (Figure B.4).

3.4.10 Electron spin resonance (ESR) spectroscopy

Contributed by Matthew Lawless

The hydrogel was frozen in liquid nitrogen, crushed with mortar and pestle and added into a 50
mM N-Ethylmorpholine (NEM) buffer at pH 7.4 which contained 25% glycerol. Aliquots of the
final solution were transferred into a quartz tube with an inner diameter of 3 mm. All electron spin
resonance experiments were performed using a Bruker ElexSys E580 which utilized a Bruker
ER4118X-MD5 resonator. All experiments were run at a temperature of 80 K which was
controlled by an Oxford ITC503 temperature controller with an Oxford CF935 dynamic
continuous flow cryostat linked to an Oxford LLT 650 low-loss transfer tube. The samples were
frozen in a bath of liquid nitrogen prior to placement into the precooled sample cavity.

All continuous-wave (CW) experiments were performed at X-band. The magnetic field
was swept from 2300 to 3900 G for a total of 1024 data points. A conversion time of 20.48 ms, a
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time constant of 10.24 ms, a modulation frequency of 100 kHz, a modulation amplitude of 4 G
and a microwave power of 0.1993 mW were used for all experiments. Simulations of experimental
spectra were performed using Bruker Simfonia.

CW-ESR experiments were performed in a NEM buffer (pH 7.4). At pH 7.4, free Cu®*
does not contribute to the ESR signal in this buffer. The magnetic gy and Ay values are within the
range found for type-11 Cu?* complexes, indicating that the Cu?* has four equatorial ligands.
Furthermore, the values of the gy and Ay are consistent with a Cu* ion coordinating to either three
nitrogen and one oxygen (3N:10) or 2N:20 according to the Peisach-Blumberg plot.**® The EPR
data specifically rule out [Cu(OH2)4(OH)2], which typically yields gy and A values of 2.42 and
125 G respectively. Note, that the ESR data on these hydrogels did note yield gy and Ay values

consistent with [Cu(OH.)4(OH)], even in the absence of NEM (data not shown).
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4.0 STIMULI-RESPONSIVE IRON-CROSSLINKED HYDROGELS THAT

UNDERGO REDOX-DRIVEN SWITCHING BETWEEN HARD AND SOFT STATES

(Portions of this work were published previously and are reprinted with permission from Auletta,
J. T.; LeDonne, G. J.; Gronborg, K. C.; Ladd, C. D.; Liu, H.; Clark, W. W.; Meyer, T. Y.
Macromolecules, 2015, 48 (6), 1736-1747. Copyright 2015 American Chemical Society.)

This work was performed in collaboration with Gregory LeDonne, Kai Gronborg, Colin
Ladd from the Meyer group. We also thank Prof. David Swigon, Prof. Anna Vainchtein, Hang

Nguyen, and Prof. David Waldeck and Prof. Haitao Liu for helpful discussions and feedback.

4.1 INTRODUCTION

We report herein the synthesis and extensive characterization of a unique class of stimuli-
responsive hydrogels, which we term electroplastic elastomers (EPES). These iron-crosslinked
hydrogels can be transitioned through a continuum from soft to hard by the application of an
electrochemical stimulus that reversibly switches the iron between +2 and +3 oxidation states. A
portion of this work has been previously communicated. 4

As has been established in the last few decades, stimuli-responsive hydrogels are attractive
candidates for a broad range of applications such as tissue engineering,® drug and protein
delivery,®2 sensors,* actuators,® and energy storage.®® A variety of stimuli, including light,®
temperature,” pH, ionic strength, electric field,® magnetic field,® enzyme-catalysis,*® and redox

reactions,'! have been utilized to elicit changes in one or more properties of these materials, with
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typical responses being degradation, reversible swelling/de-swelling, actuation, sol-gel
transition,> change in wavelength of diffracted light, changes in mechanical properties,®® and self-
healing.}** Amongst these many stimuli, we have chosen to focus our attention on electricity
because the addition or removal of reagents or heat, which is particularly suitable for some
applications, is not always desirable or achievable.

In our responsive EPE hydrogels we harness the unique ability of metal ions to act as
reversible crosslinks in polymeric systems. There are numerous examples of the exploitation of
this characteristic in previously reported stimuli-responsive metal-containing polymers and
supramolecular materials.®2*6 Of particular relevance to our work are those systems that rely on
redox-driven changes in coordination around the metal center. Iron, due to the accessibility and
stability of the +2 and +3 oxidation states is one of the most widely exploited metals. Tong and
co-workers have, for example, reported on the reversible sol-gel transitioning of poly(acrylic acid)
PAA using the Fe**/Fe*" redox couple as controlled by light, air oxidation,” or an applied
potential.*® The dynamic bonding of Fe®" with carboxylate ligands has also been utilized for
autonomous self-healing of crosslinked PAA hydrogels as reported by Wang and Nie.® Reduction
is also intrinsic to the photodegradation of Fe3*-crosslinked alginate gels for biocompatible
scaffolds reported by Melman and coworkers.*°

Copper can also be used to promote redox-controlled transitions.*® 14214 \We have recently
communicated the discovery of a copper-based EPE.*> Rowan and coworkers have described the
redox-promoted  polymerization/de-polymerization of supramolecular metallopolymers.*®
Mashelkar observed healing in copper-based hydrophobic gels.*® A copper-based redox system
has also been utilized for ionoprinting in poly(sodium acrylate) crosslinked hydrogels as reported

by Velev.140
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Indirectly related, but also relevant, are systems that involve redox-promoted changes in
the charge on intact metal complexes. Harada and coworkers have, for example, used a redox
strategy to control the host-guest interactions between B-cyclodextrin and ferrocenyl moieties and
have demonstrated in their materials reversible associations,*’ self-healing,*® and mechanical
motion.*® Poly(ferrocenyl siloxanes) have been utilized to prepare color-tunable displays as
reported by Manners®®>! and redox-controlled actuators as demonstrated by Hempenius, Vancso
and coworkers.® In another case, ferrocyanide has been utilized to control reversibly the degree
of swelling of polyelectrolyte multilayers.>? In these systems, unlike the EPEs described herein,
the metal coordination sphere is not changed.

Finally, there are some interesting examples of hydrogel materials that exploit redox as a
stimulus but are not metal-based. Disulfide crosslinking, for example, has been utilized to control
crosslink density in a variety of systems.>3 Electrochemical control of crosslinking has also been
demonstrated by altering the charge on polyviologens incorporated in polyelectrolyte
multilayers.®® Quadruple hydrogen bonding motifs have also been utilized to prepare redox
responsive gelator systems.>’

In this report, we also describe the effects of incorporation of graphene oxide (GO) filler
into the EPEs, which both reinforced the materials and enabled faster electrochemical transition
times between hard and soft states. The mechanical reinforcing ability of GO has been utilized in
other polymer hydrogel composites,2384 147149 gpecifically in poly(AA),*° poly(acrylamide)
(P(AAmM)) 88 151153 and poly(acrylic acid-co-acrylamide)® hydrogels to varying degrees of
success. Differentiated from these systems are GO nanocomposite hydrogels with high
extensibility and toughness prepared using PAAmM without crosslinker® and with peroxide

functionalized GO, which acts as both initiator and polyfunctional crosslinker. Only a few
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reports exist on the utilization of the closely related fillers, graphene,*>* graphite,*>>-1® or reduced

graphene oxide (rGO),*® in polymer hydrogel materials.

42  RESULTS

4.2.1 Synthesis

As described previously, the basic organic hydrogel (OR-gel) is a random copolymer of sodium
acrylate (SA), sodium (4-styrenesulfonate) (SS), and polyethylene glycol diacrylate (PEG-DA, My
= 575) in a weight ratio of 12:8:1 (Figure 4.1).}* Formed under standard free radical
polymerization conditions, the resulting water-swollen hydrogel assumed the shape of the vessel
in which the polymerization was conducted. The colorless OR-gel was relatively soft and fragile.
To introduce reinforcing GO filler, the monomers and initiator were added to an aqueous
dispersion of GO prepared by a modified Hummers’ method.*%® The addition of the monomers,
two of which are salts, destabilized the suspension to some degree as has been reported by others.&
However, if the polymerization was initiated soon after the addition of the monomers, gravity-
induced settling of the GO prior to gelling was minimized. The GO-filled hydrogel (GO-gel) was
dark brown in color and was significantly tougher than the OR-gel.

Iron in either the +2 or +3 oxidation state was introduced by submerging either the OR-gel
or the GO-gel in a solution of the selected metal ion for a period of hours to days. Prior to doping,
the OR-gel or GO-gel was washed multiple times with 1 M HCI to ensure that all carboxylate
groups were protonated. This washing replaces the need for the citric acid co-dopant that we

employed previously.**® The introduction of iron in the +3 state to gels at pHs > 2 results in non-

62



uniform doping as the outer edges of the sample become crosslinked and inhibit iron penetration.
To facilitate doping efficiency, the iron-doping levels were controlled by timed exposure to a high
concentration solution of FeCls (2 M). The samples were purposely removed from the doping
solutions before complete equilibrium with the doping solution was reached. If the samples were
submerged at this high concentration for periods of longer than 24-48 h the combination of iron-
induced crosslinking and high ionic strength resulted in hydrogel collapse. Iron penetration
appeared both visually and by the determination of mechanical properties to be uniform throughout
the gel under the conditions employed, despite the non-equilibrium procedure. Quantitative
analysis of the iron content in individual gels was accomplished by first extracting the iron from

the gel into solution by exposure to a large excess of HCI. Iron concentration was then determined

by UV-Vis spectroscopy.4
SA o FeCl,
s
~Aona
. W0GO _ | HCl
SS \\—@803 Na' > wash
0 OR-gel FeCl,
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Figure 4.1 Synthesis of OR-gel, GO-gel, and Fe-GO-gels.
Qualitatively, the Fe3*-gels produced by direct doping were red in color and dramatically

stiffer than the OR-gel. The gels also exhibited some deswelling (79% — 44% H20, w/w) due to
the combination of increasing ionic strength within the gel and the volume minimizing introduction

of crosslinks. In contrast, the Fe?*-gels, which were pale green in color, while slightly stiffer than
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the OR-gel, remained pliable and lost less water (79% — 52% H20, w/w). It should be noted that
the carboxylate/styrene sulfonate ratio (12:8) and the amount of the PEG-DA crosslinking agent
incorporated was chosen with the goal of maximizing modulus without deswelling the hydrogel
significantly. Higher ratios of carboxylate to styrene sulfonate produced gels that did not dope
uniformly and/or collapsed from deswelling when doped.

The GO-gel was doped in an analogous fashion to the OR-gel. Although the inherent color
of the metal dopant was masked by GO, a distinct difference in the initial color of the GO-gel
(brown) and the Fe?*-rGO-gel (black, r-GO = partially reduced GO) was apparent. The color
change observed from brown to black in the case of Fe?* doping is consistent with some degree of
GO reduction to give r-GO. It has been established previously that Fe?* is a competent reductant
for GO and that r-GO thus produced is more conjugated.'®*%2 As observed in the doping of the

OR-gels, Fe**-GO-gel is visibly stiffer than Fe?*-GO-gel.

4.2.2 Electrochemical transitioning between soft and hard states

As we had previously communicated,*° the iron-doped EPEs can be electrochemically switched
between hard, Fe**, and soft, Fe?*, states. In particular, we observed that Fe3*-gel and Fe?*-gel
samples (25 x 25 x 3 mm?®), when held with modest pressure on a glassy carbon electrode in an
electrolyte comprising 0.5 M citric acid and 2.0 M FeCl> could be cycled between oxidation states
at potentials of -0.8 V (reduction) and 1.2 V (oxidation). The iron EPEs, which were handled under
nitrogen and with minimal exposure to light to prevent any possibility of competing light-initiated
reduction, exhibited the expected changes in color. Mdssbauer spectroscopy confirmed the change
of iron oxidation state from high spin Fe?* to high spin Fe3* (Figure C.6).1*° The compressive
moduli (Young’s) of the samples varied between 1.0 MPa and 0.6 MPa when followed over 2
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complete cycles with electrolysis times of ca. 12-16 h (Figure 4.2). It should be noted that the
sample was not exhaustively oxidized and therefore did not recover the original modulus. The
presence of Fe?* in the electrolyte was necessary to maintain the iron concentration within the gel
when the sample was in the reduced state. As the Fe?* interacts only weakly with the hydrogel, the
primary consequence of the ion’s presence during oxidation cycles is an increase in total charge
passed as some of the excess ions are converted to Fe3*. Citric acid was included as a component
of the electrolyte early on in these studies because of its perceived role in facilitating homogenous
distribution of iron throughout the sample (see earlier discussion of iron doping). Although later
experiments demonstrated that the presence of the added ligand was not necessary to enable
electrochemical redox switching, it was included in later switching studies so that all data and
calculations would be consistent.

Treatment of Fe?*-gels with ammonium persulfate as well as exposure to air in a humidity-
controlled environment produced physical and optical changes equivalent to those observed in the
bulk electrolysis. Chemical reduction of the Fe3*-gels proved more challenging as all reagents
examined caused noticeable degradation of the gels.

The Fe-GO-Gels, which could be prepared and handled as thinner samples (25 x 25 x 0.08
mm?) due to their enhanced toughness, could be electrochemically cycled more rapidly than the
thicker unfilled gels (Figure 4.2). After only 15 min at 1.2 V, the gel stiffened from ~ 1 to 2.4 MPa.
Reduction at -0.8 V over for the same time period, however, did not allow for complete recovery.
In the next cycle, the oxidation was allowed to proceed for a longer period (30 min) and a higher
modulus (3 MPa) was achieved. Reduction for 45 min was required to restore the sample to
approximately the cycle 2 starting modulus. A third cycle of 60 min oxidation and 75 min of

reduction brought the sample modulus to 3.8 MPa and back to approximately the cycle 2 starting
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point. Overall, three redox cycles of the sample required only 135 min of electrolysis time and
gave a range of moduli of 1-3.8 MPa. These results represent a significant improvement over the
times and moduli range observed for the thicker, non-GO-filled gels. When thicker (2-3 mm) Fe-
GO-gel samples were subjected to electrochemical cycling the switching times were similar to

those observed for the Fe-gels.
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Figure 4.2 Electrochemical switching of Fe-gel and Fe-GO-gel between hard and soft states.

4.2.3 Potentiometric titrations of hydrogels of Fe-gel and OR-gels

In order to determine the mechanism by which iron controls the hydrogel properties, we undertook
a series of studies aimed at understanding the nature of the hydrogel and the coordination
environment of iron in both oxidation states. The base OR-gel polymer, as discussed earlier,
formally comprises two potential ligand types, carboxylates and sulfonates. The pKa of the parent
sulfonic acid is, however, very low (-2.8) and the ligand has negligible affinity for the Lewis acidic

iron atoms. In control experiments, crosslinked poly(4-stryrene sulfonic acid) did not exhibit
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deswelling or stiffening in the presence of Fe3*. Interaction between metal and polymer must,
therefore, be primarily mediated by the carboxylate groups, which under the low pH conditions
within the samples (typically 1-2), are largely present prior to coordination in their protonated
form.

The concentration of carboxylic acid groups per volume of hydrogel was determined by
potentiometric titration of the gel and the data were analyzed by the Gran plot method (See
Appendix C.2 Gran Plot Method).'®2 The pH of a fixed volume of aqueous solution in equilibrium
with the finely divided gel (prepared by cryomilling) was monitored in all titrations. The data
established that the actual ratio of carboxylic acid to sulfonate groups in the polymer prepared
from a 12:8 ratio of SA to SS is 9.4:8 which is consistent with high, but not complete, monomer
conversion, and the known reactivity ratios of these monomers, 0.34 for SA and 2.3 for SS.1¢4

The degree of dissociation of carboxylate ligands, o, as a function of pH was characterized
from pH 1.8 to 12.3 by potentiometric titration. All titrations were started by initial addition of
excess acid to ensure complete protonation of the carboxylate groups, followed by base addition
to the o = 0 point. Further base addition produced the expected titration curve. The total acid

content of the system during titration is given by
h = [H]sq + a[A¢] — [Bltor + 0h (4.1)

where h is the concentration of hydronium ions, [H]s, is the total concentration of strong acid
initially added to the solution, « is the degree of dissociation of the gel carboxylic acid groups,
[A.] is the concentration of all carboxylic moieties (in eq. L), [B];. is the total concentration of
base added to the solution, and oh is hydroxide ion concentration calculated from the auto
ionization of water.'®® The degree of neutralization (a without metal or a,, in the presence of

metal) is then given by
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=h+[B]_[H]SA_0h

4.2
[4¢] 2

The effective pKa of the carboxylic acid substituents was also determined as a function of
pH. Although a simple carboxylic acid exhibits a unique pKa of ca. 4.8, the pKa of a particular
polycarboxylic acid in a chain of many depends on the state of protonation of its neighboring
groups. The ratio of protonated to deprotonated groups varies significantly for pHs near the pKa.

In this regime, the pKa can be estimated using the extended Henderson-Hasselbalch equation
eq.(4.3) where pKZ is the apparent dissociation constant at half-dissociation (@ = 0.5) and n is

an empirical constant related to the degree of charging along the polymer backbone and the ionic

strength of the medium in which the titration was performed.165-167

'pH='pK,ﬁ+n-log(1a ) (4.3)

—a
At higher and lower pHs, where nearly all neighboring groups are either protonated or
deprotonated, the pKa stabilizes relative to pH. By considering each acid group as a simple

monoprotic acid, the apparent dissociation constant, K.:,,,, can be calculated from

_h[A]  ha
Kk, = Al - T—a (4.4)

In our system a lower and upper limit for the pKfpp of ca. 4.87 (pH of 3.9) and 6.58 (pH of 7.8),

respectively, was observed (Figure 4.3).
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Figure 4.3 (a) Degree of neutralization, o, of hydrogel with pH. Values of a < 0 indicate excess acid present while o

> 1 indicate presence of excess base; (b) apparent acid dissociation constant, pKﬁ’m,, of hydrogel variation with pH.

The pH rise from 4.4 to 6.1, corresponding to log( = ) of -0.6 to 0.3, can be fit with the

Ta
extended Henderson-Hasselbalch equation yielding pK2 = 5.51 and n = 1.95 (Figure 4.3). These
results agree well with previous reports on linear and crosslinked poly(AA) of various molecular
weights for titrations performed at similar ionic strengths.6>-167

To determine the average number of carboxylates bound to each iron center, potentiometric
titrations were carried out at various ratios of ligand to metal, R = [A/[M{]. The average number
of ligands per metal, 7, could then be calculated from

__[Ad = [HA] — [A] _ [A] - [A)(1 - ) ~ [4] @s)
[M] [M]
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In this expression, [A] is the concentration of unbound ligand, [HA] is the concentration of
protonated ligand, and [M] is the total metal ion concentration. As metal coordination is in
competition with the binding of protons to the carboxylate moieties, the bound metal can be
determined through the measurement of the concentration of the displaced protons. The data
collection was conducted by first adding sufficient acid to protonate all the carboxylate moieties
and then titrating with base to reach a = 0. At this point, the metal was added in a single addition

and the pH change was recorded. The mixture was then titrated further with base. The data are
plotted in Figure 4.4 below. On the x-axis, the value of p (%) reflects the preference of the ligand

for metal ion or protons: a positive value indicates less HA than free protons (metal ion
displacement of protons on ligand is favored); a negative value indicates more HA than free
protons (metal ion does not displace protons of ligand). It should be noted that it was not possible
to collect data in our normal working pH range of 1-2, as the pH changes due to metal addition
were too small to measure accurately in this regime. We propose, however, that a linear
extrapolation provides an accurate upper limit and crude estimate for 7 in the pH range of interest
because the observed material changes, i.e. modulus, were approximately linear between pH 1 and
3.5. We further extend the extrapolation to 7 = 1.5 for the complexation constant calculation

described below.
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Figure 4.4 Formation curves for Fe?* (m), and Fe®* (A) with hydrogel at various ligand to metal ratios, R. Dashed
line represents extrapolation to pH regime of interest relevant to electrochemical transitioning of material and to n =
1.5, which is used to calculate Bs.

Table 4.1 pH as a function of added iron ions?
Metal ion R° pH,initial pH, Fe** added ApH

Fe¥* < 2.65 2.54 0.11
Fe¥* 6 3.60 2.72 0.88
Fe¥* 3 1.82 1.77 0.05
Fe3* 3 2.89 2.38 0.51
Fe3* 3 3.78 251 1.27
Fe3* 1 3.61 2.26 1.35
Fe2* 3 3.69 3.66 0.03

8pH of solution in equilibrium with hydrogel particles
before and after metal ion addition °R = [COOH]/[Fe**],
[COOH] = 4.75 to 5.20 meg/L; [Fe**] = 0.83 to 4.89
mM; ¢Iron only, no gel present.

As shown in Figure 4.4, the behavior of Fe?* and Fe®* differed significantly. The Fe?* data
were shifted further to the left and approach zero as p([HA]/h) increases, indicating weak or no
binding to carboxylate groups when the concentration of H* is high. The calculated 7 values for
Fe3*, in contrast, ranged from ca. 1.5 to 3 which is the expected value based on charge balance
considerations alone. It is also important to note that at R = 3, the addition of Fe?* ion to the gel at
o =0 resulted in only a slight decrease in pH from 3.69 to 3.66 (Table 4.1). In contrast, the addition
of a similar concentration of Fe** gave an immediate pH drop of 3.78 to 2.51, consistent with

immediate coordination. From control studies, it was determined that the contribution to the pH
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drop due to the addition of the Lewis acidic Fe* ion to an aqueous solution at pH 2.65 was only
0.11.

Binding for both metals did increase with the addition of base but the data clearly establish
that the binding of Fe?* at low pH can be considered negligible even when the carboxylate ligands
are present at R =3 (which is an excess if one considers only charge balance arguments).
Obviously, this experiment does not eliminate the possibility of weak association of the protonated
acid groups with the metal ions. It simply establishes that the Fe?* cannot displace the weakly
bound protons which make this class of crosslink significantly weaker and less likely to contribute
to bulk modulus.

In contrast with Fe?*, binding for Fe®* was found to be very strong even at low pH. Addition
of Fe3* to the gel at o = 0 caused an immediate and dramatic change in the pH. The magnitude
correlated with R; addition of larger concentrations of Fe3* produced more solvated protons.

The calculation of these average coordination numbers and the determination of the
relevant complexation constants is based on the following rationale, which has been used by others
for similar systems. %% 168 We can consider the overall complexation reaction, in general, as

M +nHA = MA,, + nH (4.6)
where M is the metal ion, HA is the carboxylic group in protonated form, and n is the number of

carboxylates attached to the metal. The overall complexation constant can then be expressed as in

ed. (4.7),

 [MA,] - A

on = D1[HAT D
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The concentration of bound ligands can be expressed as the sum of all coordinated species

(eg. (4.8)) and can be rewritten in terms of the complexation constant by substitution of the

expression for [MA,] from eq. (4.6) (eq. (4.9)).

N
[Abounal = nZln[MAn] 4.9)

L (HAN
= [M] Z nB, (T) (4.9)

Total metal ion concentration [M¢] can then be written as the sum of all species that include metal

ions as shown in eq. (4.10).

[M] = [M] (4.10)

o ([HAT\"
1+ 5, (T)

n=1

Average coordination can be calculated as the ratio of ligands bound to total metal ion

concentration as in eq. (4.11).
N [HA])"
[Abound] _ Zn:lan ( h

My L yn g (%)

n= (4.11)

Moreover, as described by Gregor and coworkers, 6% 168 the maximum number of ligands per metal
ion can be estimated at a given pH by plotting the average number of ligands per metal, 77, against

p([HA]/h). The complexation constants can then be estimated in the case of a divalent metal ion
at 1 = 1.0, where log(y/B;) = p([HA]/h) and B, = B,/K,” and in the case of a trivalent metal

ion at 7 = 1.5, where log B; = 3p([HA]/h) and B; = B3/K,> (Table 4.2).*%. In this case, the B

values, which reflect the pH conditions under which the measurements were acquired, are of more
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interest than the absolute formation constants, B.1*® The log B, of -4.24 measured at pH 4.69
demonstrates the extremely poor coordination of the Fe?* ions under even mildly acidic conditions;
Fe2* binding decreases further as pH is lowered). In contrast, the log Bs for the Fe* ions of 4.18
determined at pH 0.74 shows that coordination is significant even at low pH.

Table 4.2 Displacement (B’s) and formation constants (B’s) for Fe?* and
Fe®* with OR-gel

R, equiv.
Metal ion COOH/[M] pH pKY logB, logB. logBs; logBs
Fe? 3.12 469 513 -424 6.0° - -
Fe3* - 0.74* 4.87 - - 418 18.8°

Estimated by extrapolation to 71 = 1.5; Plog B, = 0 at pH < 3.5

Itis also of interest to estimate the percentage of the total iron that is bound to the hydrogel.
Although we know from quantitative analysis that excess iron is present, we were not able to
distinguish or independently measure the relative concentrations of the various iron species in
solution. Based on simple stoichiometry, however, an upper limit of 57% of unbound iron can be
determined by assuming i = 3. The actual number of i = 0 iron ions present would be expected

to be substantially lower, however, as there will be a distribution (n = 1 — 3) of complexes present.

4.2.4 Mechanical properties of Fe-gels

Initially, we were interested in exploring the relationship between Fe?* and Fe3* crosslinking as
we believed Fe?* would contribute to crosslink formation, albeit to a lesser extent than Fe®*. In this
light, Fe-gels with varying ratios of Fe*":Fe?* were prepared by doping OR-gels in solutions
containing both ions, with [M* it fixed at 0.5 M. As detailed above, however, it was found that
Fe?* does not bind with the gel at low pH. Thus, the modulus was determined and plotted as a
function of the ratio of Fe®* to carboxylate ligand (Fe®*" determined for each by quantitative

analysis, Figure 4.5). At a ratio of Fe*:L of ca. 0.15, the modulus increased steeply, consistent
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with significant Fe**-crosslink formation. The highest Young’s modulus (E) observed at Fe**:L of
ca. 0.45 was 2.7 MPa. Although, higher moduli may be obtained by increasing the overall Fe3*
doping level, the hydrogel samples eventually collapse under the osmotic pressure differential
induced by the high ionic strength of the dopant solution. Moreover, the samples become brittle

and unsuitable for redox switching.
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Figure 4.5 Modulus of Fe3*-gels as a function of metal:carboxylate ratio

4.2.5 Graphene-oxide hydrogel composites (GO-gels)

From our previous report, a major limitation of the material was the long switching times between
hard and soft states. As electrochemical and diffusion studies (vide infra) suggested that the source
of the slow switching was diffusion limited ion migration within the gel, we were interested in
preparing thinner samples with a potential for enhanced ion and electron conductivity. As the
simple OR-gels are quite fragile and could not be easily manipulated (necessary for doping) if
their thickness was reduced below ~1 mm, a variant base of the base gel was prepared by
incorporation of GO as filler. The tougher GO-gels could be easily cast as 100 micron thick films,

which represented a factor of 20 decrease in maximum diffusion distance.
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The mechanical properties of GO-gels were investigated under tensile and compressive

load. The Young’s modulus was calculated according to the theory of rubber elasticity
o=G(a—a?) (4.12)

by plotting the stress against a-o72, where a is the extension ratio (a = AL/Lg), and the slope of the
line was taken as the shear modulus, G, with E = 3G. Figure 4.6 shows the stress-strain curves
under tensile load for GO-gels with 0 to 5% GO (w/w) up to 30% strain. A 2-fold improvement in
Young’s modulus was found at 1% GO loading. The modulus increased with higher GO loading
and showed a maximum of 3.4-fold improvement over the original OR-gel at 4% GO, but
decreased at 5% GO, consistent with classic filler effects. GO-gels were also subjected to cyclic
compression loading up to 50% strain and the energy dissipated during the loading/unloading cycle
was calculated from the area of the hysteresis loop, Unys (Figure 4.6, Table 4.3). As the fraction of
GO was increased, the GO-gels withstood higher stresses and dissipated more energy. Even
though the Young’s modulus fell upon increasing the GO fraction from 4 to 5%, the trend of

increased toughness was followed and the sample at 5% GO dissipated more of the applied energy.
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Figure 4.6 (a) Stress-strain plots of OR-gel and GO-gels with 1 to 5 % GO under tensile load; (b) Stress-strain plots
of OR-gel and GO-gels with 1 to 5% GO under cyclic compressive load to 50% maximum strain; Inset: Cyclic
loading to progressively higher strain, 50, 60, 70, and re-loaded to 70% maximum strain.

Cyclic loading under compression to progressively higher strains was also examined
(Figure 4.6, inset). Here, the GO-gel stress-strain curves exhibited features characteristic of the
Mullins Effect.}’® During the second loading and all subsequent cycles, the stress-strain curve
followed the prior unloading curve and then deviated as the historical maximum strain was
exceeded, finally following the path expected if the sample were not subjected to cyclic loading at
all. This behavior is likely due to the adsorption of polymer chains on the GO surface and

desorption upon mechanical loading. Contributions from the mechanical deformation of GO filler
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and bond rupture of polymer chains covalently and/or physically grafted to GO cannot be ruled

out.

Table 4.3 Young’s modulus of OR-gel and GO-gels

and energy dissipated (Unys) during cyclic

compression

% GO E(kPa)) E (kPa)°

Unys (kJ/m3)°

0 46.4 33.9
1 79.6 72.9
2 106 82.5
3 129 104
4 - 116
S 95.9 92.7

0.47
1.29
4.80
4.76

7.75

aMeasured by compression test; "Measured by tensile
test; °Dissipated energy during cyclic compression

loading to 50% strain

Scanning electron microscopy images of the fracture surface of the OR-gel and GO-gel

showed significantly different features (Figure 4.7). The fracture surface of the OR-gel was found

to be relatively flat and smooth, consistent with the brittle nature of the gel where crack

propagation can proceed unhindered. The GO-gel’s fracture surface, however, was found to be

rough and uneven, suggesting that crack propagation may be dampened by the presence of the GO

filler.® No clear distinction between GO-filler and polymer network was found in any GO-gel

SEM images, suggesting that the GO filler was completely coated by polymer.

Figure 4.7 SEM images of fracture surface of, (a) lyophilized graphene oxide (from 12.5 mg/mL aqueous dispersion,
scale bar 100 pm), (b) OR-gel (scale bar 50 um), and (c) GO-gel (1 % w/w GO, scale bar 50 pum).
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4.2.6 Mechanical properties of Fe-GO-gels

The effect of iron doping on the mechanical properties of GO-gels was also examined and the
Young’s modulus was determined as discussed above (Table 4.4). Upon doping with Fe?*, the
modulus increased from 0.068 MPa for GO-gel to 0.214 MPa for Fe?*-GO-gel, a significant
improvement over the Fe?*-gel modulus of 0.073 MPa. A more modest enhancement was found
for Fe®* doping, with the Fe3*-gel modulus increasing from 2.71 MPa to 3.87 MPa for Fe3*-GO-
gel. Given that GO possesses many different oxygen-containing surface functionalities, including
carboxyl groups, it is not surprising that iron doping enhances the mechanical properties, as has
been reported elsewhere.®® While the modulus difference between oxidation states decreased
slightly for Fe-GO-gels, the enhanced toughness as demonstrated for GO-gels above represents a

significant improvement.

Table 4.4 Young’s modulus of Fe-GO-
gels as determined by tensile testing

Fex % GO E (MPa)
- - 0.038
- 1 0.068
Fe?* - 0.073
Fe?* 1 0.214
Fe3* - 2.71
Fe3* 1 3.87

4.2.7 Magnetic susceptibility

The magnetic susceptibility of Fe**-gels was investigated as a function of iron content (Figure 4.8).
Although subtle, p.g appears to slowly decrease from ~5.3 to ~4.3 with increased L:Fe3".
Considering a mononuclear Fe®* complex with five unpaired electrons would theoretically give

Her ~5.92, it is likely that polynuclear Fe®* clusters are present. Cluster formation has also been
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implicated in the interaction of Fe** with the homopolymer of acrylic acid.}”* In non-polymeric

systems, reactions of Fe** with monomeric carboxylate ligands produces clusters that have been

characterized spectroscopically and crystallographically.t’>17
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Figure 4.8 Magnetic susceptibility of Fe3*-gels at various metal:ligand ratios.

4.2.8 The role of pH and proton diffusion

(Contributed by Colin Ladd and Kai Gronborg)
We independently determined the rate of proton diffusion in the Fe3*-gels for two reasons: 1) the
mechanical properties depend strongly on pH so it was important to understand the time required
for equilibration between external solutions and the hydrogel in cases where an initial pH
differential existed, and 2) proton diffusion is an essential component of restoring charge balance
within the hydrogels during the electrochemical redox switching.

The proton diffusion coefficient for a typical Fe3*-gel was measured using a simple
diaphragm cell. A circular sample cut from a Fe3*-gel (~0.7 mm thickness) was used as the
diffusion membrane and the two chambers contained solutions of 0.1 M FeCls adjusted to pH 1

and 1.75, respectively. The pH change over time was monitored as the solutions equilibrated.
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From Fick’s laws of diffusion, the proton diffusion coefficient, D, can be calculated from

the known pH change in each cell,

1 (G060

where t is the instantaneous time of record, C;(t) and C,(t) are the instantaneous concentrations
of the tanks, higher and lower concentrations respectively, € and C are the initial concentrations
of the tanks, higher and lower, respectively, and S is a geometric constant related to the design of
the diaphragm cell and hydrogel dimensions.”” Explicitly, 8 is given by
B = (;1[/—’:1) (Vll + Viz) (4.14)

where Ay is the area of the hydrogel, Wy is the gel thickness, and V; and V, are the volumes of
tanks 1 and 2, respectively. The diffusion coefficient was determined from the slope of the line
from the plot shown in Figure 4.9, D = 1.04 x 108+ 0.03 x 10 cm?/s (n = 3). The value is on the
same order of magnitude for Fe** diffusion coefficients measured during the electrochemical
reduction of an Fe3*-gel (= 108 cm?/s),** but is significantly lower than diffusion coefficients

typically measured for swollen hydrogels (= 10° cm?/s).
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Figure 4.9 Determination of proton diffusion coefficient in Fe3*-gel.

Knowing the time frame for diffusion in these samples, we are able to explain originally
perplexing experimental observations and correct for the problem. Specifically, we had noted that
Fe3*-gels that had been reduced to Fe?* and then re-oxidized to Fe** often exhibited moduli much
higher than that observed for the original gel prior to exposure to the electrochemical set-up. The
issue appears to be the differential between the electrolyte solution (2.0 M FeCl2/0.5 M citric acid)
which has a pH of 1.72 vs. that of the doping solution used in the preparation of the Fe** samples
(2.0 M FeCl3/0.5 M citric acid) which has pH of 0.95. Although this pH differential is not large,
control experiments on hydrogel doped with Fe** at this higher pH produced moduli of similar
magnitude. The enhanced moduli of the redox-switched Fe®*" samples can be attributed to an
increase in pH inside the gel due to proton diffusion out of the hydrogel into the higher pH
electrolyte. To nullify the pH effect in the electrochemical switching process all such experiments

were subsequently started, therefore, with samples in the Fe?* state.
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43  DISCUSSION

The EPE hydrogels described herein undergo a redox-promoted transition from soft to hard states.
Using multiple techniques we have developed an understanding of the mechanism and
characteristics of this response. It is clear from the observed changes in color, the Mdssbauer
spectra, and the parallel behavior of the chemically reduced samples, that bulk electrolysis occurs
within the hydrogels when they are subjected to the appropriate potentials within an
electrochemical cell. The iron is converted reversibly from a +2 to a +3 state within the entirety of
the hydrogel even though only one surface of the gel is in contact with the electrode.
Potentiometric titration established that this change in oxidation state had a profound effect
on the ability of the iron ions to form crosslinks by complexation with the polyelectrolyte
backbone. As expected, based on simple hard-soft acid base reasoning, the Fe*? ions bind more
tightly to the hard carboxylic groups than do the soft Fe?* ions. Specifically, we found evidence
that under the low pH conditions at which these samples are optimally manipulated, the binding
of Fe?* is negligible. The coordination of Fe**, in contrast, continued to be significant at low pHs,
as can be seen by both the obvious change in properties of the samples and the drop in measured
solution pH that is observed when protons are liberated upon introduction of Fe3* to the hydrogel.
Quantitative analysis of the titration data gave an upper limit estimate of the formation constants.
Although these simple experiments do not produce a full picture of the number, types and
distribution of metal complexes formed, it is clear that the Fe3* is competent as a crosslinking
agent. Additional insight into the nature of the complexes can be found in the magnetic moment
measurements, which are consistent with the presence of iron clusters. As this type of cluster
formation has been postulated before in systems involving poly(acrylic acid), and as clustering is

well-established in the reaction of iron with monovalent carboxylate ligands, we expect that the

83



metal-crosslinks consist of a complex mixture of iron coordination motifs, some of which are
multi-nuclear. Clusters would be expected to form particularly effective crosslink structures with
a potential for binding a larger number of chains than could an isolated metal ion.

The modulus of the hydrogel samples could be tuned by adjusting the iron concentration
within the hydrogel. The measured modulus of the Fe3*-gels increased linearly with increasing
iron concentration. While simple complexation behavior would predict that at sufficiently high
concentrations saturation of the modulus and even an eventual decrease due to a disruption of the
crosslinking should be expected, this behavior was not observed in practice because of the
competing collapse of the hydrogel structure at high ionic strengths.

The introduction of graphene into the OR-gels increased their modulus by a factor of ~2
from ~0.04 MPa to ~0.07 MPa. The Fe-GO-gels are also significantly stiffer, giving moduli in the
range of ~0.2 to 3.9 MPa for the 2.5 x 2.5 x 3 mm?® samples. With this increase in modulus, the
practical preparation and handling of thinner samples was facilitated. These samples, which had
dimensions of 2.5 x 2.5 x 0.08 mm?3, exhibited moduli in the 0.1 to 5 MPa range. While the nature
of the interaction between the GO and the hydrogel could not be fully characterized there is
potential, in addition to the intrinsic physical interactions between the network and the filler, for
both direct attachment of the chains to the surface and interaction of the peripheral carboxylic acid
groups with the iron ions. It was somewhat surprising, given the many possible network-filler
interactions and the high aspect ratio of GO,'’® that the reinforcement measured was relatively
modest.} %18 We suggest that GO aggregation is one likely reason for the lower-than-predicted
filler effect. Since we know that GO precipitates in the presence of the charged monomers over

long periods, it seems likely that some aggregation of the GO sheets has begun before the
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polymerization gels. The larger GO particles would have lower aspect ratios and their performance
as fillers would be diminished.

The GO also underwent chemical change in the presence of the reducing Fe?* dopant. The
change in color of the sample was consistent with some degree of reduction, although there was
no overall change in the bulk conductivity measured. The reduction, which would be expected to
decrease the functionality of the GO particles, should also affect the interaction with the network
and increase the hydrophobic attraction between nearby r-GO particles. Although we could not
directly characterize the changes in the GO/r-GO filler, we did note that the color of samples that
had been re-oxidized to Fe3* did not revert to the original brown. We hypothesize, therefore, that
the GO is present in a partially reduced form once it has been exposed to Fe?*.

As described in the preliminary communication,**® the chronocoulometry exhibited a
current profile consistent with diffusion control which has significant implications on the bulk
electrolysis kinetics and mechanism for these unstirred hydrogel samples. In the electrochemical
experiment, in which the samples are situated such that one face is in contact with the working
electrode and the other with the electrolyte in which is submerged the counter electrode, the
electrons must migrate between the electrode surface and iron ions located in complexes located
up to 3 mm away (Figure C.5). We propose the following mechanism for the electrolysis. The
abundant iron ions, ca. 60% of the Fe** ions and nearly 100% of the Fe?* ions, which are not bound
to the polymer, diffuse to and from the electrode surface to undergo redox. These unbound ions in
various stages of oxidation are available to either exchange with bound metals, thereby freeing
them to diffuse to the electrode, or to act as electron-transfer intermediates, delivering or receiving
electrons from metals that are firmly chelated. It should be noted that the unbound irons are not

present in the electrochemical experiment as simple ions, but are at least partly chelated by the
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citric acid added to the electrolyte. Although we have observed electrochemical transitioning of
the EPEs in electrolytes without the added ligand, all studies reported herein were conducted in
the presence of the citric acid to maintain consistency with data collected at earlier time points.

Consistent with this proposed mechanism, the conversion of thinner (ca. 100 micron)
samples doped with GO was much faster. These samples transitioned in minutes rather than hours.
It should be noted that we did initially hope that the GO would, in addition to reinforcing the
materials, facilitate the redox process by acting as a distributed electrode. We did not see any
evidence for this behavior, however. Thicker (2-3 mm) samples required similar transition times
to those observed for the Fe-gels without GO filler.

The role of protons in this system is complex. The EPEs, like nearly all hydrogels, are
extremely sensitive to pH. In this case, however, these effects are minimized by the low pH range
(1-2) at which the EPE system is optimally operated. There are several reasons that this pH range
is ideal: 1) the formation of insoluble iron oxides, which form at higher pHs, is prevented; 2) The
coordination differential between the Fe** and Fe?* ions is maximized; 3) the sample has a water-
swollen hydrogel structure with a significant number of mobile iron ions, which we believe is
intrinsically important for homogeneous doping and for the electrochemical conversion as
described above; 4) the high mobility of the protons facilitates the migration of protons in and out
of the gel which is necessary for charge balance; and 5) the high Lewis acidity of the iron ions
necessarily produces acidic agueous solutions. Despite the relatively narrow pH range that was
employed, pH effects were still apparent and extreme care was required to obtain reproducible
mechanical data. Consistent with the potentiometric titrations, even slightly higher pH’s lead to

tighter binding of the Fe** ions, which in turn, produced materials with higher moduli.
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44  CONCLUSION

In conclusion, we have developed the first example of an electroresponsive hydrogel that can be
tuned reversibly between hard and soft states via electrochemical tuning of the coordination
affinity of metal crosslinks. Unlike purely supramolecular systems, these materials maintain a 3-
dimensional shape rather than becoming a sol when the iron-based crosslinks are disrupted. The
mechanism of the response involves the reversible formation of iron-based crosslinks, where the
+3 states has been shown to interact strongly with the carboxylate groups on the polymer chains
while the +2 state iron is largely dissociated. The electrochemical conversion, which is apparently
diffusion controlled, can be accelerated from hours to minutes by the incorporation of a GO filler
into the hydrogel which increases the base modulus of the material and thereby enables a decrease

in sample thickness from 3 mm to ca. 100 microns.

45  MATERIALS AND METHODS

451 Materials

Sodium acrylate (SA), sodium 4-styrene sulfonate (SS), poly(ethylene glycol) diacrylate (PEG-
DA, M =575), ammonium persulfate (APS), N,N,N’,N’-tetramethylenediamine (TEMED), FeCls,
FeCl2-4H0, citric acid, sodium citrate, and ascorbic acid were purchased from Sigma Aldrich.
Poly(dimethylsiloxane) (PDMS) was commercially purchased locally, under the brand name GE

Silicone Il Kitchen & Bath. Flake graphite was from Sigma (product number 332461).
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4.5.2 Hydrogel prep using APS/TEMED catalysis without graphene oxide

SA (4.8 g, 51 mmol) and SS (3.2 g, 14.3 mmol) were combined with 36 mL of deionized water
and gently heated (< 40 °C) until all solids were dissolved. PEG-DA, (400 pL, 0.78 mmol) and an
aqueous solution of TEMED (10% (v/v), 236uL) were added and the mixture was purged with N>
for 10 min. An aqueous solution of APS (90 mg/mL, 800 uL, 0.47 mol%) was added as a radical

initiator for copolymerization.

4.5.3 Preparation of graphene oxide

Graphite oxide (GtO) was prepared following a modified Hummers’ method.”® For a typical
preparation, flake graphite (1.0 g) was added to conc. H2SO4 (46 mL) that had been cooled to 0
°C. NaNO3 (1.0 g) was added to the stirring suspension. KMnO4 (6.0 g) was then added slowly to
prevent vigorous reaction. The mixture was heated to 35°C for 1 h, diluted with dH.O (80 mL)
and stirred for an additional 30 minutes. H.O> (3 mL of 3 % v/v) was added, the reaction mixture
was stirred for 30 minutes, and sonicated for 1 h. Large particulates were separated by
centrifugation at 1000 rpm for 1 min. A wet pellet of the product graphite oxide was then collected
by centrifugation of the supernatant at 10,000 rpm for 90 min. The pellet was treated with HCI (1
M x 45 mL) and subjected to repeated dH>O/centrifugation cycles until the pH of the supernatant
was ~ 7. The final dry sample (1.69 g) was obtained by lyophilization of the wet pellet. GO was
characterized by SEM, TGA, and FTIR (See Appendix C.1 Graphene Oxide Characterization,

Figure C.1-C.3).
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4.5.4 Preparation of graphene oxide doped hydrogels

Exfoliation of the GtO to form stable dispersions of GO in water was accomplished by
ultrasonication (Branson 2200) of the dry GO powder (1 to ~ 125 mg, depending on the desired
suspension concentration) for 1-2 h in 2 mL of dHO. At higher loadings, the suspensions were
also subjected to vortex mixing before beginning sonication to break up large chunks of GtO and
ensure homogeneous dispersion. SA (0.267 g, 2.84 mmol), SS (0.178 g, 0.79 mmol) and PEG-DA
(22 uL, 0.043 mmol) were dissolved in the GO dispersion by stirring and vortexing. TEMED (26
pL x 5.0 % (v/v)) was added, the mixture was vortexed for several seconds and then purged with
N2 for 10 min. APS solution (90.0 mg/mL, 44 pL, 3.96 mg, 0.47 mol%) was added and the mixture
was briefly vortexed. To remove bubbles introduced during the preparation, the vial was evacuated
briefly and allowed to stand under static vacuum for ~1 min. The pre-polymer mixture was
transferred to glass tubes (5.9 mm in diameter and ~50 mm length) or sandwiched between two
glass slides (25 mm x 75 mm) separated by 100-110 um spacers and allowed to polymerize
overnight at RT.

The films were removed from between the glass slides by swelling the samples in dH20
and floating/peeling the films from the substrates. The hydrogel films obtained were allowed to
equilibrate in dH2O and washed/rinsed 3x with copious dH20. Fe**-GO-gels were prepared by
immersing the films in 20 mL of 2 M FeCl»/0.5 M citric acid for 3-5 days. Similarly, Fe3*-GO-
gels were prepared by immersing the gel in 20 mL of 2 M FeCls/0.5 M citric acid overnight. The
Fe2*-GO-gels became black in color during this time period due to reduction of the GO by Fe?*.16!
The films were cut to 5 mm x 25 mm strips or 25 mm x 25 mm squares and used for subsequent

electrochemical and mechanical characterization.
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Cylindrical samples for mechanical testing were prepared independently as described

below.

4.5.5 Mechanical testing: indentation, compression, tensile

The mechanical testing procedure, specifically developed for the case of testing thin EPEH
materials, was based on an indentation testing methodology.?® A circular cylindrical indentation
probe (diameter 6.2 mm) was fashioned to screw into the crosshead of an MTI-1K screw driven,
table top load frame. A 10N or 333N Transducer Techniques load cell was employed to measure
the force exerted on the EPEH specimen by the indentation probe. Owing to the thin nature of the
specimens tested (< 10 mm), as well as the small range of expected loading, the strain was
calculated from the crosshead displacement as opposed to using an external extensometer.
Additional experimental parameters such as strain rate and total strain were determined by
referring to ASTM D1621-04A Standard Test Method for Compressive Properties of Rigid
Cellular Plastics. Each indentation test yielded a single stress-strain curve, which contributed a
single stiffness measurement (Young’s modulus). In total, five indentation tests were performed
on each 25 x 25 x 2 mm? sample (one in each corner, and one in the center of the sample, Figure
C.7) and the mean value was reported. Per the standard, Young’s modulus is measured by taking
the slope of the linear portion of the curve (Figure C.8).

Samples for compression testing were cast in glass tubes 5.9 mm in diameter and cut to 5-
6 mm in length and compressed at a loading rate of 1-5 mm/min. Force and crosshead displacement
was recorded and the stress-strain curves were analyzed by assuming 0.05 N of force were needed

to make good contact with the sample where this point was set equal to zero strain. The Young’s
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modulus (E) was then calculated after plotting the stress-strain data according to eq. (4.12) in the

main text and the slope was taken as the shear modulus, G = 3E.
Fe-GO-gels for electrochemical cycling were cast either as films (80-110 um thick, cut to
dimensions of 25 mm x 25 mm), or as bulk samples, 5.9 mm diameter and 50 mm length, gauge

length ~20mm. Force and crosshead displacement were recorded at a velocity of 10 mm/min.

Young’s modulus was calculated as done for compression testing using eq. (4.12) with the slope

of the linear portion of the curve taken as the shear modulus, G = 3E.

45.6 Electrochemical methods

Cyclic voltammetry (CV) and amperometry measurements were carried out with a CH Instruments
Electrochemical work station Model 430A (Austin, TX) at RT using a three-electrode system
composed of a glassy carbon plate (GCE, 25 mm x 25 mm) working electrode, a Ag/AgCI
reference electrode, and a platinum grid counter electrode. The GCE was polished with 0.3 pum
Al>O3 paste and cleaned thoroughly in an ultrasonic water bath for 5 min prior to each use. The
CV and amperometry experiments for reduction and oxidation were carried out in 15 mL of 2.0 M
FeCl»/0.25 M citric acid, pH ~1.8. CV data were acquired at a scan rate of 100 mV/s over a voltage
range of 1.2 to -0.8 V. Bulk electrolysis was performed in the same electrolyte solution for up to
40 h (reduction potential -0.8 V, oxidation potential +1.2 V). All electrochemical experiments were
performed under N atmosphere with careful exclusion of ambient light to prevent the
photoreduction of Fe3* ions in the presence of citric acid.®’

Fe2*-GO films were prepared as described above and cut to 25 mm x 25 mm squares for

electrochemical cycling. Prior to beginning a redox cycle, -0.8 V was applied overnight to the
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Fe2*-GO-gel to reduce any Fe** formed during the doping process to Fe?*. The initial modulus

was determined and taken as the beginning of a redox cycle after this point.

4.5.7 Hydrogel preparation

OR-gel samples were prepared according to the procedure given above. After polymerization, the
samples were washed with copious dH>O for 3 days, (multiple dH.O changes per day) to remove
unreacted monomers, oligomers, and impurities. The swollen, washed hydrogel pieces were
transferred to a drying dish and placed in an oven at 85 °C for three days until a constant mass was
obtained. The dried pieces were then ground using an electric grinder and finally crushed into fine
powder using a mortar and pestle. The finely crushed, powdery hydrogel was dried in the re-dried
in an oven overnight at 85 °C to ensure complete removal of water, and finally stored in a

desiccator at RT.

45.8 Potentiometric titrations

Potentiometric titrations were performed using a VWR SB20 SympHony pH meter equipped with
a Vernier tris-compatible flat pH sensor.

Potentiometric titrations were carried out according to a modified protocol adapted from
Mouginot*®” and Morlay.*%® (See Appendix C.2 Gran Plot Method). Sodium hydroxide stock
solution (NaOH, 0.1 M) was standardized using a weighed amount of potassium monohydrogen
phthalate (KHP). The flask containing NaOH was kept free of carbonate using a CO trap of NaOH
beads attached to the opening of the flask. Nitric acid (HNOs, 0.1 M) was standardized against the

0.1 M NaOH stock solution. Sodium nitrate (1.0 M stock) was used throughout. The stock
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solutions of iron(1l) chloride and iron(l11) chloride were 0.2 M (actual concentration determined
by UV-vis analysis as previously reported4°).

For a typical titration, 200 mg £ 5 mg of dried hydrogel were placed in a 250 mL
Erlenmeyer flask with a stir bar. 160 mL of Millipore dH.O were added and the hydrogel pieces
were allowed to swell for 20 min. The pH probe was then inserted into the flask. 20 ml of 1.0 M
NaNOz (0.1 M NaNOs final) were added and stirred for 20 min, followed by 20 mL of 0.1 M
HNOs3, and the mixture was purged with N2 for 15 min, after which the solution was kept under
nitrogen for the duration of the titration. Aliquots of 0.1 M NaOH (50 uL to 1000 pL) were added
to the stirring hydrogel and the pH was recorded after equilibrium was reached. In the absence of
iron, and before the deprotonation of hydrogel ligands, equilibrium was achieved in < 1 min. Once
deprotonation began (~pH 3.7, absence of iron), equilibrium took from 5 min to 30 min. In the
presence of iron, equilibration time varied from 5 min to 1 h (total titration time from 2 to 12 h.
pH measurements were corrected for the eventual drift of the pH probe during the course of
titration by recording the measured pH change of standards used to calibrate the probe at the start
and end of the titration (typically 0.01 to 0.02 pH units).

The total acid content of the hydrogel was determined by the Gran plot method®® (Figure
C.4). Briefly, the strong acid and total acid content for a given titration as descried above were
determined. The difference between strong and total acid was taken as the weak acid content of

the system and set equal to the carboxylic acid content of the hydrogel.

4.5.9 Magnetic susceptibility

Magnetic susceptibility measurements were made using a Johnson Matthey Magnetic
Susceptibility Balance MSB Mk1. Fe3*-gels were prepared by doping with various concentrations
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of FeClz from 0.002 M to 2.0 M (the OR-gel was washed with 1 M HClI prior to iron doping). Fe3*-
gels (~0.5 g) were flash frozen in liquid nitrogen and ground into small pieces with a mortar and
pestle while submerged under liquid nitrogen. The crushed Fe3*-gel pieces were then transferred
to a1 dram vial, the headspace flushed with N2, and then allowed to warm to RT before transferring
to MSB tubes. A portion of the crushed hydrogel was reserved for iron quantitative analysis and

determination of water content by mass.

4.5.10 Scanning electron microscopy

Scanning electron microscopy (SEM) was performed using a JEOL JSM-6510LV. Hydrogel
samples were flash frozen in liquid nitrogen, fractured while frozen, and lyophilized. The dried
fracture surfaces were imaged without sputtering or painting, so the sample stage was tilted several

degrees while imaging to minimize charge accumulation.

4.5.11 Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was performed using a Thermo Nicolet Avatar
FTIR from 500 to 4000 cm™ at 4 cm™ resolution. A dispersion of graphene oxide in ethyl acetate

(~1 mg/ml) was drop cast onto KBr disks to collect the spectra.

45.12 Proton diffusion coefficient determination

An OR-gel was prepared by polymerizing approximately 6mL of a monomer solution (as

described above) between two glass plates separated by 1mm spacers under an N2 atmosphere.
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Polymerization was allowed to progress for at least 12 hours. The glass plates were first coated
with Rain-x to facilitate extraction from the mold. After removing the sample from the mold, it
was soaked in 0.5M NaCl (~30 minutes) to swell and remove excess unreacted monomer. Gels
were washed (soaked for ~15 minutes) with 50mL of 1M HCI three times followed by doping in
50mL of 0.1M FeCls (pH ~1.75) for 16 hours. The Fe3*-gel thickness was measured using a
micrometer (to + 0.01 mm).

PVC tubing with a % inch (~2cm) internal diameter was purchased to construct a water-
tight diffusion cell. Two 90° elbow joints were connected to a union with Teflon tape lining the
threads to ensure a seal. The Fe3*-gel was then positioned inside the union such that a seal was
created between the O-ring and the gel.

Solutions of 0.1M FeCls (to prevent iron from leeching out of the gel) were mixed at pHs
of ~1 and ~1.75. Vernier tris-compatible flat pH sensors were calibrated using pH 4.00 acetate
buffer and pH 7.00 phosphate buffer. pH values for the buffers were recorded before and after the
experiment to correct for any instrument drift. Approximately 12mL (measured to 0.1mL) of the
pH adjusted FeCls solutions were added to either side of the diffusion cell with a stir bar in each
compartment, the pH probes inserted and the compartments sealed with Parafilm. The solutions
were stirred throughout the duration of the experiment to eliminate contributions from bulk
diffusion and to ensure that [H*] at the gel surface was equal to [H*] of the bulk. pH values were
collected for each solution every 15 minutes using Vernier Software & Technology’s LoggerPro
software.

After ~8 hours, the experiment was stopped. Bulk volumes were measured to ensure no

volume change due to evaporation. Each pH probe was used to measure the pH of the buffers to
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determine any instrument drift. Data was exported as an Excel file and used to calculate the

diffusion coefficient of protons through the Fe* doped hydrogel.
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5.0 INFLUENCE OF COUNTERION IDENTITY ON THE PROPERTIES OF
IONOMERS FOR USE IN ELECTROADHESIVE LAMINATE STRUCTURES WITH

REVERSIBLE BENDING STIFFNESS

This work was performed in collaboration with Colin Ladd and Emily Barker from the Meyer
group. Carlos Arguero and Eliot George from the Clark group contributed to theoretical
discussions, programming, instrument design, and mechanical measurements. We thank Prof.
Susan Fullerton for helpful discussions on impedance spectroscopy. We also thank Abhijeet

Guijrati from the Jacobs group for help with optical profilometry.

5.1 INTRODUCTION

The ability to switch a material between rigid and flexible states is intrinsically important as it is
central to a variety of applications. A material may, for example, be converted from a solid to a
liquid and back again during molding, or alternatively the properties may be adjusted to improve
the interaction with another material. There are many stimuli that can be used to change the
mechanical properties of a material including temperature, chemical additives, solvation, and
electricity. Although each of these methods are valuable and appropriate for certain applications,
electricity offers particular benefits for systems in which heating/cooling are impractical and for
systems in which the addition and removal of chemical reagents is not desirable. In considering
how electricity can be used in this context, there are two fundamental approaches: 1)

electrochemical, or the use of electrons to induce redox transitions in chemical species and 2)
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electrostatic, or the use of an electric field to induce changes in the distribution of charge within a
material. We have previously investigated and reported the synthesis and characterization of a
hydrogel system that undergoes soft-hard transitions using the first mechanism (Chapters 2,3, and
4).145.181-182 |y this chapter, we shift our focus to the study of materials whose behavior is controlled

by electroadhesion, which falls under the second mechanism.

Unloaded L o ad
o Eleclroadheswe
Vafl Lamlnates Von
Flexible €4—— —>  Rigid

Figure 5.1 Application of an electric potential induces an adhesive force between the layers of the laminate, switching
the structure between flexible and rigid states.

Our objective is to use electricity to tune the flexural rigidity of laminates comprising
polymer-coated electrodes. The electroadhesive force that develops between these layers will pin
the layers such that they will behave as a single beam. It should be noted that, on the macroscopic
level, these laminates will not act as actuators; the voltage-induced differences will be primarily
in the degree of interaction of the layers. Significant bending of these structures is not expected
without the application of an external force.

Electroadhesive laminates of this type have a wide range of potential applications including

183

armor/protective gear with adjustable flexibility,**> components whose geometry can be redefined

184

as needed (shape-memory),*** and vibration damping. Electroadhesion has been investigated

185-186

previously for applications such as climbing and perching robots,'®” flexible grippers,'%

195

haptic feedback systems,'® wafer chucking,'%-1% and Poisson’s ratio® structures. More closely

related to our goals, however, are the reports of electroadhesion as a tool for tuning rigidity in

laminates.196-198
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5.2 COULOMBIC AND JOHNSEN-RAHBEK FORCES

There are two fundamental mechanisms that can result in electroadhesion of the type required to
make functional electroadhesive laminates, Coulomb and Johnsen-Rahbek. When an electric
potential is applied across two materials in apparent contact (Figure 5.2), the coulombic
electrostatic force generated depends on the identity of the material and the physical characteristics

of the interface. For an ideal parallel plate geometry the electrostatic force is given by:

Fp = %(‘%v)z (5.1)

where A is the apparent area of contact, d is the thickness of the dielectric material, &, is the
permittivity of free space, &, is the dielectric constant of the substrate, and V is the applied voltage.
The degree of attraction between the oppositely charged surfaces depends not only on the charge
at the interface but also on the gap, g, between the layers (Figure 5.2a).1%°-2%° As noted by Qin and

190

McTeer for ceramic materials!® and Strong and Troxel'®, the gap-attenuated force may be

modeled as two capacitors in series, assuming a uniform spacing and no surface roughness.

2
Ae £ € 5.2
F, = 0( gEs V) (5.2)

2 \deg + ggg
where ¢, is the dielectric constant of the gap (typically air, £, = 1) and g is the gap thickness with

g <d.
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Figure 5.2 Generation of electrostatic attraction between two surfaces depending on resistivity of material and contact
resistance. (a) Coulombic attraction and Johnsen-Rahbek (JR) attraction (b1) at metal-polymer interface, and (b2) JR
attraction at polymer-polymer interface; (c) Circuit models for (a) where R, < R,, (b1) where R, > R, and (b2)

where R, > R,,.

When the dielectric material is imperfect or contains mobile charge carriers, a second
electrostatic force, termed the Johnsen-Rahbek force (JR-force), can become dominant (Figure

5.2b).2%t This force, which is intrinsically greater at the same applied potential relative to the
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coulombic force, typically manifests in dielectric materials with lower resistivities (p ~ 10°-10°
Q-cm) compared to those found in coulomb-only systems (p > 101 Q-cm). The presence of mobile
ions in JR-active ionomers allows the build-up of a sufficiently high surface charge under an
applied potential that the adhesive force depends increasingly on the magnitude and profile of the
gap, rather than the thickness of the dielectric. To define the force of this interaction, a more
realistic description of the gap is necessary. Due to surface irregularities the interaction is non-
uniform and consists of a relatively small number of contacts and a distribution of gap areas and
distances (Figure 5.2).

The voltage drop across the dielectric, in this case, will depend on the relative magnitude
of the contact resistance (R.) experienced by the points at the interface in actual contact and the
bulk resistance (R,) of the dielectric. Where the materials contact one another, electrical

conduction becomes possible. If however, R, is significantly greater than R;,, the JR-force will be

observed. The voltage at the interface can be modeled as a resistive divider (5.3)and the JR-force

expressed as shown in (5.4)

_ Rc (5.3)
Ver =V <R,, + Rc)
A ff€o (€ 2
Fir = e2 - <EgVeff> (5:4)

where A IS the effective area of contact and V. is the effective voltage at the interface.
The circuits formed in Figure 5.2a and b may be modeled as two (or three) parallel RC

circuits in series (Figure 5.2c). In all cases, the gap voltage (V4,) is given by a simple voltage
divider, eq. (5.3). For a Coulombic material, V;q,, is significantly lower than the applied voltage

since R, > R, and much of the voltage drop occurs through the material itself (V). For a JR
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material, where R > R, V4, is nearly equal to the applied voltage, V. Thus, most of the voltage
drop occurs at the interface of the two materials. This is the origin of the high force generated by
the JR-effect: a large voltage drop across as small gap, g.

Since the initial work by Johnsen and Rahbek,?®* the bulk of JR reports have focused on
the use of ceramic materials to clamp and hold flat silicon wafers during elaboration. Watanabe,
who was among the first to report the use of the JR-effect for wafer chucking, investigated the
influence of changing relative humidity on the chuck performance and found that at higher relative
humidity contact resistance is lowered, thereby decreasing the electrostatic force generated.?%? Qin
and McTeer investigated the influence of the wafer thickness on the chucking and de-chucking
response time.!%-1%1 Shim and Sugai also investigate chucking and de-chucking response.'®?
Kanno, et al., proposed a model based on surface roughness to describe the contact resistance and
the electrostatic force generated between non-ideal surfaces.?®® Balakrishnan also considered the
effect of moisture on the system.?%* Theoretical considerations were furthered by Stuckes?® who
investigated the JR-force for use in an electrostatic clutch and Atkinson who put forth a model
encompassing field emission at contacting asperities.?’® More recently, Watanabe investigated the
effect of transition metal oxide additives in alumina-based electrostatic chucks.?%’

For polymer dielectrics, little has been reported about the use of ionomers to generate JR-
force based adhesion—instead the studies have focused on materials without mobile charges that
exhibit only Coulomb-mechanism behavior. Of particular relevance, however, are prior reports in
which Coulomb-based electroadhesion was used to control the stiffness of composite or laminate
structures. Bergamini reported a sandwich beam with an electrostatically tunable bending stiffness
using poly(vinylidene fluoride) (PVDF) and poly(tetrafluoroethylene) (PTFE) at the interfaces®®

and a glass fiber reinforced-carbon fiber reinforced plastic beam with tunable bending stiffness
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utilizing PVDF at the interface.’®” Di Lillo investigated the use of several different polymers for
electrobonded laminates, including fluorinated ethylene propylene (FEP), perfluoroalkoxy
copolymer (PFA), Mylar (polyester; BoPET), and polyimide (Upilex 25RN).2% Di Lillio also
mentions the importance of layering and highlights the ratio of flexural modulus between on and
off states as the number of layers squared, and extends this theory to layered materials of dissimilar
mechanical properties (i.e. multiple polymer-electrode layers).2%® As it is known that the shear
stress transfer between layers depends on the coefficient of friction, Ginés investigated the
frictional behavior of polymeric films (FEP, PFA, PVDF, and polyimide) under mechanical and
electrostatic loads.?'® Layered systems have been reported by Tabata, who prepared a
microfabricated construct with 200 layers x 27 um/layer?'! and Heath, who explored the use of

electroadhesion in bonding fiber-reinforced composites under mechanical loading.?'?

5.3 IONOMERS AS MATERIALS FOR THE JR-EFFECT

We are intrigued by the possibility of designing high-performing ionomer-based electroadhesive
materials for laminates with electrically controlled JR-force-based adhesion. The idea is to use
electricity to turn on and off the adhesion between layers such that the mechanical properties of
the layered structure depends on the voltage applied. We are choosing to focus on ionic materials
that will express JR-force for multiple reasons: 1) as discussed above, these lower resistivity
materials have the potential for generating higher forces with lower input voltages in comparison
with the non-ionic dielectrics; 2) optimization of these ionic materials for specific applications by
altering the chemical structure will be facilitated by the larger pool of materials that fit the JR-

criteria (mobile ions, moderate resistivity, high contact resistance) relative to those that are
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appropriate for coulomb-only electroadhesion; and 3) creation of structures with application-
relevant dimensions and responses is more easily accomplished for JR materials because the force
generated is not inversely dependent on the polymer layer thickness as it is for Coulomb-based

systems. The layer thickness may, therefore, be chosen to address other design considerations.

(" )

poly(ethylene-CO-acrylate) ionomer

PEAA-TMA PEAA-TEA PEAA-TPA

Figure 5.3 Structure of neutralized PEAA ionomer.
In the current study, we begin our examination of structure and function in JR-type

ionomers by characterizing the counterion effects on the performance of a series of poly(ethylene-
co-acrylic acid) ionomers (PEAA, Figure 5.3). Tetraalkylammonium cations were investigated
because the diffuse nature of their charges lend themselves to weak association to the polymer
backbone. The effect of increasing alkyl chain length of the alkyl substituent was investigated and

correlated with a variety of intrinsic properties.
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54  LAMINATES AND THE JR-FORCE
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Figure 5.4 Beam structures: a) solid beam; b) solid beam divided into n layers of equal thickness (bilayer structure
shown); c) bilayer structure with electrodes.

The flexural modulus of the layered laminate structures incorporating these polymers will be
determined using a classic three-point bending analysis (See Appendix D.3 Elastic Beam Theory).

If we consider a simple beam as shown in Figure 5.4a, the force required to displace the beam at

small strains is given by eq. (5.5) and, accordingly, the flexural modulus of the beam is given by

eg. (5.6)
4E¢bd} (5.5)
F=—p—D
g LF (5.6)
£ 4bd3D

where Ef is the Young’s modulus of the material, b the width, d; the total thickness, L the span of
the beam, and D is the displacement at the midpoint of the structure. If the beam is divided into n

unbonded layers of equal thickness d (Figure 5.4b,c), the force required to displace the structure

now depends on the number of layers as in (5.7) and the flexural modulus of an individual layer

will be given by (5.8)
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_ 4E¢bd} (5.7)
© I3n?

n?L3F 5.8
L 68)
4bd;D

Note that both equations (5.6) and (5.8) yield the same result for the flexural modulus of the

material, assuming no interaction between layers; it is the force required to displace the structure
a given distance which varies with the number of layers. As we are interested in using
electroadhesion to alter the mechanical properties of the entire laminate structure, we assume the
number of layers to be n = 1 and use the entire structure thickness d; to find the effective flexural

rigidity of the structure, Ey, for all applied voltages.

go= LF (5.9)
R 4pa3D
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At interface:
Fshear >Ff + Fadh

At interface:
Fshear <Ff + Fadh

| !
VOH

Figure 5.5 Partial and complete bonding of layers due to electroadhesive and friction forces. a) Interfacial forces are
weaker than shear force due to displacement of midpoint of structure and layers may slide (Case 1 when F¢ + F o4y, =
0, Case 2 otherwise); b) Interfacial forces are greater than shear forces and layers cannot slide (Cases 3 and 4).

In this simple model, no additional contribution from friction or adhesion between the
layers is considered. However, a far more complicated picture arises when considering bonding or
partial bonding between the layers (Figure 5.5). Several different cases may be considered: 1)

Unbonded and uninteractive: assuming no interaction between layers, the plies will act

individually—this is the case described in eq. (5.8); 2) Fspear > (Fs + Fqqp): both friction and

static friction are present — sliding of layers may occur during displacement of midpoint of
structure once the shear force at the interface overcomes the shear forces due to friction and

adhesion (Figure 5.53); 3) Fspear < (Fy + Fqaqp): near the areas of intimate contact, shear force
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due to electroadhesion is greater than the shear force during the displacement of the midpoint of
the structure (Figure 5.5b). No sliding occurs at these contact points. Sliding may occur at other
regions where the electroadhesive force is less than the shear force. At a critical adhesive force,

the structure will behave as a solid beam of the same total thickness. This is the case that is

described in eq. (5.9); 4) Fspear <K (Ff + Foqp): hypothetically, the total of all adhesive forces

could be greater than the force required to shear a solid beam of the same total thickness during
displacement if the adhered interfaces, which have a finite but unknown thickness, are stiffer than
the base material. The Ex of the laminated construct would then exceed the modulus of the base

material.

55 RESULTS
5.5.1 Synthesis of poly(ethylene-co-acrylic acid) tetraalkylammonium ionomers

1 eq. NR,OH
0.9 0.1 >
H,0, 70 °C, 12h
(@] OH

PEAA

R = Me, Et, or Pr

Scheme 5.1 Neutralization of poly(ethylene-co-acrylic acid) (PEAA) with tetraalkylammonium hydroxides.

PEAA is a random free-radical copolymer of ethylene and acrylic acid repeat units with a weight

ratio of 8:2. The molecular weight (M») of the material as purchased from Sigma-Aldrich was
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determined by size-exclusion chromatography to be 41 kDa, relative to polystyrene standards. To
prepare the tetraalkylammonium derivatives, PEAA, which is nearly insoluble in water, was
suspended in a solution of the tetraalkylammonium hydroxide prepared with 1:1 mole ratio of the
desired ion to acrylic acid. The neutralized ionomer dissolved to form a translucent solution. When
cast as free-standing samples, the ionomers were flexible, elastic solids. Qualitatively, the
ionomers became tackier and more flexible as the ion increased in size. PEAA-X derivatives are

named by appending the counter ion abbreviation (methyl = TMA, ethyl = TEA, propyl = TPA).

5.5.2 Relative humidity influence on water uptake of ionomers.
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Figure 5.6 a) Water content, b) mole ratio of water to counterion, c) resistivity, and d) Young’s Modulus of PEAA-
TMA, PEAA-TEA, and PEAA-TPA at 7, 12, 23, 43, 70, and 85% relative humidity and 23°C.
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The water content of the ionomer series was studied at six relative humidities (RH) from 7-85%.

Water content was monitored during drying by both mass (Figure 5.6a) and FTIR spectroscopy
(Figure 5.7). The mass percent of water was found according to eq. (5.10):

ms—m
mHzo = t—OX].OO% (5'10)

my
where m; is the hydrated sample mass and m, is the dry sample mass. Water uptake follows the
trend TMA>TEA>TPA corresponding to less water uptake for the larger, more hydrophobic
counterions, both by weight (Figure 5.6a) and when normalized for ion content (Figure 5.6b). FTIR
confirmed water loss during drying by decreasing absorbance of the water O-H stretch at 3000-

3600 cm™* between wet and dry states (Figure 5.7).
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Figure 5.7 FTIR spectra of ionomers after conditioning at 7, 12, 23, 43, 70, and 85 %RH for three weeks (wet) and
after vacuum oven drying at 45 °C for three days (dry) for a) PEAA-TMA, b) PEAA-TEA, and c) PEAA-TPA.
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5.5.3 Thermal behavior

The thermal behavior of the materials was determined by differential scanning calorimetry (Table
5.1, Figure 5.8). Interestingly, virgin PEAA exhibited a glass transition temperature of 38 °C,
which is higher than previous reports. The deviation is likely due to either block length differences
in the copolymer or variations in water content.?*>2* PEAA, which is a semicrystalline polymer,
exhibited both crystallization and melting peaks at 50 °C and 56 °C, respectively. The
tetraalkylammonium derivatives are amorphous with Tgs that decreased, as would be expected,

with increasing ion size.
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Figure 5.8 DSC thermograms of starting material PEAA, and ionomers PEAA-TMA, PEAA-TEA, and PEAA-TPA.
All samples dried in vacuum oven before data collection.
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Table 5.1 Influence of counterion identity on ionomer properties and laminate structure response

Tm Ta log p E Er, 0V Eg, 450V AER
Polymer* (°C)2b  (°C)P WHZOC H,0:NR*Y (MQ-cm) g W, (MPa) (MPa) (MPa) (%)°
PEAA 38 - - - >10 - - 38.1 80.7 71.7 89
PEAA-TMA 43 140 7.0 0.48 5.38 08 08 20.3 715 107 154
PEAA-TEA 39 120 7.9 0.50 5.47 12 1.0 3.1 431 86.1 200
PEAA-TPA 37 115 6.7 0.41 4.98 15 13 15 304 74.1 244

*All samples conditioned at 12% relative humidity unless otherwise noted; Determined from half Acp; Psamples dried in vacuum
oven at 45 °C; “Weight fraction of hydrated sample; moles of water:moles of NR,* ion; ¢Calculated by dividing flexural modulus
at 450 V by flexural modulus at 0 V.

The counterion also affected the thermal stability of the polymers. By thermogravimetric
analysis it was determined that virgin PEAA was stable to 200 °C (See Appendix D.1 Thermal
Data). The deprotonated derivatives, in contrast, showed significant decomposition below 150 °C,

where the decomposition temperature decreased with increasing ion size.

5.5.4 Impedance spectroscopy

The resistivity was calculated as a function of frequency from 40 Hz — 110 MHz from the real and
imaginary components of impedance as measured using an Agilent 4294A dielectric impedance
analyzer. Samples, 170 — 250 pum in thickness, were sandwiched between two polished circular
brass electrodes. The real component of conductivity, o', was calculated from the magnitude of

impedance and the phase angle at each sampled frequency as

dcos@
o = (5.11)
AlZ|

where d is the sample thickness, A is the sample area, 6 is the phase angle, and | Z| is the magnitude
of impedance (see Appendix D.2 Dielectric Impedance Spectroscopy — derivation and calculations
for full derivation). The resistivity was then calculated as the inverse of conductivity, p = (¢') .

Additionally, the DC resistivity was measured by determining where the slope of resistivity versus

113



frequency is zero, i.e., where resistivity becomes frequency independent (Figure 5.9, black

squares).?t®
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Figure 5.9 Frequency-dependent resistivity of a) PEAA-TMA, b) PEAA-TEA, and c) PEAA-TPA, from 40 Hz to 10
MHz conditioned at various controlled relative humidities.
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Relative humidity was found to influence p of the ionomers to varying degrees depending
on the counterion identity (Figure 5.6b). Although the trends are not simple, it can be seen that all
materials experience a dramatic drop in resistivity between the initial humidity value of 7% and
40% which is expected to affect the ability of these polymers to express the JR effect without
arcing. The material with the least hydrophobic counterion, PEAA-TMA, showed the fastest
decrease in resistivity with increasing relative humidity. Interestingly, the most hydrophobic
polymer, PEAA-TPA, after an initial loss of resistivity (between 7 and 40%), proved less sensitive

than the other materials to further increases in RH.
5.5.5 Mechanical properties of ionomers

Stress-strain curves were obtained for each of the polymer samples by stretching them in the tensile
mode at a constant rate (Figure 5.12). Young’s moduli (E) were calculated from the stress-strain

curves acquired for each polymer as

g = ko (5.12)
A AL

where F is the applied extensional force, L, is the initial gauge length, A, is the initial cross-
sectional area, and AL is the elongation of the sample. The elastic moduli of the polymer samples
depended strongly on the identity of the counterion and relative humidity (Figure 5.6c). The
decrease in modulus varied proportionally with the size of the counterion with TMA impacting the
modulus the least and TPA vyielding the softest samples. Not surprisingly, absorbed water
plasticized the polymers, causing the most dramatic decreases at low humidities for the least

hydrophobic system, PEAA-TMA.
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Figure 5.10 Stress vs. strain curves for PEAA, PEAA-TMA, PEAA-TEA, and PEAA-TPA shifted to begin at the
origin to account for slack in the sample prior to tension. Slopes from the first two to three strain percent were used
for calculation of the elastic moduli and the average and standard deviation of multiple runs were calculated (n = 3-
9).

5.5.6 Kinetic coefficient of friction

The kinetic coefficient of friction, y,, for polymer-on-polymer surfaces was determined by sliding
at a rate of 3.3 mm/min at various applied normal loads from 0-2.5 N after conditioning at 12%
relative humidity (Table 5.1, Figure 5.11). The kinetic coefficient of friction increased with
increasing counterion size, p, = 0.78, 0.98, and 1.33 for PEAA-TMA, PEAA-TEA, and PEAA-
TPA, respectively. Increasing alkyl chain length, consistent with plasticizing effects of a larger
counterion and resulting softer ionomer, resulted in an increase in the kinetic coefficient of friction

with increasing counterion size.
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Figure 5.11 Schematic of configuration for measuring polymer-polymer static and kinetic coefficients of friction.
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Figure 5.12 Force-displacement curves at various applied normal forces for a) PEAA-TMA, b) PEAA-TEA, and c)
PEAA-TPA conditioned at 12% relative humidity.
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Figure 5.13 Calculation of coefficients of friction, assuming Fp = p, Fy, for PEAA-TMA, PEAA-TEA, and PEAA-
TPA conditioned at 12% relative humidity.

Roughness. The surface roughness of ionomer samples prepared for electroadhesive tests
were investigated with optical profilometry at 5, 10, and 50x magnification. A form correction was
applied before computing roughness statistics (either tilt or Gaussian curve correction). The
measured roughness was found to depend on the magnification during imaging, decreasing with
increasing magnification (Table D.1, Figure D.5-Figure D.13). The rms surface roughness (Rq) for
PEAA-TMA, PEAA-TEA, and PEAA-TPA was relatively low, 18, 16, and 37 nm respectively, at

50x optical zoom.

5.5.7 Voltage-dependent structure stiffening

(Data contributed by Colin Ladd)

To measure the effect of the electrically-induced adhesion, a sandwich structure consisting of
(E|P)/(P|E) was prepared (E = electrode, P = polymer, Figure 5.14a). The effective flexural
modulus of the sandwich structure was obtained under a variety of voltages using a custom-built

three-point bending apparatus. Polymer samples (80 mm length x 19 mm width x 1.20 mm total

120



thickness) that had been cast, heat pressed onto aluminum electrodes, and then conditioned at 12%
relative humidity for 3 d were assembled into a sandwich structure. The force required to deflect
the center of the structure was measured. The effective flexural rigidity, Er, was calculated

according to classical beam theory?

g oo LF (5.13)
R™ 4pd3D

where L is the span between the supports, F is the applied force, D is the displacement, b is the

width of the structure, and d; is the total thickness of the structure.

a) Bilayer 1':
Front view Side view
be

b) Trilayer 1 -

Front view . .
Side view
1 1 be
| Ll —1d
( @) L O \:‘} }dt
| b
+ 1=

Figure 5.14 Diagram of three-point bending apparatus. Sample is placed on two supports and a force is applied to the
center of the sample via a load cell. A power supply is connected to each electrode and a potential is applied prior to
sample displacement.

The effective flexural rigidity, which is a function of the adhesion between the polymer
layers, was found to depend on the counterion and the applied voltage (Figure 5.14). Consistent
with the expected effects of plasticizing the material, the zero voltage flexural modulus decreased
with increasing alkyl chain length of the ammonium ion. Upon applying a potential to the system,
no significant change is initially observed, with E.s remaining consistent over the first few

hundred volts. Around 250-350 V, E.s sharply increases with applied voltage. The samples
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suffered dielectric breakdown at potentials greater than 450 V for all ionomers under these

experimental conditions. Leakage currents decreased as counterion size increased.
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Figure 5.15 Force required to deflect bilayer structure of PEAA-TMA at 0 V and 450 V. Solid line calculated
according to eq. (5.13)

As applied voltage increased the ionomers exhibited dramatic stiffening whereas the virgin
PEAA control system retained its initial flexibility. Although each material exhibited a different
initial modulus, the absolute magnitude of the modulus increase observed was similar and in the
range or 36-44 MPa. Normalization with respect to the initial modulus gave increases of 154, 200,

and 244% relative to the OV control for PEAA-TMA, PEAA-TEA, and PEAA-TPA, respectively.
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Figure 5.16 Effective flexural rigidity of sandwich structure as a function of applied potential. Error bars represent
the standard deviation of the calculated moduli measured in triplicate at each potential.
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5.5.8 Trilayer structure stiffening

A three-layer structure composed of (E|P)/(P|E|P)/(P|E) using PEAA-TMA ionomer was also
tested at 12% RH to demonstrate the macroscopic response and the effect of layering on the
effective flexural rigidity (Figure 5.14b). The initial Ex of the unbiased structure at 0 V was 27
MPa. Upon applying a potential of 450 V, the Ei of the structure increased to 58 MPa, a change
of 31 MPa. Figure 5.17 shows a PEAA-TMA three-layer laminate with under a load of 2.5 N. The
difference in ER can be visualized by the deflection of the structure under the same load with and

without applied potential.

Figure 5.17 Tri-layer PEAA-TMA sample at 12% RH under an applied load of 2.5 N at 0 V (left) and 450 V (right)
applied potential.

5.6 DISCUSSION

5.6.1 Counterion-dependent properties of the ionomers

The morphology and thermal behavior of the polymers shows a strong dependence on counterion
as is expected. The acid precursor, PEAA, is a semicrystalline polymer.?2 The exchange of protons

for the bulky tetralkylammonium ions disrupts the crystalline regions.?!” The Tgs’ of the
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tetraalkylammonium ion series follows the expected trend--as alkyl chain length of the counterions
increases, the glass transition temperature decreases.?*®?1° Larger counterions (TMA* = 0.28 nm,
TEA' = 0.34 nm, TPA" = 0.38 nm)?%° increase free volume of the polymer while simultaneously
distributing the positive charge on the ion over a larger volume which weakens the ionic crosslinks.
Although all three tested materials absorbed substantial water as a function of % RH. the degree
depended on the counterion. The mass of water absorbed as a function of polymer weight would
be expected to depend primarily on two factors 1) The degree of association between the pendant
anion and the counterion which would be expected to decrease with size such that the TPA-
neutralized ionomer should absorb the most water and 2) the hydrophobicity of the sample, as
reflected in the density of ions. By this argument, the TPA sample, which will have the lowest
density of ions by weight due to the higher MW of the ion, should absorb less water overall. Given
the observed trend, hydrophobicity appears to be the dominating factor.

The effects of neutralization were also directly reflected in the mechanical properties of the
materials. Virgin PEAA was significantly stronger than any of the ionomers, due to the presence
of crystalline domains and a less plastic polymer matrix.??* For the tetraalkylammonium
neutralized materials, the modulus of PEAA-TMA was substantially higher than those of either
the TEA- or TPA-neutralized ionomers. The elastic modulus of the PEAA-TMA decreased as a
function RH, however, while the other two ionomers changed little.

The dependence of the pattern of resistivity observed for the ionomers is not simple as the
movement of ions/electrons depends on Ty, the intrinsic mobility of the cations themselves, and
the water concentration. One overall trend does emerge. All materials exhibit a decrease in
resistivity as a function of increased humidity. TMA which both absorbs more water and

plasticizes to a greater degree, exhibits the most dramatic drop and ultimately leads to the most
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conductive material. In contrast, the resistivity of PEAA-TPA, which bears the least coordinating
ion, drops quickly initially but eventually levels out at a higher resistivity than the other two

samples at high RH.

5.6.2 Structure stiffening

The PEAA-tetraalkylammonium ionomer laminates described herein are capable of quickly
changing mechanical properties under an applied potential. As determined by flexural rigidity
measurements, assuming a fully bonded laminate material (to aid in the ease of comparing on/off
states), the change in E; for the bilayer structures does not depend strongly on identity of the
counterion at a fixed relative humidity (12% RH). The baseline flexural rigidity, however, was
found to depend significantly on the counterion identity, decreasing with increasing counterion
size, consistent with plasticization effects associated with longer counterion alkyl chain lengths.
The range over which E; may be tuned is then determined by the counterion’s influence on the
baseline mechanical properties of the ionomer, which offers a new route to tune the mechanical
properties on an electroadhesive systems outside of changing the polymer identity entirely. The
ER did not respond strongly to the applied potential until ~ 300 V, where E began to increase
steadily.

The Ey of the laminates, while increasing substantially under an applied voltage of 450 V,
did not exhibit the four-fold increase that is predicted by beam theory for a fully bonded bilayer
structure. This deviation is not surprising since this model treats O V control as fully unbonded
(Case 1, as described in the introduction) when, in reality, the measured Ex under no voltage must
necessarily include the inherent adhesion between the two layers. These fundamental adhesions

are expressed in this bending experiment as coefficients of friction because the shear stress transfer
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between layers depends upon the applied normal force, in this case arising from the electroadhesive
force, and the coefficient of friction between the contacting polymer surfaces as Fp = uFy. As
such the 0 V control experiments fall under Case 2 and do not represent the ideal fully unbonded
scenario. Moreover, the state of the system under 450 V cannot be confidently labeled as a higher
degree of bonding Case 2 or fully-bonded Case 3 because, in part, sample arcing prevents the
collection of data past 450 V. Despite these limitations, the relative roles of the tetraalkyl

counterions in determining the adhesion behavior can clearly be seen and compared.

5.7  CONCLUSIONS

In conclusion, we have reported the first systematic investigation on the effect of counterion
identity in ion containing electroadhesive systems. Unlike previously studied structures, these
polymers achieve electroadhesion using the Johnsen-Rahbek mechanism rather than typical
coulombic forces. This mechanism has been shown to depend on the material properties that are
affected by the identity of the counterion used to neutralize the ionomer; namely the glass transition
temperature, electrical resistivity, and elastic modulus. The degree of electroadhesion, and thus the

stiffness, for each structure can be controlled by changing the potential applied across the system.
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5.8  MATERIALS AND METHODS

5.8.1 Materials

Poly(ethylene-co-acrylic acid) (PEAA) 20 wt.% acrylic acid (Mw = 41 kDa, 9 mol% AA), a 25
wt.% aqueous tetramethylammonium hydroxide (TMAH) solution, a 25 wt.% aqueous
tetraethylammonium hydroxide (TEAH) solution, a 25 wt.% aqueous tetrapropylammonium
hydroxide (TPAH) solution, and a 40 wt.% aqueous tetrabutylammonium hydroxide (TBAH)
solution were purchased from Sigma-Aldrich and used as received. Aluminum shim stock 0.1 mm

thick was purchased from McMaster-Carr.

5.8.2 Neutralization of PEAA

A typical neutralization was carried out following a procedure adapted from Cipriano and Longoria
(Scheme 5.1).222 PEAA (10.0 g, 27.8 mmol AA) and an aqueous solution of tetramethylammonium
hydroxide (25% w/w, 10.2 g, 28.0 mmol TMAH) were combined in a round-bottom flask. To the
flask, 100 mL of dH.O was added and the mixture was stirred and heated at 70 °C until the PEAA
beads dissolved, indicating neutralization of the acrylic acid was complete (about 12 h). The
solution was concentrated in a hot water bath to a final concentration of ~250 g/L. Neutralizations
with TEAH and TPAH proceeded similarly. Due to TBAH’s propensity to crystallize below 30

°C, attempts at obtaining homogenous samples were unsuccessful.
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5.8.3 Size-exclusion chromatography

Relative molecular weight of unneutralized PEAA was determined on a Waters Gel-Permeation
Chromatograph with a Waters 2414 refractive index detector. PEAA was dissolved in THF at a
concentration of ~1 mg/mL and was filtered prior to injection. 100 uL was injected into the column
and the resulting molecular weight was calculated with reference to polystyrene standards (1-500

kDa).

5.8.4 Fabrication of ionomer-electrode samples

A strip of aluminum 1 cm wide by 7.5 cm long was cut from sheet stock (80 um thickness) and
the edges were filed to remove any burrs that could interfere with coating. The strip was then
polished with hexanes and acetone and clamped to a smooth high density polyethylene plate. A
thick bead of ionomer solution was applied across the width of the strip and a pulldown bar was
drawn down the length of the strip in one smooth motion. Pulldown bars with spacings of 0.17
mm, 0.34 mm, and 0.75 mm were utilized to fabricate samples of consistent thickness by
subsequently drawing down polymer solution with increasing pulldown bar spacing until the total
thickness of the sample reached approximately 0.60 mm. Between each application of the polymer
solution, the entire plate was transferred to a 60 °C oven until the solution became slightly tacky.
Following the final application of solution, the plate was transferred to the oven until the sample
was dry to the touch. The sample was then physically removed with a razor blade and excess
polymer was trimmed to within 3-4 mm of the electrode. Typical final sample dimensions were 80
mm x 19 mm x 0.61 mm. Polymer surfaces were hot pressed using a glass plate at 50 °C to a final

thickness of 0.60 mm, total structure thickness 1.20mm.
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5.8.5 Flexural modulus measurements

Relative humidity was controlled using saturated aqueous salt solutions according to ASTM E104.
Prior to data collection, each sample was dried in a vacuum oven and conditioned in a sealed vessel
containing a saturated LiCl solution (12% relative humidity) for three days to ensure a consistent
water content.??® Force-deflection measurements of both unbiased and biased samples were carried
out on a custom-built computer-controlled three-point bending apparatus. All measurements were
made using a 25.4 mm span. A stepper motor displaced the sample at a constant rate 1 mm/min
and the force required to bend the sample was recorded with a 10 Ib compression load cell.
Measurements were obtained in a dry nitrogen atmosphere to prevent the atmospheric wetting of
the surface of the sample. Force vs. displacement curves were plotted and the slope of the resulting
line was used to calculate the effective flexural modulus of the sample as per classical beam
theory.??* Each measurement was taken in triplicate in order to determine reproducibility of the
process. Biased samples were tested by sandwiching the structure between two glass slides (25
mm x 75 mm x 1 mm) and applying a 1 N preload force to ensure intimate contact of the surfaces
prior to applying a potential. The glass slides were removed and the deflection of the sample was
measured as before. For each subsequent test, prior to applying potential the sandwich structure

was separated in order to dissipate any residual adhesion and provide a fresh interface for charging.

5.8.6 Friction measurements

Polymers samples were cut from films made using the draw down bar method on aluminum foil
as described in fabrication of ionomer-electrode samples above. A square sample ~70 mm x 70

mm was cut from the polymer/foil film and the electrode side affixed to a holder using double-
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sided tape. The polymer-polymer surfaces were placed in contact and a series of normal forces,
Fy, were applied (0-2.5 N). The perpendicular force, Fp, was measured at 90° from normal during
sliding at a constant velocity of 3.3 mm/min (Figure 5.11). The kinetic friction force, F;, was
determined from the plot of Fp vs displacement, when F, remained constant after static friction
was overcome. The kinetic coefficient of friction was then calculated from the slope of F;, versus

Fy, assuming Fp = i Fy.

5.8.7 Young’s modulus

The elastic modulus of each polymer was determined using an ADMET MTESTQuattro
mechanical tester in tensile mode. Using a cutter fashioned according to ASTM D638 — Standard
Test Method for Tensile Properties of Plastics, dumbbell samples with length 35 mm, gauge 14.75
mm, width 3 mm, and uniform thickness ranging from 0.1-0.3 mm were cut from drop cast films.
Films were prepared in polystyrene petri dishes and oven dried at 60 °C before cutting. Samples
were then conditioned at 7, 12, 23, 43, 70, or 85% RH for 2 days prior to testing. Samples were
elongated at a constant rate of 10 mm/min and the tensile modulus was calculated by taking the
maximum slope of the initial stress-strain curve over a 2% strain range. Reported moduli are the

average of 2-3 specimens per each polymer.

5.8.8 Water content

Wet samples conditioned at various relative humidities for mechanical testing were weighed (0.1-
0.2 g per sample) and dried in a vacuum oven at 45 °C for 3 days. Before and after drying, FTIR

spectra were collected for all samples to determine if samples of the same ionomer series had the
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same water content after drying. The mass fraction of water was determined by dividing the change
in mass by the wet mass of polymer. The mole fraction of water per counterion was determined by

assuming dried samples did not contain any residual water.

5.8.9 Optical profilometry

Polymer samples were prepared as described for friction measurements and in fabrication of
ionomer-electrode samples above. All surface measurements were taken with a Bruker ContourGT
optical profilometer and analyzed with BrukerReader software. Optical images and surface
profiles were obtained at three magnifications, 5, 10, and 50x and roughness statistics computed
after applying either a tilt or Gaussian curvature correction, depending on the magnification (See

Appendix D.4 Optical Profilometry Data).

5.8.10 Differential scanning calorimetry

Thermal properties of each polymer were evaluated by differential scanning calorimetry. About 4
mg of polymer was conditioned to dryness in a vacuum oven kept at 50 °C overnight. The sample
was transferred to an aluminum DSC pan and hermetically sealed to prevent the uptake of water.
The sample was subjected to two heating cycles from 0 °C to 70 °C at 10 °C/min and the glass
transition temperature was determined from the second heating cycle. Measurements were

performed on a Perkin EImer DSC 6000 calibrated with indium metal.
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5.8.11 Impedance spectroscopy

Dielectric impedance spectroscopy was performed using an Agilent 4294A impedance analyzer.
Samples for impedance measurements were fabricated by first drop casting a free-standing
polymer film on a glass plate in an oven at 60 °C followed by hot pressing the partially dried
polymer at 90 °C to obtain a uniform surface and thickness (170-250 um). Samples were vacuum
oven-dried and conditioned at various relative humidities as described for the water uptake
experiment above. The obtained polymer films were sandwiched between two polished brass
electrodes (6.47 mm diameter) and the real and imaginary impedance obtained over the frequency

range of 40 Hz to 110 MHz at RT.

5.8.12 Thermogravimetric analysis

Thermal degradation data was collected on a TA Instruments TGA Q500. Approximately 15 mg
of sample was loaded into a tared platinum pan and the percent mass change was measured over
the course of each run (See Appendix D.1 Thermal Data). The temperature was ramped from 20

°C to 200 °C at 2 °C/min under a constant flow of nitrogen (60 mL/min).

132



6.0 CONCLUSIONS

Materials and structures typically remained fixed in their mechanical properties once prepared.
Here, two techniques were presented with which the mechanical properties of a polymeric system
or structure may by modified using electricity. In the first project, the use of redox chemistry to
alter the crosslink density of hydrogel materials containing electrochemically labile metal-ligand
coordination using copper or iron was described. Copper hydrogels were electrochemically
reduced from hard to soft states. Electrochemical oxidation was impeded by the formation of a
skin layer on the electrode, limiting diffusion of copper ions to and away from the electrode
surface. These materials have excellent shape memory properties and could also be
electrochemically patterned with distinct soft and hard regions.

The second metal-based system using iron was found to be electrochemically reversible
between soft and hard states. Diffusion limited processes dictated long electrochemical transition
times. The inclusion of graphene oxide within these materials improved their mechanical
properties. Decreasing sample thickness from 3 mm to ~100 pum decreased the metal ion diffusion
distance and the transition time between soft and hard states from many hours to minutes. The
modulus range was also improved with the inclusion of GO. Potentiometric titrations established
complex formation between Fe®* and carboxylate ligands of the hydrogels whereas Fe?* showed
little to no coordination. Mdéssbauer spectroscopy established high spin iron in both +2 and +3
oxidation states. Magnetic susceptibility measurements suggested the formation of polynuclear
iron clusters within the hydrogels.

The final project focused on using electricity to reversibly pin the layers of multi-layered
laminate structures using electroadhesion. Structure-function relationships for a series of
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tetraalkylammonium ionomers prepared from poly(ethylene-co-acrylic acid) were investigated at
a range of relative humidities. The counterion was found to have little influence on the
electroadhesive response. The counterion was found to influence the baseline mechanical
properties of the structure, with larger alkyl chains plasticizing the polymer resulting in softer
materials. The resistivity, moduli, and thermal properties of these ionomers were found to depend
on the relative humidity at which the materials were conditioned. The degree of electroadhesion,
and thus the stiffness, for each structure can be controlled by changing the potential applied across
the system.

While the materials presented in the first project, which utilize metal-ion based reversible
crosslinks, provide an elegant example of stimuli-responsive materials with reversibly switchable
mechanical properties, practical application of these hydrogels is limited. As the electrochemical
process is diffusion-limited thin samples are required for fast transition times. The redox-based
mechanism also requires the use of an acidic solvent reservoir containing Fe?* to maintain a high
concentration of iron in the gel when switching between hard and soft states. The solvent reservoir
presents a larger hurdle to practical applications as containing liquid electrolyte and hydrogel
would require a cumbersome containment system. The liquid electrolyte could be eliminated by
preparing a hydrogel with two distinct halves. One half would contain the typical hydrogel
preparation while the second half would be composed of crosslinked poly(sodium styrene
sulfonate) (PSS), which does not coordinate iron ions. In this configuration, the crosslinked PSS
would be saturated with iron ions which may freely diffuse through the PSS network and
participate in redox reactions, providing charge balance without contributing to a change in

modulus as no crosslinking occurs.
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The electroadhesion-active laminate structures composed of polymeric ionomers presented
in the second project present a significant advancement in the development of materials and
structures with electrically reversible mechanical properties. These structures do not require
solvent, have nearly instantaneous response times, have higher flexural moduli in both on and off
states, and show a greater change in modulus between on and off states. Additionally, the range of
flexural moduli accessible may be quickly expanded by simply increasing the number of layers in
the laminate structure. In the current iteration presented here, flexural modulus changes are
presented from soft to hard states. In applications, the reverse direction may be more desirable. As
the power requirement for maintaining electroadhesion is relatively low (e.g. a few mW for several
hours), continuous application of electrical potential is not impractical, even for remote
applications. However, since these ionomers are sensitive to water content, these structures do
require proper environmental conditions for operation, specifically the proper relative humidity.
Further development of materials which show greater insensitivity to environmental conditions are
needed to advance the use of materials utilizing the Johnsen-Rahbek effect for electroadhesive

laminate structures.
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Appendix A

SUPPORTING INFORMATION FOR CHAPTER 2
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Figure A.1 (a) Chronoamperometric and chronocoulometric curves for the third segment of the first reduction at -0.8
V of an ~2 mm thick iron-doped hydrogel. The hydrogel color change from red-orange to light orange/yellow was
consistent with reduction. (b) Charge vs. square root of time. Linear fit of data (dashed line) shown for reference.
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Figure A.2 (a) Chronoamperometric and chronocoulometric curves for the first oxidation at +1.2 V of an ~2 mm thick
iron-doped hydrogel. The hydrogel was homogeneously darker orange and stiffer to the touch (confirmed by
mechanical testing) than that observed in the previous cycle. (b) Charge vs. square root of time. Linear fit of data
(dashed line) shown for reference.
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Figure A.3 (a) Chronoamperometric and chronocoulometric curves for the second reduction at -0.8 V of an ~2 mm
thick iron-doped hydrogel. Color change from darker to lighter orange/yellow (with some heterogeneity). The sample
was softer to the touch (confirmed by mechanical testing) than that observed in the previous cycle. (b) Charge vs.
square root of time. Linear fit of data (dashed line) shown for reference.
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Figure A.4 (a) Chronoamperometric and chronocoulometric curves for the second oxidation at +1.2 V of an ~2 mm
thick iron-doped hydrogel. The hydrogel was homogeneously darker orange and stiffer to the touch (confirmed by
mechanical testing) than that observed in the previous cycle. (b) Charge vs. square root of time. Linear fit of data
(dashed line) shown for reference.

1.2 ; .

1.0 e
Asionm 0-8 //

0.6 P

0.4 ; «

0.2 |

0.0

0 20 40 60 80 100 120
[Fe™] (uM)

Figure A.5 Calibration curve of FeCl, standards (0.025 M, in conc. HCI) diluted in sodium acetate buffer (0.1 M,
pH=4) to the linear range of the instrument.
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SUPPORTING INFORMATION FOR CHAPTER 3
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Figure B.1 Left: Photograph of electrochemical setup. Right: A diagram of the components for the electrochemical
setup.
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Figure B.2 A diagram of nine samples doping with different concentrations of copper and urea to determine the
optimum concentration for future doping experiments.
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Figure B.3 A 3 x 3 array of hydrogels that gives an indication of the optimum concentrations of CuCl, and urea
necessary for successful doping conditions.
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Figure B.4 Calibration curve for copper quantitation method.
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Appendix C

SUPPORTING INFORMATION FOR CHAPTER 4

C.1 GRAPHENE OXIDE CHARACTERIZATION

Figure C.1 Scanning electron microscopy (SEM) images of lyophilized GO dispersion (12.5 mg/mL) at different
magnifications.
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Figure C.2 Thermogravimetric analysis of graphene oxide (GO).
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Thermogravimetric analysis (TGA) of graphene oxide (GO, Figure C.2) showed a mass

loss of ca. 14% below 100°C, likely due to loss of water. Another sharp mass loss of ca. 30% was

observed at 180° C and was as

signed to the thermal decomposition of oxygenated functional

groups in GO. The FT-IR spectrum of GO (Figure C.3) showed peaks attributable to water, C=0,

and C-O groups.
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C2 GRANPLOT METHOD
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Figure C.4 Gran plots for the determination of strong acid, total acid, and weak acid content of the OR-gel measured
in 0.1 M KNOs.

The carboxylic acid content of the OR-gel was determined by potentiometric titration and analyzed
using the Gran plot method.'®® The OR-gel was washed with dH.0 and acidified with excess 1 M
HCI and neutralized with 1 M NaOH. The excess strong acid was determined by plotting the
following equation (strong acid fn)

(Vo + V) -107PH (C.1)

where Vo is the initial volume of the titration and V is the volume of base added, against the total

volume of base added. The y-intercept was taken as the total volume of base required to neutralize
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the strong acid in the system. Similarly, the weak acid content could be estimated by plotting (weak
acid fn)

V - 10~PH/M (C.2)

where n is an empirical constant, against the total volume of base added. Finally, the total acid of
the system was determined by plotting (base fn)

(Vo + V) - 10PH (C.3)

against the total volume of base added. The difference between the y-intercepts of the base function

and the strong acid function gives the weak acid content of the system.
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Ag/AGCI - Pt counter electrode
reference —
electrode J
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Cap

Glassy carbon plate
Hydrogel 1

LJ \ Teflon base
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Figure C.5 Electrochemical cell design. Left: Experimental setup and Right: schematic of cell. Reproduced from.58
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Figure C.6 Mossbauer spectra of a) Fe®*-gel prepared by electrochemical oxidation of Fe?*-gel and b) Fe?*-gel
prepared by electrochemical reduction of Fe3*-gel. Reproduced in part from.%®

Figure C.7 Approximate indentation testing locations on hydrogel 25 mm x 25 mm, one test per corner and one at
center. Probe diameter, 6.2 mm.
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35 35
301 30
$ 25 ; $ 25 ;
= 20 1 < 20 ;
7 15 | 7 15
O Qo ]
= 10 1 = 10

0 ; 0 1 . . . . .

0 2 4 6 8 10 0 2 4 6 8 10

% Strain % Strain

Figure C.8 Indentation test stress-strain curves for Fe®*-gel (left) and Fe?*-gel (right); straight line represents region
of curve from ~0 to 1-2 % strain where slope was measured to determine modulus.

144



Appendix D

SUPPORTING INFORMATION FOR CHAPTER 5

D.1 THERMAL DATA
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Figure D.1 Mass-loss plots were obtained for each sample by loading 15 mg into a platinum pan and ramping the
temperature from 20 °C to 200 °C at 2 °C/min. PEAA shows no change in mass, while the neutralized ionomers
exhibit significant mass loss after ~120 °C, most likely due to decomposition and production of an amine.
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D.2 DIELECTRIC IMPEDANCE SPECTROSCOPY - DERIVATION AND

CALCULATIONS

Dielectric impedance data were collected using an Agilent 4294A dielectric impedance analyzer
over the frequency range of 40 Hz — 110 MHz. Samples 170 — 250 um in thickness were
sandwiched between polished brass electrodes. The resistivity was calculated from the real and
imaginary components of impedance as detailed below. Here, * is used to denote a complex

quantity, e.g. the complex impedance is given by Z* = Z' + iZ", where Z' is the real component

of impedance, Z" is the imaginary component of impedance and i = j = v—1. The complex
impedance is also commonly represented as

Z* =R+iX (D.1)

where R is the resistance (real component of impedance) and X is the reactance (imaginary
component of impedance).

The real resistivity, p’, can be derived the complex admittance, Y*,

1 .
Y Z;ZG-}-IB (D.2)

where G is the conductance and B is the susceptance. We can rewrite the admittance in terms of
the magnitude of impedance, |z|, and the phase angle, 6 as follows:

_ 1 (D.3)
"~ |Z|cos@ +i|Z|sin®

*

where the magnitude of impedance is given by:

121 = [(Z)? +(2")]2 4

The magnitude of impedance as a function of frequency is shown in Figure D.2 for PEAA-
TMA at different relative humidities.

Multiplying the numerator and denominator by |Z|cos8 — i|Z|sin6:
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(1Z|cosB — i|Z|sin0) (D.5)

= (IZ|cosB + i|Z|sin6)(|Z|cosO — i|Z]|sinB)
Distributing,
B |Z|cosO — j|Z|sin® (D.6)
"~ (|Z)? cos? 8 — j2|Z|? sin? 6)
Noting j2 = —1

B |Z|cosO — j|Z|sinB (D.7)
"~ (1Z|? cos2 6 + |Z|? sin? 6)

Collecting |Z|? terms,

B |Z|(cosO — jsinB) (D.8)
~ |Z|%(cos? 0 + sinZ @)

Simplifying,

_ (cost — jsin®) (D.9)
"~ |Z|(cos? 6 + sin? 6)

Since sin? 8 + cos? 6 = 1, we now have

1 .
Y* = m(cos@ — jsin®) (B.10)
Distributing, we obtain:
1 1 (D.11)
Y*=—cosO0 — —jsinf
1Z] ik
From the definition of admittance
Y*=G+jB (D.12)
We can relate the conductance G to the first term
gAd 1 (D.13)
= ——= 9
d |Z| coS
and solve for the real component of conductivity
, _ dcoso (D.14)

A
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Taking the inverse of conductivity yields the resistivity

_A|zZ] (D.15)
P " dcos6

where A is the sample area, |Z| is magnitude of impedance, d is the sample thickness, and 8 is the
phase angle. The phase angle 6 was calculated as the arctangent of the imaginary and real
components of impedance,

0 = atanZ—” (D-16)
7
The variation of the phase angle as a function of frequency is shown below in Figure D.3
for PEAA-TMA.
The DC resistivity was measured where the slope of the resistivity versus frequency plot

goes to 0, i.e. where the resistivity becomes frequency independent.
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Figure D.2 Magnitude of impedance as a function of frequency for PEAA-TMA 7, 12, 23, 43, 70, and 85 % relative
humidity.
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Figure D.3 Variation of phase angle for PEAA-TMA 7, 12, 23, 43, 70, and 85 % relative humidity.
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D.3 ELASTIC BEAM THEORY

%d IH=nd
e

/b

»
»

A
—

Figure D.4 Diagram of multilayered beam.

Consider a beam of span L, width b, and height H composed of n unbonded layers with thickness
d. When a force is applied at the midpoint of the beam, the deflection D at the midpoint of the
beam is given by the moment of inertia I, the applied force F, and the flexural modulus of the
beam E,

L3F (D.17)
 48IE;
where I for a solid rectangular cross-section composed of n unbonded layers is

D

1 (D.18)
o — 3
1 12nbd

The unbonded flexural modulus is then given by:

L3mge (D.19)
Eoff =7
4nbd

where myg = F/D is the slope of the initial straight-line portion of the load versus deflection
curve. If the layers of the structure are considered fully bonded, the moment of inertia becomes

1 (D.20)
I = 1Zb(nd)3

where nd = H is the total thickness of the beam. The flexural modulus now depends on the number
of layers by a factor of n3 as:
L¥m,, (D.21)

Eon = 13p a3
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The ratio of flexural modulus between on and off states, E,,/E¢, should then depend on the
number of layers and the slope of the F/D curves as,

Eon _ imon (D-22)
Eoe  M%Mogr

assuming a perfectly bonded state for E,,.
An equivalent expression for the flexural modulus as discussed in the Main Text is

L’m (D.23)
4bd?
where d; is the total thickness of the structure (d; = nd for layers of uniform thickness). To aid

Eon =

in the comparison between on/off states, all calculations were made using the total thickness of the

structure, i.e. assuming a fully bonded state in all cases, even at 0 V.
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D.4 OPTICAL PROFILOMETRY DATA

(Contributed by Emily Barker)

Table D.1 Roughness parameters for PEAA-TMA, PEAA-TEA, and PEAA-TPA conditioned at 12% relative humidity.

Polymer Correction Zoom Ra(UM)? Rq(uUm)® Rp@m)* Ry @m)* R (um)®

PEAA-TMA Tilt 5x 0.875 1.29 1.52 -3.64 5.17
Gaussian 5x 0.009 0.014 1.04 -1.18 2.22

Tilt 10x 0.108 0.163 0.298 -0.653 0.951

Gaussian 10x 0.015 0.019 0.271 -0.188 0.459

Tilt 50x 0.014 0.018 0.071 -0.124 0.196

PEAA-TEA Tilt 5x 0.764 0.976 1.00 -2.08 3.08
Gaussian 5x 0.009 0.014 0.912 -0.798 1.71

Tilt 10x 0.075 0.119 1.61 -0.175 1.78

Gaussian 10x 0.014 0.021 0.780 -0.265 1.05

Tilt 50x 0.013 0.016 0.564 -0.121 0.685

PEAA-TPA Tilt 5x 0.361 0.471 2.30 -1.23 3.53
Gaussian 5x 0.012 0.017 0.920 -0.662 1.58

Gaussian 10x 0.019 0.025 0.820 -0.491 131

Tilt 50x 0.029 0.037 0.169 -0.261 0.430

2Average roughness

PRoot-mean-square (rms) roughness
*Maximum peak height

IMaximum valley depth

¢Maximum height of profile (R;= R, + Ry)
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X Profile: AX=954 BE7E mm, AZ=-3534 1587 nm
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Figure D.5 PEAA-TMA at 5x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles; c)
with Gaussian correction applied and x-, y- profiles. Scale bars = 200 pum.
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X Profile: AX=954 6676 mm; AZ=-303.75%9 nm
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Figure D.6 PEAA-TMA at 10x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles; c)

with Gaussian correction applied and x-, y- profiles. Scale bars = 100 pum.
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X Profile. AX=354 B5TE pm, AZ=-31.6234 nm
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Figure D.7 PEAA-TMA at 50x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles.
Scale bars = 20 um.
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X Profile. AX=954 6676 mm, AZ=1423.742% nm
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Figure D.8 PEAA-TEA at 5x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles; c)
with Gaussian correction applied and x-, y- profiles. Scale bars = 200 um.
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Figure D.9 PEAA-TEA at 10x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles; c)
with Gaussian correction applied and x-, y- profiles. Scale bars = 100 pum.
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Figure D.10 PEAA-TEA at 50x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles;
Scale bars =20 um.
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X Profile: AX=954 6676 mm; AZ=2302 1018 nm
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Figure D.11 PEAA-TPA at 5x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles; c)

with Gaussian correction applied and x-, y- profiles. Scale bars = 200 pum.
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Figure D.12 PEAA-TPA at 10x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles.
Scale bars = 100 um.
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Figure D.13 PEAA-TPA at 50x magnification. a) optical image; b) with tilt correction applied and x-, y- profiles.
Scale bars = 20 um.
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