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ABSTRACT OF THE DISSERTATION

Smart Polymers Towards Next-Generation

Water-Energy Nexus Technologies

by

Yousif Alsaid
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2023

Professor Ximin He, Chair

With the rising demands in energy and water, it becomes especially important to investigate
alternate paths to source these valuable resources which sustain modern human life. The current
water and energy production ecosystems are coupled via the water-energy nexus, operated by a
robust system of electric steam turbines and reverse osmosis seawater desalination plants.
Unfortunately, the interconversion process between these resources is plagued by low efficiencies,
necessitating the desire to decouple the two resource streams. Advanced tailorable porous
polymers present a possible technological platform to source more reliable and energy-efficient
supplies of electricity and water. Unfortunately, they are currently limited by the intrinsic material
challenges of mechanical-diffusive property trade-offs and reduced optical energy harvesting
efficiency at oblique illumination. To combat these material challenges, cononsolvency and
artificial phototropism are investigated and leveraged to create devices that break conventional

property limits.



In Chapter 1, the fundamentals of pore structure engineering are discussed, alongside the
limits present in current material systems. In Chapter 2, cononsolvency is investigated as a method
to control polymer morphology and decouple the diffusive properties from the mechanical strength
of materials. In Chapter 3, insights from fundamental cononsolvency studies are applied to
generate tough chemistry-impartial gel polymer electrolytes that can outperform commercial
battery separators. In Chapter 4, the same pore structure engineering techniques are implemented
towards building soft robots with complex spatiotemporal programmable motion. In Chapter 5,
utilizing a temperature-responsive polymer hydrogel, a system is designed exhibiting artificial

phototropism for maximizing the harvesting of incoming optical energy.
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Chapter 1: Introduction and Objectives

1.1 Water-Energy Nexus

As global energy demands continue to increase and the harmful effects of atmospheric
carbon continue to be investigated, there presents an urgent need for accelerating the advancement
of sustainable energy. Clean and sustainable sources such as solar and wind are limited by their
intermittency, requiring an energy storage mechanism to utilize them during off-peak hours. Great
efforts continue to be invested into new battery technologies to enable the supplementation, and
hopefully the eventual replacement, of our current fossil fuels-dominated energy economy. Such
energy storage solutions can play a key role in advancing electric vehicles, grid-scale energy

storage, medical devices, wearable electronics, and soft robotics.

These rising energy demands are also coupled with increasing water demands. It is
estimated that about 4 billion people, composing 66% of today’s global population, live in severe
water scarcity for at least one month per year, and this number is expected to rise in coming years.!
With regards to modern day energy and water production, they are interrelated in what is known
as the water-energy nexus (Figure 1.1); the processes for which they are generated at an industrial
level for human consumption are interrelated. For the production of grid-scale electricity, electric
steam turbines are used which source input water, vaporize it, and mechanical rotate turbine blades
to generate an electric current; this process at an industrial scale is roughly 45% energy efficient.?
In parallel, as the demand for potable drinking water rises, many areas with access to the ocean

have adopted reverse osmosis desalination technologies using nearby seawater; this process is



roughly 59% energy efficient, as an energy input is required to force the seawater against its

preferred salt concentration gradient, through large scale sieves.?

1. Water required
to produce energy

2. Energy required
QA to purify water

- PR R 4 Jubail Desalination Complex, Saudi Arabia
Philippsburg Steam Turbine, Germany

45% Energy Efficiency 59% Energy Efficiency

Figure 1.1 Schematic diagram of how modern-day water and energy production streams are

interrelated, and the corresponding energy efficiencies of each inter-conversion.

1.2 Porous Polymers

With the onset of exponentially rising energy and water demands, there presents an urgent
need to turn to new technological advances to generate novel materials towards decoupling these
water and energy production ecosystems, and source a more reliable and energy-efficient supply
with fewer water-energy interconversion. Among the various classes of materials posed to address

these critical energy and water challenges, porous polymers offer a promising outlook.

Porous polymers have gained immense attention due to their light weight, diversity of
synthetic routes, and ease of functionalization and processability into monolithic and thin-film

structures. Tuning the structure and properties of porous polymers have yielded significant



contributions in gas storage,* separations,’ drug release,’ catalysis,’ sensing,® carbon templating,’
cell scaffolds,!® and energy storage materials.!!-!?

Pore geometry

Pore surface

/ functional groups

Framework structure
composition

topology

functionality

Pore size

Figure 1.2 Schematic representing the versatile tunability of porous polymers.'3

Owing to their ease of processability and inexpensive raw materials, polymer structures
can be tailorable to a diverse range of target applications. The porosity and pore structure of these
materials determine many of the macroscopic properties of the system such as strength, fracture
resistance, surface area, and diffusion rates. Porosity is defined as the volume fraction of voids in
the porous system. For certain classes of porous polymers, like aerogels that have their voids filled
with air, porosity can be measured via gas pycnometry or mercury intrusion porosimetry.
Hydrogels, a class of porous polymers where the voids are filled with water instead of air, offer a
more convenient way to measure porosity, by directly measuring the wet and dry hydrogel masses,
as shown in Equation 1. Regardless of how it is measured or calculated, the porosity offers a

valuable metric for predicting, assessing, and tuning various macroscopic properties.



_ Vvoid _ PwaterMwater ~1— mpolymer
VTotal phydrogelmhydrogel mhydrogel

¢

Equation 1

In addition to the porosity, which captures the volume fraction of voids in the system, the
geometry and distribution of those voids also bears significant impact on the macroscopic
properties of these porous networks. The property of tortuosity aims to describe this pore geometry
information that cannot be fully captured by porosity alone. Tortuosity is a quantitative
measurement for how difficult or “tortuous” it is for a diffuse molecule to travel through the porous
structure from one point to another. It is mathematically described as the ratio of the actual path
length traveled over the shortest pathlength between two points, squared, illustrated in Figure 1.3

and Equation 2, where L is the distance traveled and Lo is the shortest straight line path length.
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Figure 1.3 Schematic depicting the concept of tortuosity visually; path length through porous
materials is usually longer than a direct straight line through the material. Mathematically, the
tortuosity is defined to be the actual path length of a diffuse molecule divided by the shortest

straight line path length, squared.

(L)Z <x%>
T=\|— =
L, < x%>

Equation 2

This squared ratio is equivalent to the ratio between <x¢>> and <x*>, the mean-square
displacement of a diffusive particle in nonporous and porous media, respectively. Einstein’s
Equation for the mean-square displacement via Brownian motion is described by Equation 3,

where D is the diffusion coefficient and t is the elapsed time.



< x%>=2Dt

Equation 3

Combining Equation 2 and Equation 3 yields Equation 4, which expresses tortuosity in terms of Do

and Defr, the small molecule diffusion coefficient in nonporous and porous media, respectively.

Equation 4

Tortuosity-porosity empirical relationships exist for a variety of porous systems; Equation 5 has

been shown by Koponen et al. to be valid for porosities above 0.5.!4

T=1+p(1-¢)

Equation 5

Combining Equation 4 and Equation 5 yields Equation 6, which relates the effective diffusion
coefficient of small molecules in porous structures to the nonporous self-diffusion coefficient Do,

porosity @, and a pore structure factor p.



D = Do
T 1+pa-¢)

Equation 6

Vb

Pore segment Pore segment
diameter (D, pm) length (AL um)

/.
/// Non-interconnected, closed pores

7.

* Unused volume
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-
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* Contributes to swelling/deswelling rates
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* Tortuosity = moderate - oo

Interconnected, open pores
* Contributes to swelling/deswelling rate AND
steady state flowrate
* Tortuosity ~ 1

Figure 1.4 Schematic representing different types of pores and their individual descriptions.

Fickian self-diffusion of small molecules, typically described by Equation 7, gets modified to
Equation 8 for in porous media. It is usually challenging to measure Desr directly, and there may
be deviations from the modeled behavior in Equation 6: pores in real materials can be divided into
non-interconnected closed pores, dead end pores, and interconnected open pores (Figure 1.4)
which can further complicate diffusion modeling. These equations provide a variety of ways to
inter-convert between tortuosity, porosity, and diffusion coefficient allowing for a broad
implementation of pore structure characterization techniques. In my experience, I have found that

the easiest method to approximate Deff involves utilizing a technique like mercury intrusion



porosimetry and then converting the pore distribution data to a tortuosity from semi-empirical
relations. With the tortuosity and the small molecule self-diffusion coefficient Do, obtained either

through diffusion NMR or through literature, an approximation can be calculated for Defrby using

Equation 4.
- _p dC
]Z - 0 dZ
Equation 7
dC
). = _Deffa
Equation 8

1.3 Hydrogels and Stimuli-Responsive Materials

A hydrogel is a three-dimensional cross-linked polymer network composed of one or more
different monomer species along the backbone. Hydrogels get their name from their typically
hydrophilic functional groups along their backbone, which allow the cross-linked polymer matrix
to swell with water. Due to the 3D cross-linked network and hydrophilicity, a hydrogel is typically

over 90% water by volume, and can be tuned by controlling the cross-linking density.!”

This class of materials has gained significant attention in recent years due to its mechanical
properties and chemical composition that resembles biological tissues. Many engineered hydrogels

have been demonstrated to have Young’s moduli comparable to that of skin and muscle tissue!®!7,



and the biologically similar high water content make them excellent candidates for biological
integration. Figure 9 depicts the molecular structure of 3D cross-linked hydrogel demonstrating
the high porosity which results in water swelling. In recent literature, the chemical and physical
structure of these hydrogels have been tuned to achieve varying responsiveness to different
environmental stimuli. Because of their biological compatibility and stimuli-responsive behavior,
hydrogels carry immense potential to revolutionize the fields of soft robotics and targeted drug

delivery.

Stimuli-responsive hydrogels are part of a larger class of materials called “smart materials”,
which are defined by their ability to respond and react autonomously to various external
environmental stimuli. Examples of such stimuli are temperature, solvent, pH, ion concentration,
light, electric field, and magnetic field among many others. The typical response of the material is
in the form of volume change via swelling and de-swelling of the hydrogel matrix with water. The
interactions between the molecular structure of the polymer matrix, as well as the chemical
interactions of the backbone functional groups, are what govern the water-hydrogel interactions
and the swelling-shrinking behavior. Measurement of Young’s Modulus, swelling ratio, response
rate, and critical input signal are all ways of characterizing the behavior of stimuli-responsive

hydrogels.'®

Crosslinked poly(n-isopropylacrylamide) (PNIPAM) demonstrates temperature-
responsive behavior. This specific cross-linked hydrogel exhibits lower critical solution

temperature (LCST) behavior; in other words, the polymer network is hydrophilic and swollen



below the LCST temperature, and hydrophobic and shrunken above it. Figure 1.5 depicts the LCST
behavior of cross-linked PNIPAM. The LCST phenomenon is explained by an argument of free
energy minimization: both enthalpy and entropy are temperature-dependent, however entropy
scales faster with temperature. The entropy of the shrunken hydrophobic matrix has a larger
temperature dependence than the swollen hydrophilic matrix due to the increased number of
possible molecular configurations in the shrunken state. This means that AS for the shrunken state
increases faster with temperature than AS for the swollen state. Hence, at higher temperatures, the

shrunken conformation has lower free energy AG and is most thermodynamically favorable.
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Figure 1.5 Temperature-responsive behavior of PNIPAM hydrogels, which experience a
hydrophilic to hydrophobic phase transition above the lower critical solution temperature (LCST).
Below the LCST, the polymer network swells completely with water, while above the LCST, it

ejects most of the water from its pores and collapses.
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1.4 Fundamental Materials Challenges

1.4.1 Mechanical-diffusive property trade-off
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Figure 1.6 Schematic demonstrating the intrinsic trade-off between mass transport and mechanical

strength in porous materials.

Most practical mass-transport applications involving porous materials are constrained by
the notably slow diffusion through their pore structure. The mass transfer in porous materials is
inversely proportional to the square of the material’s smallest dimension, requiring device
miniaturization.!”?! To date, most works improving diffusion by increasing porosity.??-3! This
effectively reduces the tortuosity of the hydrogel and facilitates faster and greater transport through
the polymer matrix. However, increasing porosity to increase effective diffusion coefficient
typically results in a compromise in mechanical properties such as Young’s modulus and

toughness.*>-7
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Many state-of-the-art technologies rely on mass transfer at the liquid-solid interface (e.g.,
energy storage and catalysis) or solvent transport through pores (e.g., soft robotics and solar vapor
generators). These diffusion-limited applications typically require decent mechanical robustness

for long-term and large-scale viability.

To date, most works improve diffusivity in these porous materials by increasing porosity,
which reduces the tortuosity and facilitates faster and greater transport, but unavoidably results in
).2223

compromised mechanical properties (Young’s modulus and toughness) (Figure 1.6

Superporous hydrogels, which boast the highest porosities and swelling rates among hydrogels,

24-26 27,28

have been fabricated using porosigen, phase separation, particle crosslinking,” and gas-
blowing3%3! techniques. The larger pore sizes effectively reduce the tortuosity of the hydrogel and
facilitate faster and greater water transport through the polymer matrix. However, increasing ¢ to
increase effective diffusion coefficient typically results in a compromise in mechanical properties

such as Young’s modulus and toughness.>* Hydrogels with overly high porosities usually lack the

necessary rigidity for practical applications.

Reconfiguring the overall pore structure, which tunes structure factor p, presents an
alternative approach for increasing the effective diffusion coefficient in hydrogels. To date, this
has been achieved via directionally aligned pore channels with built-in structural anisotropy.33-3
Although limiting diffusion to fewer dimensions reduces the tortuosity, it also reduces the total
volumetric flux through the hydrogel due to the confinement of transport: even with maximum

diffusion coefficient, i.e., Doy~ Do, the overall swelling properties of the hydrogel are limited by

the total flux of water in x, y, and z directions.?” Larger volumetric flowrates are especially needed

12



for large-scale materials in industrial applications, rendering one- and two-dimensionally confined

flux suboptimal.

Simultaneously improving the swelling and mechanical properties of porous materials has
proven to be a daunting challenge. According to a review by Liu et al. to widen the application
range of nanocomposite smart hydrogels, further improvement should be sought in terms of
responsiveness, including responsive rate and degree, as well as mechanical properties, including
Young’s modulus, toughness, breaking strength, breaking strain, and so on”.!” Gemeinhart et al.
reports “methods for improving [mechanical properties] of porous hydrogels is of particular
interest, but must be balanced with the ability to swell significantly and rapidly”.*® In a systematic
study, Bryant ef al. report that increasing pore size and pore density decreases Young’s modulus
by half in polyhydroxyethylmethacrylate (pHEMA) hydrogels*®. Predictive models from first
principles also give the same expected result of porosity and modulus conflicting.*® Despite

tremendous efforts,*!

producing gels with high mass transfer rates and high mechanical
toughness remains a long-standing fundamental bottleneck, calling for a facile, scalable, and

universal polymer preparation method to address these property needs.

The ideal polymer structure that simultaneously maximizes diffusion and mechanical

properties requires dense pore walls and highly interconnected open-celled pores. As shown in our

previous works,*43

cononsolvency provides one possible approach for generating such
porous polymers with highly densified pore walls and highly interconnected pores to
overcome the long-standing diffusion-mechanical property trade-off. However, establishing

a technological platform for making and understanding the generality of such structures

13



requires significant experimental effort to maximize the polymer aggregation behavior in
mixed solvent systems. In contrast to single-solvent polymerization-induced phase-separation,
which may also generate interconnected pores, mixed solvent phase separation grants additional

tunability via variation of solvent ratios to better optimize the final morphology.

1.4.2 Oblique-incidence energy loss

One of the main limitations of solar energy harvesting is the oblique-incidence energy loss,
or power density reduction at non-normal light incidence; in other words, for a horizontally
oriented solar harvester the power density in the early sunrise and late sunset is drastically reduced,
with the surface harvesting the most power at high noon when the sun is directly above the
horizontal surface. Figure 6 demonstrates a physical schematic of angle-induced power density
reduction. The sun has a spectral power density of 1000 W/m?. This power density decreases when
the light reaches surface of the Earth at non-normal incidence since that beam gets projected by an
angle onto the surface. Due to OEL, the solar power density impinging on a planar surface

can drop by more than 50% at illumination angles above 60 degrees from the normal plane.
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Figure 1.7 Schematic depicting the reduction in illumination power density reduction at oblique

incident angles.
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Chapter 2: Cononsolvency Towards Decoupling Diffusivity and
Strength of Porous Materials

2.1 Background

2.1.1 Description of Cononsolvency and mechanism

Mixed solvent systems are ubiquitous in the field of chemistry and can be found across several
applications: synthesis with phase separation,*® chemical extraction of hydrophilic or hydrophobic
compounds,*’ high performance liquid chromatography (HPLC),*® recrystallization for
purification,* drug biocompatibility,’® and conductive polymer synthesis®! all require the use of
mixed solvents. Hence, a full understanding of solvent-cosolvent and polymer-solvent interactions
is essential for many fundamental chemical processes. It is generally accepted that a mixture of
two good solvents yields the same or improved solubility, cosolvency. Despite this being the case
in most systems, the scientific consensus is challenged by several anomalous cases where the
opposite is observed: a mixture of two good solvents resulting in decreased solubility,

cononsolvency.

Nearly a century ago, cellulose acetate was discovered to become less soluble in a mixture
of aniline and acetic acid, which separately behave as high-solubility solvents for cellulose acetate;
this phenomenon was observed in other systems later.>~>> When a polymer can easily dissolve in
solvent A and B separately, can it also dissolve in a mixture of the two? Not always. The literature
refers to this anomalous phenomenon of reduced solute solubility in certain mixtures of two good

solvents as ‘cononsolvency’ (Figure 2.1). Ample theoretical efforts have been invested towards
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elucidating the mechanism, aiming to establish the general principle and solvent-cosolvent-

polymer selection criteria (Figure 2.2).

Simulations have attempted to understand the interactions governing the behavior.’**! The
literature roughly categorizes cononsolvency into two main physical descriptions: ‘preferential
adsorption’, whereby one solvent interacts more strongly with the polymer chains than the other,
resulting in the ejection of the weak solvent from the polymer matrix and in the collapse of the

60.62.63 and “solvent complexation’, whereby the two solvents interact more strongly

polymer chains,
with each other than with the polymer chains, resulting in a solvent-cosolvent complex that
behaves as a weak solvent for the polymer chains, thereby driving polymer chain collapse.®* Most
recently, Zhang et al. have claimed that preferential adsorption and solvent complexation

dominate under different conditions (Figure 2.3).%° Evidently, which of these two mechanisms is

operative depends on the relative interactions of the solvents with the polymer and with each other.

100% Solvent 100% Cosolvent

#

Coil Globule Coil

Figure 2.1 General concept of cononsolvency, the anomalous phenomenon of reduced solubility

in mixtures of two good solvents.
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Figure 2.2 Schematic representing the three various Flory interaction parameters in a ternary

system of a solvent, cosolvent, and polymer.

To grasp the mechanism that Zhang et al. propose, it is necessary to turn to the
thermodynamic definition of interactions, specifically the Flory interaction parameters. In a binary
mixture of components A and B, one can describe the Gibbs free energy of mixing to be the sum
of the enthalpic and entropic mixing components; the free energy of mixing can also be expressed
in terms of component mole fractions (x;), volume fractions (¢;), an interaction parameter ()
which describes the interactions between A and B molecules (Equation 9). It can be noted that the
volume fractions can be approximated to be equivalent to mole fractions if the molecules are of
sufficiently similar sizes. This equation can be re-written in a clearer way to illustrate the enthalpic
and entropic components (Equation 10) where it can be more clearly seen that the Flory interaction

parameter between components A and B, yag, lies within the enthalpic term, while the entropic

18



term exclusively encapsulates the free energy mixing of an ideal solution where A and B molecules

are identical and do not experience any attractive or repulsive interactions.

An interaction parameter that is positive, zero, or negative corresponds to repulsive, ideal,
and attractive interactions between A and B molecules, respectively. On a macroscopic solution
level, positive and negative interaction parameters also correspond to endo thermic and exothermic
processes, respectively, based on how they govern the enthalpic term in the free energy of mixing
equation. It should be noted that while the fundamental framework provided by defining
interaction parameters is useful for conceptually understanding the cononsolvency mechanism, the
direct measurement of interaction parameter remains a non-trivial process. These parameters are
known to exhibit concentration and temperature dependencies and it remains uncertain whether

their measurement at specific conditions can be extrapolated to others.

AGmix = AHmix - TASmix = RT[xA ln(¢A) + Xp ln(d)B) + xA¢BXAB]

Equation 9

AGrix = RTx,0pX a8 — T[—RIx4 In($4) + x5 In(pp)]]

Equation 10
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Figure 2.3 Diagram representing how the relative magnitudes of the various interaction parameters
determine the type of cononsolvency, or lack thereof, which occurs. The Ay term corresponds to
the difference between the polymer-cosolvent and the polymer-solvent interaction parameters. The

ysc term corresponds to the solvent-cosolvent interaction parameter.®

Obtaining a modern understanding of solute-solvent behaviors can help discover a new
design principle for controlling polymer conformation, thus achieving desirable material
microstructures and properties by simply selecting appropriate solvents and polymers. Such

knowledge and abilities would benefit countless fields and applications.
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2.1.2 Previous Approaches and Limitations

Experimentally, cononsolvency has been utilized to study the fundamental coil-globule-
coil transition in PNIPAM linear chains®®®7 and microgels.®*® Studies involving cononsolvency
in centimeter-scale bulk gels remain limited; they primarily focus on polymers synthesized in pure
solvents with subsequent immersion in mixed solvents, rather than in-situ polymerization of the
crosslinked network from monomer or polymer in the mixed solvent. Importantly, the latter would
allow for more broadly tunable pore structures.® Moreover, current works experimentally
investigating cononsolvency typically keep the binary solvent composition and polymer fixed.

Tokuyama et al. showed that a 24-hr thermal-initiated polymerization of PNIPAM in DMF-water mixed

solvent could produce structures with enhanced thermal-responsive deswelling rate;”® however, the
swelling rate, an equally important property, and mechanical characterizations were neglected. Most
experimental works do not systematically study the effect of solvent composition and reaction
temperature on cononsolvency-induced polymer aggregation.’®7172 Additionally, all these works

employ 12-24 hr thermal-initiated reactions, incompatible with rapid manufacturing.

Most recently, Mukherji et al. attempted the commendable task of combining molecular
simulations with complementary polymer synthesis, leveraging cononsolvency to create a design
principle for multi-responsive copolymer architectures with flexible conformational tuning.”>’*
However, despite this milestone work with deep insights from simulation studies and evidence that

cononsolvency may be a generic phenomenon,%63

, experimental demonstration has remained
limited to solutions of linear block copolymers rather than larger scale macrogels with clearly

defined structure-property correlation.
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Further advancements in porous polymer engineering may be facilitated via the following:
1) an experimentally-driven mechanistic understanding of the cononsolvency phenomenon for a
broad range of polymers and solvents to explain the anomalous behaviors of reduced solute
solubility of polymers in specific mixtures of good solvents. This may provide a mechanistic
foundation for ii) a novel, general scalable and inexpensive method to produce porous polymers
with mutually enhanced mechanical and diffusive properties, the highly desired but often
contradictory properties in porous materials. Such a mutual enhancement would be achieved by
utilizing cononsolvency to simultaneously densify the polymer pore walls, via tuning the
conformation of the individual polymer chains, while also reducing pore tortuosity, by creating
interconnected channels via the phase separation. This will provide a potentially transformative

new solution to the ‘mechanical-diffusive trade-off” of broad porous materials.

2.2 Fundamental Mechanism Study

2.2.1 Hofmeister Series Analogy

The Hofmeister series represents a sequence of cations and ions that are ordered by their
ability to induce kosmotropic (order-making, salting out) or chaotropic (disorder-making, salting
in) phase change (Figure 2.4). This Hofmeister effect has been studied extensively in its ability to
modulate and amplify the mechanical properties of polymeric systems via promotion of additional
hydrogen bonding between the polymer chains in the saltin-out process (Figure 2.5, Figure 2.6,
and Figure 2.7). Despite both the Hofmeister effect and cononsolvency being discovered nearly a
century ago, no efforts have gone towards finding a solvent analog to the Hofmeister series:
analogous to the Hofmeister series, there may exist a ranked series of mixed solvent aqueous

solutions ordered by their ability to induce phase separation in polymer systems. Herein, we aim
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to establish such a mixed solvent series, ordered by their propensity to induce polymer phase
separation, by systematically collecting a library of polymer solution data. PNIPAM is primarily
investigated owing to its well documented cononsolvency properties and widespread use as a
stimuli-responsive material. With a lower critical solution temperature (LCST) of 31-34°C, closely
matching the human body temperature, PNIPAM is a highly promising candidate hydrogel for

biomedical applications.

Pl
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Figure 2.4 Hofmeister series of kosmotropic and chaotropic ions, which can induce polymer

salting out or salting in, respectively.”

Figure 2.5 Kosmotropic ions inducing salting-out of a polymer network.
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From investigating the role of the mixed solvent composition during synthesis on the final
polymer conformation, we propose a ranked series of mixed solvents ordered by their strength in
promoting poly(N-isopropylacrylamide) (PNIPAM) phase separation, analogous to the
Hofmeister series of chaotropic (disorder-making) and kosmotropic (order-making) ions triggering
salting-in and salting-out behaviors in surrounding polymers. To our knowledge this is the first
report documenting that such a kosmotropic/chaotropic mixed solvent series exists; prior works
utilizing mixed solvents to augment polymer structure either forego justifying their selection of

cosolvent or neglect to elaborate on their selection of a specific composition.
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Figure 2.6 Ranking of various anions for the salting-out of PVA hydrogels, inducing mechanical

improvement of the Young’s modulus.
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Figure 2.7 Ranking of the various cations for the salting-out of PVA hydrogels, inducing

mechanical improvement of the Young’s modulus.

2.2.2 Solvent Series Elucidation from Polymer Solutions

To build a platform for generating 3D crosslinked polymers with interconnected open
porous structures exhibiting mutually enhanced diffusion and mechanical properties, we
systematically studied the multi-scale factors governing the structure-property relations. On the
molecular level, cononsolvency is governed by the interactions between the polymer, solvent, and
cosolvent, which ultimately dictate the nanometer-scale linear polymer conformation and micron-
scale polymer chain aggregation (Figure 2.8). By first building a fundamental understanding of the
phase separation behavior in dilute systems with /inear polymer chains, we could then extend this
information to 3D crosslinked dense polymer networks, specifically tailoring synthesis conditions
to achieve optimal cononsolvency-driven polymer densification and enhanced pore

interconnectivity.
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With a near-infinite selection of polymer systems, we choose PNIPAM as the exemplary
polymer because of the widespread literature reporting its cononsolvency behavior in methanol,
IPA, and DMSO. The nine cosolvents we selected represent some of the most accessible water-
miscible solvents; for the purpose of clarity in this work, water will be referred to as the “solvent”
while the other water-miscible solvents will be referred to as the “cosolvent”. When referring to
cosolvent mole fraction in a solvent-cosolvent mixture, X will be used. In addition, when
communicating a specific cosolvent mole fraction, a shorthand notation will be used where the
mole fraction value is represented in subscript after the x; for example x. = 0.4 may be represented

as Xo.4.

In our previous works, we demonstrated that highly kosmotropic ions in the Hofmeister
Series can strengthen physically cross-linked polyvinyl alcohol (PVA) networks to record-high
levels’® while still maintaining high ionic conductivities to be used as resilient gel electrolytes in
zinc-ion batteries:”’ this work suggests a similar series may exist for mixed solvents, expanding
currently established methodologies for pore structure control of chemically cross-linked polymer

networks.

To investigate PNIPAM’s coil-to-globule transition in various mixed solvents, we select
nine different water-miscible cosolvents (dimethyl sulfoxide (DMSO), methanol (MeOH),
dioxane, tetrahydrofuran (THF), acetonitrile (ACN), isopropyl alcohol (IPA), dimethyl formamide
(DMF), ethanol (EtOH), and acetone) to create nine binary solvent mixtures with varying molar
compositions. 1 mg/mL linear PNIPAM chains were dissolved in these nine mixed solvents at
varying solvent molar compositions, and optical transmittance measurement was conducted to

determine the phase boundaries for the coil-to-globule polymer conformation transition: a
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transparent solution corresponds to PNIPAM taking the extended coil phase which contains few
light scattering centers, while a turbid white solution corresponds to PNIPAM taking the collapsed
globule phase with many light scattering centers (Figure 2.8). The range of cosolvent molar
compositions, Xc, in which the PNIPAM is in the globule phase can be used as a metric for how
strongly the mixed solvent system promotes phase separation into polymer-rich (globule) and

polymer-poor (liquid) phases.

<100% solvent 100% cosolve nt>

Coil Globule Coil

Figure 2.8 Transparency change of PNIPAM in specific solvent environments. In the presence of
pure solvent or pure cosolvent, the PNIPAM chains adopt a coil conformation, resulting in
transparent solutions. In the presence of a solvent-cosolvent mixture, the PNIPAM chains collapse

into a globule conformation, resulting in opaque white solutions.
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Figure 2.9 Normalized transmittance curves of 1 mg/mL 600 g/mol PNIPAM chains dissolved in
various compositions of water-DMSO, water-MeOH, water-dioxane, water-THF, water-ACN,

water-IPA, water-DMF, water-EtOH, water-acetone mixtures.

We observed that certain solvent mixtures promote kosmotropic polymer collapse more
than others, reminiscent of the Hofmeister series where different ions can exhibit different
strengths for salting-out behavior. Specifically, for dilute PNIPAM solution concentrations,
DMSO-water promotes globule formation at the widest solvent compositions, followed by
methanol-water (Figure 2.9). These cosolvents used alongside water can be ordered by their
propensity to maintain the globule phase at wider compositions (Figure 2.10). We also observed
that the cross-linked PNIPAM network morphologies exhibited a strong dependency on the

solution phase behavior.
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Figure 2.10 Ranked sequence of cosolvents, ordered by their ability to induce coil-globule phase

change in PNIPAM aqueous solutions.

2.3 Pore Structure Control

2.3.1 Gel Network Behavior

We have developed a general, facile, and rapid cononsolvency photopolymerization
technique for various materials, using PNIPAM in DMSO-water cononsolvent mixtures as an
exemplary system, to synthesize hydrogels exhibiting two-fold enhancements in swelling ratio and
Young’s modulus, and a six-fold enhancement in deswelling rate compared to a hydrogel control
synthesized with a conventional pure solvent method. This technique takes advantage of
simultaneous crosslinking and cononsolvency-induced polymer collapse to generate hierarchically
structured and interconnected polymer networks. We have systematically investigated the effects
of solvent composition and reaction temperature on the microstructures, mechanical properties,
and swelling-deswelling performance of the resulting hydrogels. By leveraging the structure-
property insights, we developed 3D-printable PNIPAM hydrogels with broadly tunable swelling

and mechanical properties and extended this principle to other polymer hydrogel systems.

PNIPAM hydrogels were synthesized via free-radical UV photopolymerization in different

mixed solvent compositions. In pure solvent environments (Figure 2.11), the polymerization yields
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regular closed-cell pores, termed closed pores, while in specific mixed solvent conditions (Figure
2.12), the pores exhibit hierarchical open-celled pores, termed open pores, with a high degree of
interconnectivity caused by the simultaneous crosslinking and cononsolvency-induced collapse
during photopolymerization. The pore structure and hydrogel properties can be tuned via careful
selection of solvent composition and reaction temperature to achieve both enhanced swelling and
mechanical performance. Figure 2.11 and Figure 2.12 depict photos and SEM micrographs of
PNIPAM hydrogels photopolymerized in pure water and mixed DMSO-water solutions,
respectively; it is readily observed that the hydrogels synthesized in the pure water were optically

transparent, while the mixed solvent synthesized gel was white and opaque.
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Figure 2.11 Generation of conventional closed-cell pore structure in PNIPAM hydrogel by

conducting the UV photopolymerization of a precursor solution composed of a pure solvent.
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Figure 2.12 Generation of novel open-celled pore structure in PNIPAM hydrogel by conducting
the UV photopolymerization of precursor solution composed of specifically tailored mixed

solvent.

Building upon the results of the optical transmittance measurements, we prepared 20wt%
precursor monomer solutions using all nine binary solvent mixtures by selecting the mixed solvent
compositions that lie in the middle of their respective globule phase region; for example, for the
DMSO-water system, we prepared monomer precursors with Xo4 mole fraction; for methanol-
water we selected X025, and so forth. These mole fractions represent the solvent compositions
whereby the PNIPAM preferentially adopts the globule phase, as evidenced by transmittance
measurements. Upon illuminating with UV light, most of these precursor solutions were
polymerized into translucent-white 3D cross-linked networks, consistent with the translucent-
white appearance of their respective mixed-solvent polymer solutions (Figure 2.13 upper
photographs). Despite these samples’ equivalent thickness of 0.5mm, the gel polymerized in a

DMSO-water mixture demonstrated the highest opacity. Upon examination of the microstructure
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under SEM, post freeze-drying, it can be clearly observed that this specific recipe generated an
open-cell spongey highly interconnected pore structure, whereas the others produced either the
conventional closed-cell tortuous rounded pores or a variation of the closed-cell morphology with

rough and textured pore walls (Figure 2.13 upper SEM images).

70wt% precursor solutions were also prepared to examine the monomer concentration
dependency of the coil-globule phase behavior. At these higher precursor concentrations, only
DMSO-water resulted in a turbid white gel after UV photopolymerization (Figure 2.13 lower
photographs). Under SEM, only DMSO-water gel samples maintained the open-cell
interconnected pore network emblematic of cononsolvency phase separation, while the remaining
solvent mixtures yielded the generic closed-cell pore structure (Figure 2.13 lower SEM images).
This suggests that the phase separation, or coil-to-globule phase change for PNIPAM chains, is
suppressed at higher precursor concentrations. To support this claim, we created xo.4« DMSO-water
gels at even higher monomer concentrations, up to 80wt% where the generated gel reverted to the

generic macroscopically-transparent closed-cell pore structure (Figure 2.14).

Macroporous morphology in hydrogels is controlled by a combination of (1) spinodal
decomposition, (2) coarsening, and (3) polymerization and cross-linking. If coarsening occurs
faster than polymerization and cross-linking, then the strong covalent bonds form in the coarsened
state after spheroidization, resulting a closed-cell pore structure. In contrast, if polymerization and
cross-linking occur faster than coarsening, it is possible to generate a bicontinuous matrix of
polymer-rich and polymer-poor phases whereby coarsening is inhibited by the strong covalent

bonds in the polymer-rich phase.”® We hypothesize that cononsolvency results in accelerated

32



polymerization and cross-linking via agglomeration-induced local concentration fluctuations,
which is what gives rise to the bicontinuous matrix macroscopically observed as an open-celled
pore structure. Supporting this hypothesis, by measuring the percent reaction conversion, we
experimentally observed that cononsolvent polymerization indeed results in faster reaction rates
than pure solvent polymerization, despite using constant monomer concentrations, reaction
temperatures, UV intensity, and curing time. The pure-solvent and cononsolvent polymerization
environments hence result in cross-linked polymer structures with different optical, diffusional,

and mechanical properties.

: 1
Spongy open-cell

g ([ 1 1

Spongy open-cell Closed-cell

Figure 2.13 Macroscopic transparency and microscopic morphology of PNIPAM hydrogels
synthesized in various mixed water-cosolvent precursor solutions with 20 wt% (top) and 70 wt%

(bottom) monomer.
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Figure 2.14 Suppression of open-celled pores, corresponding to closed-cell microstructural

morphology and transparent macroscopic appearance, of PNIPAM hydrogels synthesized in a 40

mol% DMSO aqueous solution.

2.3.2 Unifying Solution and Network Behaviors

Reconciling polymer solution behavior with polymer network behavior can provide a
roadmap towards custom tailoring pore morphology to specific desires applications. Polymer
solutions exhibit reversible coil-to-globule transitions which can be observed in real time, unlike
cross-linked polymer hydrogels where the coils or globules are fixed due to crosslinking. The
polymer structures that can be generated with cononsolvency photopolymerization require specific
solvent systems and reaction conditions; not all mixed solvent systems exhibit the cononsolvency
phenomenon with the desired polymer backbone. In the case of linear PNIPAM chains, mixtures
of water-DMSO,” water-methanol 2! and water-ethanol®? have been extensively studied. We

focus on the water-DMSO system since we have shown it is the system with the most prominent
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mixed-solvent-induced phase separation. PNIPAM chains exist in the coil state in pure water and

pure DMSO solvents; they collapse into globules in DMSO-water mixtures.

The temperature-induced coil-to-globule transition can hence be tracked by observing the
solution turbidity. At room temperature, the turbidities of PNIPAM solutions in 0 mol%, 40 mol%,
and 100 mol% DMSO (Figure 2.15) correspond to the expected coil-globule-coil transition
behavior described in Figure 2.8; namely the polymer solutions are optically transparent in pure
water and DMSO solvents, where coils are expected, but not in a DMSO-water mixture, where
globules are expected. In comparison, above the LCST of ~31°C, PNIPAM dissolved in 0 mol%

DMSO (100 mol% water) becomes turbid due to LCST-induced globule formation.

Since globules scatter more light than polymer coils, the coil-to-globule transition can be
characterized by measuring the cloud point temperature of the PNIPAM solutions at different
xpmso. These cloud point temperatures of PNIPAM solutions define the boundaries of the phase
diagram in Figure 2.16. It is readily observed that the PNIPAM solutions experience LCST and
upper critical solution temperature (UCST) type behavior at low and high xpmso values,
respectively. Overlaid on the phase diagram are photos of cross-linked PNIPAM hydrogels
synthesized at 60°C (rectangle-shaped) and 10°C (circle-shaped). The optical transparencies of the
hydrogel samples are consistent with the phase diagram obtained from turbidity measurements of
the non-crosslinked PNIPAM solutions. Specifically, hydrogels polymerized within the globule
region exhibited high levels of scattering, resulting in an opaque white appearance, while those
polymerized within the coil regions appeared optically transparent. Additionally, unlike in non-
crosslinked PNIPAM solutions, the globules formed in the PNIPAM hydrogels were permanent

due to chemical crosslinking. Hence, hydrogels polymerized within the globule region remained
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white, despite being immersed in 25°C DI water for 24 hours post-synthesis; all the hydrogel
images in Figure 2.16 were taken after complete rinsing in room temperature deionized water. We
confirmed that the cononsolvency-induced opacity does not significanctly affect the pore size
homogeneity, nor does it significantly limit sample size from UV penetration issues, due to the
fast photopolymerization reaction. SEM micrographs were taken of these crosslinked PNIPAM
hydrogels synthesized with cononsolvency photopolymerization (Figure 2.17) showing closed
pore and open pore structures for hydrogels synthesized within the coil and globule regions,
respectively. FTIR was also performed on Xo.4 and x1.0 hydrogels polymerized at 60°C to confirm

the two are chemically identical.

DMSO:

60°C

25°C

1]
-

Figure 2.15 Photographs showcasing the appearance of 1 mg/mL PNIPAM solutions at various
DMSO mole fractions and temperatures. In pure water (0 mol% DMSQO) the PNIPAM solution is

transparent at 25 °C and opaque at 60 °C, corresponding to the polymer’s LCST transition.
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Figure 2.16 DMSO mole fraction — temperature phase diagram collected from UV-VIS
transmittance experiments on PNIPAM solutions of varying DMSO compositions. The
temperature at which a 50% change in transmittance is noted to be the transition temperature.
Overlaid upon the phase diagram are photographs of hydrogels synthesized at the corresponding
DMSO mole fractions and temperatures, demonstrating consistency between the solution phase

behavior and the resulting hydrogel morphology.
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2.3.3 Pore Structure Tunability

Xo.2

60°C

Figure 2.17 PNIPAM pore structure tunability based on DMSO-water mixed solvent composition

and UV curing temperature.

Figure 2.18 depicts the time-dependent deswelling behavior of PNIPAM hydrogels
synthesized at 60°C in different xpmso environments; the xo.4 sample exhibited the highest swelling
ratio and deswelling rate. This is consistent with the SEM micrograph of xo4 (Figure 2.17)
depicting an open pore structure with large and highly interconnected pores compared to gels
synthesized at other xpmso conditions. In Figure 2.19, Young’s moduli were calculated from stress-
strain measurements obtained with dynamic mechanical analysis (DMA) and overlaid on top of
swelling ratio and deswelling rate extracted from Figure 3a. Compared to the closed pore PNIPAM
synthesized at x1,0 (the control), the open pore PNIPAM synthesized at xo.4 resulted in a 2-fold
increase in swelling ratio and Young’s modulus, and a 6-fold increase in deswelling rate. A
discontinous increase in swelling ratio and deswelling rate is readily observed as DMSO mole
fraction reduces from Xo .5 to Xo.4, despite gravimetric measurements indicating that water content
of the final prepared hydrogels decreases gradually with decreased DMSO mol fraction; this

supports the idea that the diffusion enhancement comes primarily from the pore structure enabling
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faster 3D transport, rather than the porosity. Toughness was evaluated by placing a 500g load on
top of the xi10 and x4 gels (Figure 2.20); the x1.0 hydrogel, with a typical closed pore structure,

was destroyed while the xo.4 hydrogel with open pore structure remained intact.

As described by the phase diagram in Figure 2.16, the cononsolvency phenomenon is not
only a function of solvent composition, but also a function of temperature. Hence, the effect of
reaction temperature on hydrogel pore structure and performance was also investigated. The
temperature of the xo4 prepolymer solutions were measured throughout the duration of the
cononsolvency photopolymerization reaction under ambient conditions, active cooling, and pulsed
illumination with active cooling, corresponding to reaction temperatures of 60°C, 40°C, and 10°C,
respectively. The time-dependent deswelling and swelling of these xo4 PNIPAM hydrogels are
measured upon sequential immersion into 60°C and 25°C baths, respectively. It is readily observed
that gels fabricated at all three reaction temperatures exhibited the same swelling ratio and
deswelling performance, while the gel synthesized at 10°C swelled the fastest. Based on the SEM
micrographs of these three hydrogels, this enhanced transport can be attributed to the smaller, but
still highly interconnected, pore structure of the 10 °C x¢4 gel that results in higher capillary
pressure. Normalized swelling and deswelling rates of the 10°C sample were calculated by
dividing the volume change rates by the swollen hydrogel volume, then compared to those
calculated from some representative literature focusing on fast stimuli-responsive PNIPAM
hydrogels (Figure 2.21).46-59 In this comparison, it is readily observed that both normalized
swelling and deswelling rates in this work are about an order of magnitude higher than what has

been reported. Comparing to the few works measuring both the deswelling rate and Young’s
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modulus of their PNIPAM hydrogels, this work demonstrates a record-breaking order of

magnitude improvement in both properties without compromise (Figure 2.22).
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Figure 2.18 Swelling kinetics of thermo-responsive PNIPAM hydrogels synthesized in DMSO-

water mixtures with various DMSO mole fractions.
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Figure 2.19 Compiled swelling and Young’s modulus data for thermos-responsive PNIPAM
hydrogels synthesized in DMSO-water mixtures with various DMSO mole fractions. Hydrogel
samples synthesized in 40 mol% DMSO produce higher swelling ratio, de-swelling rate, and

Young’s modulus than those synthesized in pure 100 mol% DMSO.

41



Figure 2.20 Compression resistance of open-cell PNIPAM hydrogels synthesized in mixed

solvent, compared to conventional closed-cell PNIPAM hydrogels. A load of 500g was used.
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Figure 2.21 Swelling and De-swelling rates of various hydrogels, compared to our optimized
thermos-responsive hydrogel synthesized through mixed solvent cononsolvency polymerization.
To allow comparison across all samples, the swelling and de-swelling rates were normalized by

the corresponding initial gel volumes.
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Figure 2.22 Normalized de-swelling rates and Young’s moduli of various reported hydrogels
works in comparison to the PNIPAM hydrogel synthesized using the cononsolvency approach with

DMSO-water mixtures.
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The cross-linking density can be calculated using the Flory-Rehner rubber elasticity theory,

which is a simple approach that only utilizes swelling measurements. The equation is as follows:?’

—[n(1 = v) + v, + 11 (v2)?] = Vin [(vz)% - ”2_2]

Equation 11

In the above, v» represents the volume fraction of the polymer in the hydrogel, y; represents
the Flory-Huggins interaction parameter for PNIPAM-water”® which is equal to 0.5, V; represents
the solvent (water) molar volume (18 cm?® mol), and n represents the density of linear polymer
segments bound by cross-links on both ends. v can be expressed in terms of the polymer volume

(Vpoiymer) and gel volume (Vger), as follows:

<mpolymer)
_ Vpolymer _ ppolymer
=Ty T T

gel gel

Equation 12

Vee can be measured directly from the dimensions of the regular-shaped hydrogel or with a
pycnometer; mpoymer 1S the dry mass of this hydrogel after freeze-drying. The density of the

polymer (opoiymer) can be measured via the following volume relationship:
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Myater + mpolymer

Vgel =
Pwater ppolymer

Equation 13

This can be re-written in the following:

_ mpolymer
ppolymer - My ater
e
g Pwater

Equation 14

Here, myaser represents the mass of the wet hydrogel minus npopme-. With these relationships, v»
for photo- and thermo- polymerized PNIPAM can be calculated, and hence n can be obtained.

Furthermore, the average molecular weight of cross-linked polymer segments (M.) can also be

9

calculated using the following modified equation,” assuming the hydrogel is composed of a

completely continuous polymer network:

V3

—[In(1 —vy) + v, + 11 (v2)?] = <1711/\2(:) [(VZ % B ?]

Equation 15

Here, v represents the specific volume of the polymer in the hydrogel, represented by the

following:
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V el
v=—"
mpolymer

Equation 16

Table 1 lists the key values of relevant properties calculated with this method.

Table 1: Values of mass fraction of water, volume fraction of polymer, n, and Mc for photo- and

thermo-polymerized hydrogels corresponding to 40 mol% DMSO-water.

Photo Thermo

Myyater 0.87 0.85
Vpolymer 0.26 0.27
n (mol/cm?) 7.56 x 10 9.37x10*
M. (g/mol) 149 140

2.4 Newly Enabled Capabilities

2.4.1 In-air operation of hydrogels
One of the significant limitations of hydrogels is the requirement of submersion in water:
due to severe transport limitations, hydrogels cannot be exposed to air for long durations because

evaporation rates are generally higher than swelling rates, resulting in undesired de-swelling and
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drying. We fabricated x1.0 and xo.4 PNIPAM hydrogel pillars and exposed them to air for 24 hrs to
dry; remarkably, these pillars were able to support themselves upright in air due to their rigidity.
Afterwards, we added DI water to the base of the pillars and observed the swelling behaviors. The
Xo.4 pillar was able to rehydrate itself in air completely within 60 min, while the x1.0 pillar could
not, no matter how long we waited (Figure 2.23). This suggests that cononsolvency
photopolymerization for fabricating spongy open pore hydrogels presents a promising direction

for in-air hydrogel applications, as long as there is a constant water supply.

ﬁ"l Swollﬂ
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A -
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'

Figure 2.23 In-air swelling behaviors of x1.0 and Xo.4 gel pillars, which were dried in air first and

then supplied with water at the base.

2.4.2 3D Printability

The cononsolvency photopolymerization technique is also compatible with 3D printing, as
shown in Figure 2.24 where the swelling behaviors of printed xi0 and xo4 PNIPAM flower
structures were characterized; these structures were printed using modified x1.0 and Xo.4 precursors
that utilize the ideal photo-initiator for our home-built 3D printer. The flowers can be observed to

bloom when immersed into a 25°C water bath from 60°C; Figure 2.24 depicts that the xo.4 flower
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was able to fully bloom six times faster than the xio flower. To further showcase the 3D
printability, we printed various other structures from the modified xo4 precursor and confirmed

open-celled pore structure with SEM (Figure 2.25).

t = 10min t=15min t = 30min

Figure 2.24 Swelling-induced blooming behaviors of 3D printed x1.0 and xo.4 gel flowers shrunken

t = Omin t=1min t = 3min t = 5min

< 7 :
— e Vg ~ s =
x

at 60°C then immediately immersed in 25°C water.

Figure 2.25 3D printed octet-truss, gyroid, and ovoid structures from a modified xo4 PNIPAM
precursor solution (left) and SEM of the 3D printed PNIPAM, confirming open-celled pore

structure (right).
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2.4.3 Generalizability

Mukherji et al. suggested that polymer collapse in miscible good solvents is not specific to
PNIPAM systems, rather it is generic.*® The work specifies that three criteria must be met to
achieve cononsolvency-induced polymer collapse: the pure solvent and pure cosolvent must both
be able to fully dissolve the polymer, the solvent and cosolvent must be mutually miscible, and the
cosolvent must behave as a stronger solvent for the polymer than the solvent. After exploring the
role of cononsolvency in fabricating open pore gels from PNIPAM, we extended the principle of
cononsolvency photopolymerization to polyacrylamide (PAM) and poly-N-tertbutylacrylamide-
co-polyacrylamide (PNTBAM-co-PAM) hydrogel systems (Figure 2.26) and fabricated similar
open pore structures (Figure 5b). As expected, these hierarchically structured open pores resulted
in a white opaque appearance, similar to what was observed in PNIPAM. It was observed that for
PAM hydrogels, the closed pore and open pore structures occurred at Xo.0 and Xo.¢ rather than the
expected x1.0 and xo4 DMSO mole fractions, respectively; in other words, the phase behavior is
inverted. This is likely due to the higher hydrophilicity of PAM, in which water acts as a stronger
solvent than DMSQO, in contrast to PNIPAM and PNTBAM-co-PAM systems; when the mole
fraction is re-written with respect to water instead of DMSO, one obtains the expected x1.0 and Xo.4
for closed pore and open pore structures, respectively. To confirm enhanced diffusion resulting
from the open pore structure, a capillary wicking experiment was used since PAM and PNTBAM-
co-PAM do not demonstrate clear thermo-responsiveness (Figure 2.27); a fresh tissue is applied
to the surface of the hydrogels every minute to absorb water, and the mass loss is recorded (Figure
2.28), confirming that for all three hydrogel systems, the opaque open porous polymer structure

exhibited increased water loss due to capillary wicking.
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Figure 2.26 Chemical structures of PNTBAM-co-PAM, PNIPAM, and PAM in order of
increasing hydrophilicity (left) and SEM micrographs of PNTBAM-co-PAM (top), PNIPAM
(middle), and PAM (bottom) hydrogels synthesized at different DMSO mole fractions,
demonstrating both open pore and closed pore structures. Inset images depict photographs of the
corresponding hydrogels (0.95 cm x 0.95 cm x 3 mm). Scale bars: 10 um (low mag) and 1 pum

(high mag).
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Figure 2.27 Capillary wicking of water by a tissue after 1 minute for x1.0 PNIPAM (left) and xo.4

PNIPAM (right) hydrogels.
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Figure 2.28 Mass change over time for closed pore and open pore PNTBAM-co-PAM, PNIPAM,

and PAM hydrogels during capillary wicking of water.
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Chapter 3: Chemistry-Impartial Gel Polymer Electrolytes for
Batteries
3.1 Background
3.1.1 Conventional Li-lon Battery Composition
Conventional Li-ion battery:
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ELECTROLYTE °
I
= ANODE (-)
<%
ol gl
[( )
" LITHIUM
CATHODE (+) LITHIUM- ION
METAL
OXIDE
| 1
Separator Electrolyte
Monolayer
g T Solvent

Cyclic Carbonate: Linear Carbonate:
* Lower mobility < Higher mobility
* Higher solubility « Lower solubility

M stk

Ethylene Carbonate Dimethyl carbonate Diethyl carbonate
(EC) (DMC) (DEC)

Figure 3.1 Composition of typical Li-ion batteries, with exploded view

and electrolyte components.

3.1.2 Critical Challenges in current state-of-art technologies
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As global energy demands continue to increase and the harmful effects of atmospheric

carbon continue to be investigated, there presents an urgent need for accelerating the advancement

of sustainable energy. Clean and sustainable sources such as solar and wind are limited by their
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intermittency, requiring an energy storage mechanism to utilize them during off-peak hours. Great
efforts continue to be invested into new battery technologies to enable the supplementation, and
hopefully the eventual replacement, of our current fossil fuels-dominated energy economy. Such
energy storage solutions can play a key role in advancing electric vehicles, grid-scale energy

storage, medical devices, wearable electronics, and soft robotics.

Current battery technologies are limited by their capacity, rate capability, safety, and
lifetime. Battery-technologies still lag behind chemical fuels in terms of both gravimetric and
volumetric energy densities (Figure 3.2). In recent years several approaches have been taken to
address these critical bottlenecks. The development of new cathode and anode materials have
enabled improved electrolyte-electrode interface stability, improving cell lifetime, increasing
operating voltage, and bosting cell capacity. Pseudocapacitive behavior in dense oxides has
demonstrated that surface electrochemical reactions may occur faster than intercalation chemistry,
resulting in improved rate capabilities. Aqueous and solid-state electrolytes aim to the eliminate
the risks of flammability and explosions from shorts and thermal runaway events. Dendrite
suppression via coatings, controlled ion transport, and electrolyte engineering have been developed
with the aim of improving cycle life. One of the causes of accelerated dendrite growth includes
the establishment of non-homogeneous ion transport from uneven charge distribution at high
charging and discharging rates (Figure 3.3). In specific, during charging, if the transport of lithium
ions is much slower than the rate of reaction, a low concentration region will occur at the graphite
surface causing an increase in ohmic resistance and subsequent ion pile-up. In contrast, if the ion
transport across the electrolyte barrier is much faster than the rate of reaction at the graphite

surface, the cell can maintain homogeneous ion concentration throughout the cross-section, avoid
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increase in ohmic interfacial resistance, and maintain homogeneous ion transport, thus suppressing

dendrite growth. The reaction-dominated regime with accelerated dendrite growth is favored at

higher C-rates. As energy demands increase, there lies a need to resolve the performance

bottleneck at these high charging rates.
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Figure 3.2 Volumetric and Gravimetric energy density landscapes, showcasing electrical energy

storage technology’s low placement with respect to other forms of energy. The red dotted line

represents Li-metal’s theoretical gravimetric energy density, compared to the circled region

depicting current state of battery technologies.
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Figure 3.3 Ion concentration gradients across battery cross section for a diffusion-limited process

with faster reaction kinetics (left) and reaction-limited process with slower reaction kinetics (right).

3.1.3 Chemistry-Neutral Roadmap towards accelerated battery materials discovery

Using current material platforms to address these contemporary problems in energy storage
involves laborious optimizations of chemistries and formulations, in addition to time-intensive
cycling tests that take weeks to months. To aid in the rapid discovery of new battery cell materials
and designs, researchers have turned to powerful, high-throughput, and automated design
principles utilizing Artificial Intelligence (AI) and machine learning (ML); in doing so, a limited
but carefully selected sample of cell data can be analyzed to optimize cell material formulations
and understand more complex interfacial phenomena. As current Li-ion batteries approach their
performance limits, new methods must be devised to rapidly explore new cell designs and interpret

cell data.

Battery 2030+, a European Union initiative led by 20+ research institutes, is implementing

a roadmap for rapidly accelerating major breakthroughs in battery technologies, moving away
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from specific chemistries and emphasizing a “chemistry-neutral approach as a generic toolbox for
transforming the way we develop and design batteries” with the objective of achieving a 5-10 fold
increase in the rate of discovery of novel battery materials and interfaces.!® This initiative is based
on creating a Battery Interface Genome (BIG), a database of detailed cell data encapsulating
various ion transport and interfacial phenomena, coupled with a Materials Acceleration Platform
(MAP) that combines automated synthesis, characterization, simulations, data analysis, data

mining, Al, and ML (Figure 3.4).

Some of the biggest challenges of integrating cell data with AI/ML platforms involve the
standardization of cell data protocols and the careful selection of source datasets to ensure valuable
and reliable data output. Battery 2030+ aims to address these challenges via a consortium initiative
and a chemistry-neutral approach; however, most currently used anodes, cathodes, and electrolytes
exhibit chemistry- and design-specific cell performance which may obstruct or hinder this
platform’s full potential for accelerated battery materials discovery. Efforts to standardize cell
performance predictions across various battery chemistries may experience significant challenges,
since measured cell data derives from non-linear, sometimes non-measured, system-level

properties coming from the individual cell components.

To fully leverage these chemistry-impartial AI/ML roadmaps, rapidly accelerate new
materials discovery, and curb challenges in standardizing cell modeling across broad chemistries,
it is highly desirable to concurrently develop, implement, and test chemistry-impartial cell

materials: such chemistry-neutral cell materials can broaden the scope and efficacy of AI/ML
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platforms towards rapid materials discovery. Currently, battery separators are the only cell
component that demonstrate comparable behavior in diverse electrolyte and -electrode
environments, and even they are not fully cross-compatible between aqueous and organic
chemistries; conventional lithium-ion separators, for example, are typically composed of
polypropylene (PP) or polyethylene (PE) and are extremely hydrophobic, suffering from
incompatibility with aqueous-based electrolytes, such as those used in zinc-ion batteries. Glass
fiber separators, while offering amphiphilic solvent compatibility, are mechanically weak and
result in accelerated dendrite growth, short cell life, and significant safety risk if swollen with
flammable electrolytes without supplementation with a tough PP or PE layer. Gel Polymer
Electrolytes (GPE’s) arose as a class of quasi-solid materials to bypass the safety concerns of
conventional flammable liquid electrolytes and address the poor interfacial contact and ionic
conductivity concerns of solid-state electrolytes; however, current GPE’s still suffer from
fundamental limitations in their ionic conductivities, mechanical properties, and multi-chemistry

compatibility.
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Figure 3.4 Overview of Battery 2030+ chemistry-neutral roadmap for accelerated battery
materials discovery. Chemistry-neutral battery materials can highly benefit the Artificial
Intelligence/Machine Learning-assisted Battery Interface Genome (BIG) and Materials

Acceleration Platform (MAP).!%

3.2 Cononsolvency Approach

3.2.1 Objective
Commercial separators experience many drawbacks such as high flammability, low cycle
life, and mechanical instability. GPE’s arose to improve the safety and mechanical stability but

came at the compromise of low ionic conductivity which manifests in the form of low cell
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performance during battery cycling. We aim to build upon this GPE framework to create a
synthesis platform for generating ultra-strong, highly diffusive polymer networks that can be easily
converted into GPE’s compatible with both aqueous and organic electrolytes (Figure 3.5): this
synthesis platform was able to produce GPE’s that break the conventional ionic conductivity-
mechanical strength trade-off in porous materials, outperforming commercial polypropylene (PP)

separators, glass fiber separators, and state-of-the-art GPE’s.

Conventional Separators

Amphiphilic Polymer
Ex. PP, PE Gel Polymer Electrolytes Sep,;rart)or /Electrolyte
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Figure 3.5 Schematic showcasing the relative thermal stability, flexibility, cycle life,
inexpensiveness, conductivity, and mechanical stability of conventional battery separators
compared to state-of-the-art gel polymer electrolytes and our approach’s chemistry-impartial

tough highly diffusive gel polymer electrolyte.

3.2.2 Design Principle
We utilize cononsolvency to tailor the cross-linked polymer structure, maximizing the pore

wall densification and pore interconnectivity to simultaneously improve the mechanical properties
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and diffusive properties of the networks (Figure 3.6). Subsequently, we swell these networks with

the appropriate liquid electrolytes to enable functionality in Zn-ion, Li-ion, and Li-metal batteries.
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Figure 3.6 Overview of cononsolvency-induced pore structure control of covalently cross-linked
amphiphilic PNIPAM networks. a) linear polymer chain taking an extended coil conformation in
pure solvent (top) and cononsolvency-induced collapsed globule conformation in mixed solvent
(bottom). b) cross-linked network of interconnected coils in pure solvent (top) and interconnected
globules in mixed solvent (bottom) resulting in drastically different pore morphologies and

material properties.

3.2.3 Formulation Optimization
Building upon the previous characterization of PNIPAM gels synthesized in the nine

different aqueous mixed solvents, we also investigated the ion transport and mechanical properties
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of the gels synthesized from the 20wt% precursors. The gels were swollen with 1M LixSO4
electrolyte then characterized using electrical impedance spectroscopy (EIS) and dynamic
mechanical analysis (DMA). Hydrogel samples produced using xo4 DMSO yielded the highest
ionic conductivity, 17 mS cm-1, and the highest tensile strength, 79 kPa (Figure 3.7). Across all
nine mixed solvents investigated, DMSO-water consistently fared the best in terms of maintaining
open-network pore structure, high ionic conductivity, and high tensile strength, with minimal

suppression of phase separation at higher precursor concentrations.
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Figure 3.7 lonic conductivity and tensile strength of PNIPAM porous polymers synthesized in different
aqueous mixed solvents. DMSO-water ranks the highest in terms of performance, consistent with
previous phase behavior results indicating that this mixed solvent system promotes phase separation the

most.

While 20 wt% and 70 wt% precursors have demonstrated DMSO-water superiority in
terms of promoting cononsolvency-driven phase separation and generating open-celled pores with

simultaneously improved ionic conductivity and tensile strength, the mechanical properties of such

62



networks still do not meet the minimum requirements to be viable for implementation in battery
cells; efforts to freeze-dry and integrate these porous polymers into any battery coin cells as GPE’s,
after swelling with liquid electrolyte, will be faced with disappointingly high rates of battery
shorting at the crimping step when the cell components are compressed at 500-1000 psi. Following
the selection of DMSO-water as the ideal solvent mixture to induce cononsolvency-driven phase
separation in PNIPAM, it is essential to optimize the formulation towards improved mechanical

strength while maintaining high ionic conductivity and pore interconnectivity.

An increase in the precursor monomer concentration, and hence polymer density, was
pursued towards improved mechanical properties; however as noted before, monomer
concentrations at 800 mg/mL using Xo.4 yielded closed-cell pores. Since cononsolvency has been
shown to exhibit concentration dependence, we implemented a ladder study to simultaneously
optimize the monomer concentrations and mixed solvent compositions by examining the highest
concentrations of monomers allowed before running into solubility issues or reversion back to
closed-cell pores. We discovered that for the PNIPAM system, xo.15s DMSO can be used to increase
the monomer concentration to 115wt% while still maintaining open-celled pore structure,
macroscopically taking a white opaque appearance (Figure 3.8). Through subsequent studies, we
confirmed indeed that the optimal open-celled pore structure shifts downwards from x¢.4 at 20 wt%

precursor concentration to Xo.15 at 115 wt% precursor concentration.
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Figure 3.8 Schematic showing the various recipes probed while optimizing the gel polymer
electrolytes towards maximum ionic conductivity/diffusivity and mechanical strength. Precursor
monomer concentration and DMSO-water mole fraction were tuned to find the recipe enabling
maximum polymer loading while still maintaining the open-celled pore structure, characterized by
the sample’s white appearance. At low DMSO mole fractions, the precursors experience low
solubility with respect to NIPAM monomer, while at higher DMSO mole fractions, the cross-

linked polymer networks revert to closed-cell morphology at lower polymer loadings.
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3.3 Electrolyte Characterization

3.3.1 Commercial Benchmarking

Following the optimization of the recipe towards simultaneously improved pore structure and
mechanical properties, the porous polymer samples were freeze-dried and tested in both the dry
and electrolyte-swollen states. The sample was mechanically tested using a custom puncture test
set-up with 2mm tip diameter, then compared to commercial glass fiber and PP separator control
samples (Figure 3.9). Compared to the 200 grams-force (gf) benchmark set by the separator
industry, this polymer was able to achieve a puncture strength of 886 gf, far exceeding those of

commercial PP and glass fiber separators.
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Figure 3.9 Puncture strength of our optimized porous polymer, commercial PP separators, and
commercial glass fiber separator using 2 mm diameter tip. Inset image depicts the apparatus of a

3 cm x 3 cm polymer sample clamped within a holder with 2 cm diameter aperture.
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Tensile tests were also conducted comparing our porous polymer to commercial PP and
glass fiber (Figure 3.10); this work’s porous polymer was able to achieve a tensile strength of 6
MPa, comparable to commercial PP separators, and a Young’s modulus of 225 MPa, far exceeding

those of both commercial PP and glass fiber separators (Figure 3.11).
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Figure 3.10 Tensile test of our optimized polymer, a commercial PP separator (along the
transverse direction), and commercial glass fiber separator. Inset image depicts the gradual tensile

failure of the PNIPAM polymer via slow propagation of a tear along the right side until complete

failure.
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Figure 3.11 Compiled Tensile strength and Young’s modulus values of our optimized polymer

compared to commercial PP and glass fiber separators.

Electrochemical Impedance Spectroscopy was conducted to assess the ionic conductivities
of commercial PP, commercial glass fiber, and our generated chemistry-impartial GPE in organic
and aqueous electrolytes, benchmarked against the theoretical maximum liquid ionic

conductivities (Figure 3.12)

67



100 3
E 5
o
S i ]
€10 E
> : ]
£ C -
> - 7
S 1t E

-
8 C 1M Zn(ClO4); + H,0 i
o 1M LiCIO, + EC/DMC |
=0.1 E
s f ;
0.01

Glass Fiber  Celgard 2500 This Work

Figure 3.12 Ionic conductivity values calculated from electrical impedance spectroscopy results
for our polymer and commercial PP and glass fiber separators, benchmarked against the pure

organic and aqueous liquid electrolyte ionic conductivities.

3.3.2 Ionic Conductance

Electrochemical impedance spectroscopy (EIS) can non-destructively collect a large amout of
valuable information describing the various interfacial phenomena occurring within the cells.
Within a battery cell, various processes such as ion migration, charge transfer/de-solvation, and
diffusion within the electrode are occurring simultaneously, each with their own corresponding
characteristic frequency. EIS can probe each of those processes by inputting a voltage or current

signal of specific frequency (Figure 3.13)
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Figure 3.13 Overview of the various ion transport phenomena probed by electrochemical

impedance spectroscopy, each corresponding to a different characteristic frequency.

The various ion interfacial phenomena can be modeled using equivalent circuits, the most common
one being that depicted in Figure 3.14. Such a circuit can produce the general electrochemical
impedance spectrum depicted in Figure 3.15, represented on a Nyquist plot where the x and y axes
corresponding to the real and imaginary components of the impedance: the various internal
resistances within the cell and their corresponding characteristic frequencies are outlined (Figure

3.15).
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Figure 3.14 Equivalent circuit commonly used to represent each ion transport step from bulk

electrolyte migration to interfacial and electrode interactions.
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Figure 3.15 Generalized electrochemical impedance spectrum on a Nyquist plot, showing the

individual resistances in a half-cell and their relative characteristic frequencies.
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The ionic conductivity of the electrolyte can be obtained from such a technique, by
measuring the electrolyte resistance, Re, and inputting it into the following equation, where | is

the sample thickness and A is the sample area:

Equation 17

The ionic conductivity is a geometry-independent material property describing the ease of
ion transport throughout the material. Many groups have targeted increasing this property in novel
GPE’s in the hopes of achieving improving cell performance. While the ionic conductivity
represents a valuable metric and a decent predictor of cell performance, it is incomplete. In a real
cell, the ions must still travel across the cross-sectional thickness of the polymer electrolyte during
charging and discharging. When this thickness is larger, it represents a larger total system
resistance through which the ions must transport, corresponding to larger ohmic losses and worse
cell performance. Not only does the increased resistance play a role, but the larger path length the
ions must travel will also reduce the homogeneous ion transport. This is the reason why separator
and electrolyte manufacturers are constantly targeting thinner form factors for high C-rate
capabilities, but there lies a limit below which the risk of puncturing and shorting becomes too

high.
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Ionic conductivity does not paint a complete picture, we define the ionic conductance in
Equation 18. The ionic conductance is also referred to as areal conductivity and is most utilized in
the 2D materials field where material property of semi-conducting and conducting monolayers are
investigated. In simple terms, the ionic conductance captures both the intrinsic ionic conductivity
of the material as well as its thickness (Figure 3.16). This metric is more useful since, in addition
to ionic conductivity, the thickness bears a direct effect on cell performance and not all synthesis
techniques are compatible with generating the sub-20-pum thick samples that the industry demands

for suitable cell performance.

Figure 3.16 Schematic demonstrating the concept of ionic conductance, also referred to as areal
conductance, for a specific material with differing thicknesses. While the more common ionic
conductivity represents a geometry-independent material property describing the material’s
intrinsic ability to conduct ions, the ionic conductance represents the more relevant thickness-
dependent ability to conduct ions through the material’s thickness. It is generally not enough for
electrolytes to carry a high ionic conductivity; they must also maintain a low cross-sectional
thickness to reduce the total system resistance and decrease travel distance of the ions. Our GPE’s
areal conductance and tensile strength are benchmarked against other GPE systems in the literature

(Figure 3.17).
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Equation 18
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Figure 3.17 Ionic transport and mechanical performance of our optimized chemistry-impartial gel

polymer electrolyte compared to state-of-the-art chemistry-specific gel polymer electrolytes.””101-

119
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3.3.3 Electrochemical Performance and Rate Capabilities

Following the successful benchmarking of the mechanical and ionic conductivity
properties against commercial separators and other state-of-the art GPE’s, we generated two
variant GPE’s based on the same porous polymer scaffold: one swollen with aqueous electrolyte
(1M Zn(ClOs4)>) and the other swollen with organic EC/DMC-based electrolyte (1M LiClOs). The
aqueous variant was crimped into a Zinc-ion coin cell, composed of a Zn-metal anode and MnO»
cathode. The organic variant was crimped into a Li-ion cell and Li-metal half-cell composed of
LTO and Li anodes, respectively, and LFP cathodes. Rate capability tests were conducted on all
three of these cells at C/10, C/5, C/2, 1C, 2C, 4C, and 6C charging and discharging (Figure 3.18).
Our GPE was compared to glass fiber commercial separator in the Zn-ion cell and to Celgard 2500
PP separator in the Li-ion and Li-metal half cells. In the aqueous cells, our GPE performed
comparably to glass fiber separators at high C rates and sustained much better capacity retention
over 100 cycles (Figure 3.19). In the organic cells, our GPE outperformed commercial PP at all C
rates. To confirm electrochemical stability, linear sweep voltammetry was performed showing that

our GPE had comparable stability to PP (Figure 3.20).
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Figure 3.18 Schematic of our prepared Zn-ion, Li-ion, and Li-metal cells (top) and their

corresponding rate performance tests benchmarked against commercial separators (bottom)
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Figure 3.19 Cycle stability our optimized chemistry-neutral gel polymer electrolyte compared to
that of commercial glass fiber separator. Both were swollen with 1M Zn(ClOs4)2 aqueous solution

and tested with a C-rate of C/2 in a Zn/MnQ: cell.
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Figure 3.20 Linear sweep voltammetry test demonstrating the comparable electrochemical

stability of our optimized gel polymer electrolyte and Celgard 2500 PP separator, both swollen

with 1M LiClO4 EC/DMC electrolyte.
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Chapter 4: Hydrogels for Soft Robot Voxel Assemblies with High

Spatiotemporal Reconfigurability

4.1 Background

4.1.1 Soft Robotic Approaches

Practical soft robotic applications, ranging from basic bending and shortening primitives
to complex reconfigurations, all require time-varying and local deformations of bulk hydrogels in
order to approach the dexterity of soft organisms in performing tasks such as grasping and
manipulation. 212! However, the responsive volume change of smart hydrogels is typically
uniform. Two main approaches have been adopted by researchers to achieve nonuniform
spatiotemporal deformation in hydrogels.!?’ In the first approach, heterogeneous structures in the
shape of sheets and rods are fabricated by patterning material domains using manufacturing
techniques such as micro- and meso-patterning!?>-12” and 3D printing.!?® Differing swelling
properties of neighboring domains upon stimulation results in nonuniform strain fields in these
structures, causing them to transform into a variety of complex shapes like coils and conical
helices.!?*13% The range of compatible materials available for each domain, however, is often
limited by practical fabrication constraints, such as ink viscosity for 3D printing.'?® Moreover, the
geometry and material selected for each domain determine the shape transformations; these

features cannot be changed after manufacturing, making on-demand reconfiguration infeasible.
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The second approach toward achieving nonuniform spatiotemporal deformations uses an
inhomogeneous or time-varying stimulus, such as patterns of structured light,'*! local irradiation

t,132 or localized electric fields.!* In these methods, the hydrogel material

by near-infrared ligh
itself is typically homogeneous, but the stimulus intensity varies across different regions, causing
localized and time-varying deformations. These techniques, while suitable for on-demand shape

reconfiguration, often require bulky external equipment, ultimately leading to challenges in mobile

robot applications.

4.1.2 Nature’s Strategy

Nature has adopted a hierarchical approach in addressing these challenges by using motor
units as building blocks for heterogeneous muscle tissue demonstrating complex spatiotemporally
reprogrammable deformations.!**!13> A motor unit consists of a motor neuron and the muscle fibers
innervated by its axonal terminals.!*® It behaves as a stimuli-responsive building block, producing

unidirectional deformation in response to electrical stimulus from the central nervous system

138

(CNS). The variations in orientation!” and response rate!3® of muscle fibers create the structural

139

heterogeneity -’ required for nonuniform hard-coded deformations; the on-demand control over

location and intensity of the electrical stimulus provides the spatiotemporal reprogrammability.'40-

142
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4.2 Voxel Assembly

4.2.1 Design Principles

Inspired by nature's approach for achieving on-demand spatiotemporal deformations in
muscle tissue, we introduce addressable and tunable building blocks that can be assembled to
create heterogeneous hydrogel structures with “hard-coded” or “reprogrammable” shape change.
These building blocks, herein referred to as soft voxel actuators (SVAs), are shown in Figure 4.1,
left. The SVA units, consisting of a responsive hydrogel material and corresponding electrical
connections, are inspired by the motor units of muscle tissue (Figure 4.1, right). The deformation
of SVA units as a result of an electrical stimulus from a microcontroller unit (MCU) is analogous
to the contraction of muscle fiber units in response to stimuli from the CNS. The selection of
electrical stimuli as opposed to other types of stimuli is advantageous, since it enables addressing
SV As directly by small-footprint microcontrollers without the need for bulky equipment or human

intervention.!43

Two types of SVAs have been realized and are described herein: one without an embedded
heater (referred to as SVA-I), and one with an embedded heater (referred to as SVA-II), as shown
in Figure 4.2. Various combinations of SVA-I and SVA-II can be used for designing and
fabricating heterogeneous assemblies. One possible combination uses SVA-I to create pre-
programmed voxel assemblies. Based on the specific arrangement of SVA-I consisting of different
swelling properties (mainly volume change ratio and rate), complex deformations can be
demonstrated. These SVA assemblies deform in response to regular and repeated homogeneous
temperature changes (such as the bulk heating and cooling of a water reservoir), generating

motions without the need for an on-board energy source. It should be noted that hydrogels expand
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and contract based on the diffusion of water into and out of their structure when the temperature
is passed their critical transition temperature which is around 32 °C in case of PNIPAM hydrogels.
Therefore, all our experiments are performed in a water bath. Another combination of SVAs uses
thick film surface mount (SMD) resistive elements with a resistance of 10 ohms as Joule heaters
in SVA-II units to create time-varying and inhomogeneous temperature fields, resulting in on-

demand dynamic deformations and real-time reconfigurability.

Bioinspired Heterogeneous Structures Muscle Tissue

L~ Hydrogel
’

~ Joule Meater

~~~~~

B Motor Unit 1
Motor Unit 2

Motor
Neuron

Microstructural Mesostructural
Tuning Patterning

Figure 4.1 Illustration of bioinspired heterogeneous hydrogel structures composed of tunable and
addressable voxels. A) soft voxel actuators (SVAs) are electrically addressable building blocks
whose deformations can be controlled by a microcontroller unit (MCU). SVAs are analogous to
motor units, consisting of a motor neuron and associated muscle fibers, which deform in response
to electrical impulses from the CNS. The microstructure of the hydrogels used to make SVAs can

be altered, resulting in tunable material properties.
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Figure 4.2 Pre-programmed and on-demand complex spatio-temporal actuation. SVAs without
embedded Joule heaters (SVA-I) are used to create structures with hard-coded shape morphing
that respond to a homogeneous temperature field acting globally on the entire structure through
the surrounding water bath. ii) SVAs with embedded heaters (SVA-II) are used to create structures
with on-demand shape morphing by forming an inhomogeneous temperature field throughout the

structure.
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Figure 4.3 Fabrication method of stimuli-responsive voxels with embedded heaters. The Joule
heaters are placed within a PDMS mold with fixed position and geometry. The molds are filled

with the desired PNIPAM precursor solution, followed by UV curing for 15 seconds.
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Figure 4.4 Schematic (top) and photographs (bottom) of individual heater-embedded voxels
composed of temperature-responsive PNIPAM. When the heater is on, the voxel shrinks due to

temperature elevation above the PNIPAM’s LCST. Scale bar corresponds to 1 cm.
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4.2.2 Hydrogel Stimuli-Responsive and Mechanical Tunability

The ability to select from a broad range of material properties for SVA fabrication can
expand the design space of resulting heterogeneous structures. Therefore, a synthesis method that
can tune the ratio and rate of hydrogel volume change is required. A variety of physical and
chemical methods have been explored to alter the swelling properties of hydrogels.?%!4* These

methods are limited by factors such as the narrow range of achievable swelling properties,!+>146

122,149

large trade-offs in mechanical properties,'4”-!48 long processing times, and a need for careful

control of synthesis conditions such as temperature!>® and precursor additives.??

We take advantage of PNIPAM's cononsolvency, a property of reduced solvation in a
mixture of two solvents due to a delicate balance between polymer—solvent and solvent—solvent
interactions.’® Employing a water and dimethyl sulfoxide (DMSO) mixed solvent in the PNIPAM
hydrogel precursor solution, followed by rapid photopolymerization to induce interconnected open
pores, significantly enhanced the rate of water transport into and out of the hydrogel matrix and
thus the actuation speed. The microstructure of the gel is altered by changing the water volume
fraction (¢w) in the mixed water/DMSO solvent. The SVA swelling rate and displacement, which
are directly related to its hydrogel microstructure, are therefore tuned by merely adjusting .
Polymerization solvent composition is known to affect the swelling properties of the synthesized

PNIPAM hydrogels.”%131-154
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The combination of the mixed solvent method with a fast 15 s photopolymerization step is
critical for inducing and fixing local aggregations of polymer chains in place, resulting in PNIPAM
hydrogels with open pore structures (Figure 4.5A1). Such open pore structures exhibit significantly
enhanced rates of thermoresponsive volume change in both heating and cooling phases, compared
to conventional hours-long mixed solvent thermopolymerization methods (control experiment), in
which the precursors are constantly diffusing toward a homogeneous molecular equilibrium
throughout the duration of the reaction, leading to a less interconnected pore structure with thicker
pore walls (Figure 4.5Aii). To ensure a valid comparison, the recipe for a representative
thermopolymerized control hydrogel was carefully tuned using the initiator concentration while
leaving all other components of the precursor solution unchanged, choosing a reaction time such

that the conversion and water content match those of the photopolymerized hydrogel.

It is readily observed that with equivalent water content, reaction conversion, and reaction
solvent composition, the thermopolymerized hydrogel de-swells as fast as the photopolymerized
hydrogel (Figure 4.5Bi) and the two reach nearly identical shrunken volumes. However the
reswelling speed of the thermopolymerized control sample is =25 times slower than the
photopolymerized sample, which can be attributed to the lower observable tortuosity present in
the photopolymerized sample (Figure 4.5Bii). The Young's Modulus of the thermopolymerized

hydrogel is approximately ten times higher than that of the photopolymerized one.

The effect of varying ¢w on the hydrogel microstructure has been investigated by scanning

electron microscopy (SEM), as shown in Figure 4.5C. Six hydrogels consisting of various pwwere
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synthesized; they are each represented by a character code ranging from HGOO (representing a
hydrogel with ¢w = 0.0) to HGOS5 (representing a hydrogel with ¢ = 0.5). Distinct changes in the
microstructure can be observed as a function of ¢w, which impacts a variety of other material
properties. When ¢y is increased from 0.0 to 0.2, pore size decreases and the pore wall surface
begins to change from smooth to rough. We define ¢y = 0.2 as a critical water volume fraction, at
which the microstructure of the gel starts to change from a closed-pore to an open-pore structure.
The changes in hydrogel microstructure play a role in the dynamic response of SVAs. The linear
displacement generated by a SVA unit is measured using a vision-based test setup. Figure
4.5D plots the time evolution of the displacement (D) of SVA units with different values of @y as
each SVA's embedded heater is turned on for 60 s and then turned off for 60 s. The displacement
over time of the hydrogel made with @y = 0.0 is included as the basis for comparison across all
tests. The negative displacement observed is because the SVAs initially expand instead of contract
as the heater is turned on which might be due to water slightly expanding and vaporizing. Two
performance criteria for the SV A units, deformation rate (DR) and maximum displacement (MD),
are extracted from the data in Figure 4.5D and are shown in Figure 4.5E and Figure
4.5F respectively. During both heating and cooling, DR is small for ¢w < 0.2. At ¢w= 0.2,
the DR during heating is more than 36 times the DR during cooling. As a result, fast and large
deformations are observed during the 60 s of heating, and almost no deformation is observed
during the 60 s of cooling. Highest DR (in both heating and cooling) occurs in gels with ¢w = 0.3,
while MD peaks at ¢w = 0.2 and decrease thereafter. In addition to swelling properties, other
mechanical properties such as Young's modulus and force produced by the SVAs can also be tuned

by adjusting @w.
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Figure 4.5 Tunable material properties using mixed solvent photopolymerization. a) SEM images

of photopolymerized (i) and thermopolymerized (ii) hydrogels synthesized in water volume

fraction @y = 0.27 (scale bar = 5 pm). B) Deswelling (i) and swelling (ii) rates of photopolymerized

and thermopolymerized hydrogels synthesized in water volume fraction ¢w=0.27. C) SEM
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images showing the effect of ¢w on pore structure of the photopolymerized PNIPAM hydrogel
(scale bars 10 and 1 um for low and high magnification, respectively). D) Displacement (D) over
time generated by SVA-II units with different values of ¢y under a 1 gf'load, as measured by the
setup) Displacement rate (DR) and maximum displacement (D) of SVA-II units as a function of

Ow, (extracted from (B)).

4.3 Soft Robotic Actuation

4.3.1 Pre-programmed actuation with pre-arranged voxels

A variety of heterogeneous structures can be produced that transform into different
configurations, depending on their hard-coded material domains, as shown in Figure 4.6. As a first
example, a beam with only two material domains is fabricated from HG00 and HG02 hydrogels
(Figure 4.6A1). At 20 °C, the beam is in its equilibrium position. As the temperature increases to
45 °C, the HG02 hydrogel shrinks more than HGOO (from Figure 4.5E and Figure 4.5F, both MD
and DR are higher for HG02), which results in a stress mismatch. To balance these stresses, the
beam bends into a circular shape. We will henceforth refer to this structure as a “gripper”. A second
example uses HGOO and HG02 hydrogels again, but this time with 8 material domains, as shown
in Figure 4.6Aii-iv. The beams in these figures consist of different arrangements of HG0O and
HGO02 voxels, and as a result exhibit different deformations when subjected to a homogeneous

temperature change in the surrounding water from 20 to 45 °C.

Patterning material domains can be used to leverage the shape transformations into unique

functions tied to structural heterogeneity. To demonstrate this structure—function relationship, two
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different structures, Str-I and Str-II, are made with different combinations of HG00, HG02, and
HGO03, as shown in Figure Figure 4.6B. These structures represent a combination of the structures
in Figure 4.6Ai-ii. In response to a global cyclic temperature change from 20 to 45 °C and back to
20 °C, these structures are observed to bend toward an object, grasp it (by wrapping around it),
and transport it to another location (Figure 4.6B). The geometric configuration of material domains
in both structures are the same. However, the “gripper” portion of Str-I is a combination of
HGO00/HGO03 domains, whereas in Str-II it is a combination of HG00/HG02 domains. As a result
of this minor material difference, the object grasped by Str-I and Str-II moves along different

trajectories, as seen in Figure 4.6C, despite an identical set of initial conditions.

Due to the high DR of HGO03 during the cooling phase (Figure 4.5E), the gripper in Str-I
opens and the object is released in the early stages of the cooling phase. The gripper in Str-II, on
the other hand, does not open at the same time as Str-I and continues to hold the object throughout
its cooling phase; this can be attributed to the lower DR of the HGO02 layer compared to HG03. To
illustrate these differences, the x and y coordinates of the object over time are plotted in Figure
4.6D, and the time when the object is released by each structure is indicated. Achieving
inhomogeneous deformations in response to a homogeneous global stimulus using structures with
hard-coded deformations as described simplifies the system and eliminates the need for on-board

pPOwer sources.
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Figure 4.6 Realization of structural inhomogeneity through patterning of hydrogels with different
swelling properties. A) 1) A two-material, two-region structure can almost bend into a circle when
the surrounding water bath temperature is raised above the transition temperature of PNIPAM
hydrogel (32 °C) ii-iv) Increasing the number of material domains in the structure enables it to
achieve more diverse shapes. When the surrounding water bath temperature is increased, each
structure reconfigures into a different shape, depending on its arrangement of SVA-I units. B)
Hybrid structures comprised of substructures with the SVA arrangements in (A-i,ii) are capable of
manipulating objects. The material distribution in two example structures, denoted by Str-I and
Str-11, is shown in the schematic on the far left. The snapshots display the configurations of the
two structures over time as the global water bath temperature is increased and then decreased. C)
Image showing the start position, end position, and trajectory of the object manipulated by Str-I
(left) and Str-1I (right). D) Time evolution of the x and y coordinates of the manipulated object's
center of mass. Str-I releases the object at7= 300 s, while Str-II releases it at7= 600 s,
demonstrating the versatility of the voxel-based assembly approach to creating heterogeneous

structures with diverse functions.

4.3.2 On-demand actuation with individually addressable voxels

For applications in dynamic, unstructured environments, such as underwater robotic
exploration, it is less useful to pre-program complex trajectories into a structure since global
stimulus control is not always feasible. To enable on-demand thermoresponsive shape morphing
in these conditions, SVA-II units may be employed. The 40 x 11 X 5 mm structure shown in Figure
4.7 was assembled using 16 SVA-II units. These SVAs are made of HG03, which exhibits the

highest DR observed across all recipes (Figure 4.5E). The first example of on-demand shape
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morphing is illustrated in Figure 4.5Bi, in which the structure morphs into an “S” shape and a
“reverse S” shape when particular SVAs are actuated via commands from a microcontroller. A
second example of on-demand shape morphing is illustrated in Figure 4.5Bii; it highlights how the

curvature of a structure may be varied as a function of the voltage supplied to the SVA-II units.

Moving from static to dynamic on-demand shape changes requires time-varying activation
of SVAs. As demonstrated in Figure 4.7C, the choice of SVA actuation pattern can influence the
end-effector trajectory of a structure. In this experiment, SVAs 1 thorough 8§ are activated
according to patterns denoted by P1 and P2. Each SVA is activated with maximum voltage (3.7 V)

for 15 s before the next SVA is activated, as shown in Figure 4.7C.

While complex motion of SVA-II-based structures may be achieved using simple on
(3.7 V) and off (0 V) activation signals, as discussed, intermediate voltages may also be applied to
further enhance the complexity of shape change in soft heterogeneous structures. To demonstrate
this, phase-shifted sinusoidal voltages were used as activation signals to generate longitudinal
traveling waves in the structure. A pair of SVAs (comprising a SVA on the left and its adjacent
SVA on the right) are activated using the same sinusoidal signal; SVAs 4 and 12 were not
activated, to serve as a geometric reference point. The sinusoidal voltages applied to every SVA
pair were out of phase with the voltages applied to its nearest active SVA pair. As an example,
sinusoidal signals for four SVA pairs are shown in Figure 4.7D. A contraction wave was formed

as a result of this input signal pattern and traveled along the length of the structure, as illustrated
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in Figure 4.7E. Every point on the structure oscillates in a sinusoidal manner as the wave passes
through it. The midpoint of the inactive SVA pair, which is highlighted by a yellow square in
Figure 4.7E, is shown as a reference point on the structure. Additionally, by sending the sinusoidal
signals to SVAs located on only one side of the structure, for example SVAs 1 through 8§,
transverse traveling waves were generated in the structure. The ability to control the trajectory of
the structure's end-effector, as shown in Figure 4.7C, is essential to successful functioning of the
device in unstructured environments, in which working conditions may change during operation.
As depicted in Figure 4.7F, time-sequenced switching of selected SV A-II units within the structure
makes it possible to accomplish various robotic tasks such as collision avoidance (top row) and
object transport (bottom row). The trajectory of the end point p and the angle 6 of the end plate
over time (p and 0 are defined in Figure 4.7A) during each of these two tasks is displayed in Figure
4.7G. The on-demand control of reorientation and translation of the end-effector made it possible
to complete these two tasks, indicating that highly redundant time-varying deformations in

heterogeneous structures are achievable using individually addressable SVA-II units.
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Figure 4.7 A miniature heterogeneous structure consisting of 16 addressable SVA-II units. A)
SV A numbering scheme and the coordinate system used to measure the position of the point p and
the angle 0 of the end plate. B) On-demand shape morphing of the structure. i) The structure
morphs from an “S” shape to a “reverse S” shape when particular SVAs are activated. ii) The
structure's radius of curvature (R) depends on the activation voltage (7) applied to SVAs 1-8. C)
Dynamic shape changes are implemented by sequentially activating SVAs. In this case, SVAs 1
through 8 are activated according to the patterns labeled P1 and P2. The trajectory followed by the

tip of the structure (shown at the bottom) can thus be adjusted on-demand. Normalized sinusoidal
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voltages used to create longitudinal traveling waves in the structure. The voltages applied to 8 of
the 16 SVAs are shown here. The SVAs are activated in pairs, and the voltage applied to each
SVA pair is out of phase with respect to the voltage applied to the next active pair. E) The
longitudinal traveling wave as it propagates through the structure. One SVA pair, indicated by the
yellow square, is kept inactive to serve as a reference point. F) Example usage of heterogeneous
structures with on-demand control of deformation. The structure can avoid collisions with objects
or transport them, depending on the sequence of voltage commands from the microcontroller unit.
G) Trajectory of the point p on the tip of the structure as it first avoids and then transports the

object. The inset shows the angle 6 of the end plate as a function of time.
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Chapter 5: Artificial Phototropism Towards Resolving Oblique

Incidence Energy Loss

5.1 Background

5.1.1 Natural Systems and Phototropism

Many living organisms present the unique capability of directionally moving towards
sources of certain environmental stimuli. For example, cells and bacteria can migrate towards
sources of chemical gradients, known as chemotaxis, for food (for example, glucose), fertilization
(for example, sperm moving towards the egg) or immune functions.!> Plants can self-orient to
face light sources perpendicularly, known as phototropism, for energy harvesting and
reproduction. All their direction of locomotion is strictly determined by the direction of an
environmental stimulus, namely, tropistic movement, in contrast to nastic movement, which is a
non-directional response to stimuli and simply determined by organism anatomy.!>® In tropistic
movement, organisms not only sense and respond to the stimuli positions, but also spontaneously
and constantly adjust their movements to tightly follow the signal directions. This presents the
intelligence of self-regulation via the feedback control inherent in the dynamic interactions

between their bodies and the stimulus.

Nature has already found a solution to OEL: phototropism, the self-regulated mechanism
of self-orientation towards sunlight, is developed by many plants as a strategy to recover the
oblique-incidence energy-density loss (OEL), the input power density reduction when emissive

energy projects on a surface obliquely. The mechanism is driven by the migration of the growth

97



hormone, auxin, to the non-illuminated side of the plant stem, promoting local cell elongation and
growth. The local cell growth results in the plant stem towards sunlight, enabling perpendicular

illumination of sunlight on the adjacent leaves. Figure 5.1 demonstrates this mechanism visually.

The energy harvesting loss from OEL can be enormous when the incident angle is large
(for example, 75% loss at 75° incidence). By maintaining normal incidence, sunflowers raise the
temperature of floral discs to attract more pollinators with warmth and show an effective recovery

of the input loss caused by oblique illumination if no phototropism was present.!'>’

It should be noted that natural phototropism is not reversible because cell growth and
elongation are permanent. Adult plants therefore lose the ability to track sunlight at a certain age
due to genetic limits. It is therefore highly desirable to engineer a stimuli-responsive smart
material that that mimics the sunflower’s phototropism with the added benefit of

reversibility for energy harvesting applications.
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auxin

Figure 5.1 Schematic of natural photototropism in plan stems. The mechanism is governed by the
migration of the growth hormone, auxin, towards the non-illuminated side and promoting

accelerated cell growth locally.

5.1.2 Previous Approaches

Given the immense benefits of tracking, significant efforts have gone into programming
and designing effective controls systems that can help orient solar harvesters towards normal
incidence;'*® however, there has yet to be a demonstrated case of a homogeneous smart
material which can intrinsically and autonomously self-orient towards sunlight. In other
words, all tracking schemes have been exclusively through electronic controls systems and not
through smart materials design. Such a smart materials system can significantly cut down on costs
of manufacturing of controls systems and save physical space that servo motors and actuators

159-163

typically occupy. Current state-of-the-art photoactuations remain primarily nastic, unable to

sense, track and harvest the emissive energy from varying incident directions self-adaptively.
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5.2 Artificial Phototropism Our Approach: Smart material feedback loop

5.2.1 Design Principle

The objective is to address the oblique-incidence energy loss issue, potentially recovering
more than 50% of lost power at highly oblique incident angles, by extending the concept of
phototropism to synthetic stimuli-responsive material systems. In doing so, we also aim to control

the material microstructure to enable the high diffusivity required by those applications.

Artificial phototropism, if realized, may provide an efficient solution to overcome this
universal OEL issue faced by almost all existing optical and electromagnetic devices.!%+167 As a
bioinspired concept illustrated in Figure 5.2, when a surface is covered with sunflower-like pillars
that can bend towards the light source and maintain normal incidence, the original maximum
power density (Pmax=PFo) can be restored. The capability to harness tropistic behavior
autonomously, without external instruction and power supply (for example, via
electromechanically programmed systems), would enable highly efficient energy-harvesting

platforms that can adapt autonomously to complex ambient environments.
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Figure 5.2 The concept of OEL recovery by phototropism. The OEL from Pmax under the normal
incidence (left) to Ps= Pmaxcosf under an oblique incidence at a Genith angle (Pmax = Py (6=10°))
suffered by a conventional non-phototropic surface (middle) can be fully recovered by a surface

covered with a phototropic array (right).

To mimic natural phototropism, an artificial system must be capable of the following three
key functions: omnidirectional bending, active sensing, and autonomous self-correction.
Omnidirectional bending allows for the artificial phototropic system to track the light source
regardless of the time of day, season, or geographic location. It is therefore necessary to design a
system which can bend in both zenith and azimuth angles (Figure 5.3). The cylindrical shape of
the proposed artificial phototropic system is inspired by the natural Oplant stem. To achieve active
sensing, we embedded a broadband photothermal absorber in the thermo-responsive hydrogel to
create a photothermally-responsive material with volumetric shrinking on the illuminated faces

(Figure 5.4). For self-correction, the system must have an embedded feedback loop. This can be
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achieved with a cylindrical shape with fast photothermal volumetric change. Overshooting and
undershooting scenarios can always be corrected with the built-in feedback loop caused by the
directional lighting (Figure 5.5). At the equilibrium state, the tip of the pillar faces the light source.
Additionally, there is the practical requirement that the photothermally responsive material must

respond fast enough to track the sun as it moves across the sky.

Plants track light through photoreceptors in their stems that detect the incident light and
lead to cell elongation on the shaded side, due to a distribution gradient of a growth factor (for

example, auxin) between the illuminated and the shaded side.!’’

To mimic the biological
asymmetric growth, we leverage the capabilities of reversibly photothermoresponsive soft
materials that shrink on illumination and adopt the symmetric stem-like cylindrical pillar shape for
the device design. The design implements a thermoresponsive hydrogel, poly(N-
isopropylacrylamide) (PNIPAM) with homogeneously distributed reduced graphene oxide (rGO),
which simultaneously act as photoreceptors and photothermal converters. Like a stem, these pillars
bend towards stimuli omnidirectionally (Figure 5.3 and Figure 5.4) due to the asymmetric
deformation between the illuminated high-temperature region and the shaded low-temperature
region. This design presents a versatile platform that can be constructed using almost any
reversibly photoresponsive soft materials, for example, hydrogels,!>*!%-172 liquid crystal

elastomers (LCEs),!”3-!75 and azobenzene/spiropyran-based polymers.!61:176
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Figure 5.4 Mechanism for active sensing of light direction from a PNIPAM pillar with

homogeneously dispersed photoabsorber.
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Figure 5.5 The equilibrium state of aiming is regulated by a built-in negative feedback loop with

self-blocking capability.

5.2.2 Fabrication Method

As depicted in Figure 5.6, 0.3 wt% GO was added to the PNIPAM precursor solution in DMSO.
The mixture solution was then poured into the polydimethylsiloxane mold and covered with a 3-
(trimethoxysilyl)propyl methacrylate-treated glass slide, followed by ultraviolet curing for 60 s;
cycling in vacuum was implemented prior to UV curing to remove any trapped air bubbles inside
the mold. The cured gel structure was carefully pulled out from the mold to yield the pillar array,
and then immersed into deionized water to remove the DMSO. The gel structure was soaked in a
0.33 M hydrazine aqueous solution to reduce the graphene oxide to rGO. Each fully hydrated pillar

in the arrays had a diameter of 0.5 mm at room temperature.
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Figure 5.6 Fabrication method of phototropic pillar arrays.

5.2.3 Power Density Enhancement

Ultimately, we demonstrated the efficacy of phototropic micropillar array (each pillar with

500 pum diameter a pitch of 1 mm) in solving practical OEL problems) in solar energy harvesting.

The phototropic micropillar array incorporates rGO as a broadband photoabsorber and can

successfully track white-light incidence from the entire hemispheric space. Owing to the

phototropism, the tips of the micropillar arrays always received the maximum photonic power

density (Figure 5.7) and thus compensated for the OEL. Comparing with a non-tropistic textured

surface as the control sample, we evaluated the benefits of the tropistic oblique-loss compensation

(OLC) enabled by the micropillar array (Figure 5.8).
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Figure 5.7 Schematic (a) and photos (b) of OLC in SVG, with a phototropic micropillar array that
maximizes the incoming white-light power density. (c) Side-view photos of the micropillar array

tracking various angles of incident light (0-90°).

Zenith Angle: -90° ~ 90°
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Figure 5.8 The measured normalized solar apor generation of the phototropic micropillar arrays
under 1 Sun illumination at various zenith angles from —90 to 90°, in comparison to control

samples of a flat surface (in theory) and a non-tropistic textured surface.
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5.2.4 Broad Multi-Temperature Application

With this photothermal absorber concentration, we fabricated single pillars to demonstrate
white light tracking at wide temperature ranges (Figure 5.9). By incorporating acrylamide
monomer (more hydrophilic than NIPAM) into the prepolymer blend, we can increase the LCST

of the hydrogel such that it can operate at temperatures above 32°C.

Tracking

Material Temperature Initial Tracked Angle

45°

14°
100 mol% PNIPAAmM
25°C 320

60°

40°

63.7 mol% PNIPAAM

10
33.3 mol% PAM 62°c

45°

50°

Figure 5.9 The successful tracking of light (white LED) incident from a series of arbitrary incident
angles (as labelled) at a broad range of bath temperatures spanning from 13 °C to 62 °C. The

hydrogel used for tracking at T>32 °C is PPy-coated PAM-co-PNIPAM, where polypyrrole serves
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as the photo-absorber and acrylamide (AM) increases the LCST of PNIPAM as a hydrophilic co-

monomer.

5.2.5 Solar Vapor Generation

For phototropism-enhanced solar vapor generation (SVG), we demonstrated an array of
PNIPAM-rGO pillars which can all autonomously self-orient towards sunlight and therefore
enhance the surface’s ability to overcome water’s enthalpy of evaporation. In covering the surface
with a pillar array, the spacing between the pillars must not be too large to counteract the
phototropism benefit. A simple calculation can demonstrate what fill factor is necessary to
outperform a flat surface at each angle (Figure 5.10). Based on this calculation, we aim for a filling
ratio of 80%. This phototropic pillar array was able to outperform a textured control sample at high
(60°) oblique incidence angles in terms of SVG, despite exhibiting the same footprint area (Figure

5.11).
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Figure 5.10 Vapor flux difference between phototropic surface and flat surface. Red region

indicates when a phototropic surface outperforms a flat surface.
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Figure 5.11 Time-dependent SVG mass change per unit area. The phototropic pillar array under

a 60° (zenith) illumination is comparable to that under normal incidence, whereas the control
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sample exhibits a 45% reduction in SVG. Plots are centered on the mean and the bars indicate the

standard deviation.

To demonstrate the potential application of the phototropic pillar arrays in practical water
purification, we conducted the outdoor experiment (Figure 5.12). Typically, the sample was
floating on the water in a petri dish as shown in Figure 5.12c. The petri dish was placed in a
desiccator as the water collecting container in a close system. The evaporated water was condensed
on a transparent lid of desiccator and flowed down to the bottom. The experiment was conducted
from 6:00 (sunrise time) to 20:00 (sunset time) under natural sunlight with the temperature of 17-
23 °C, located in Los Angeles, the United States. We prepared four petri dishes, each of which
contained, respectively, the phototropic pillar array, a textured non-tropistic control sample, a flat
non-tropistic control sample, and a blank water-only control sample (for measuring the background
water loss). All the three samples were made of the same hydrogel with a foorprint of 10 cm x10
cm. The mass of the petri dish with water was weighed before and after the testing. Based on the
day-long tests, the measured average evaporation rate of phototropic pillar array sample was 0.98
kg h m2, whereas that of non-tropistic textured surface, non-tropistic flat surface, and pure water

were 0.67, 0.65, and 0.18 kg h m™, respectively (Figure 5.13).
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Figure 5.12 Daily solar vapor generation under outdoor sunlight. (a,b) photograghs of water
collection systems. c¢) side-view photograph of phototropic pillar array sample floating on water

surface.
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Figure 5.13 Water evaporation rate of pure water, flat surface (control sample I), textured surface

(control sample II), and photootropic pillar array (phototropic sample).

Chapter 6: Conclusion and Future Outlook

In summary, we have developed two material platforms which endowed upon porous polymer
systems unprecedented properties: cononsolvency-modulated pore structure control and artificial
phototropism. Specifically, we developed a series of systematic studies to confirm the ideal mixed
solvent that promotes phase separation in PNIPAM, generated a ranked mixed solvent series
analogous to the Hofmeister series for ions, and optimized the formulation to create chemistry-
impartial tough gel polymer electrolytes with record-high ionic conductance. These gel polymer
electrolytes were benchmarked against commercial glass fiber and polypropylene separators on a
materials level and at the cell level, achieving superior cell capacities at 6C charging and

discharging rates. In addition, we used these polymer structures to design highly-responsive soft
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robot actuators with complex spatiotemporal motions. Towards enabling artificial phototropism,
we drew inspiration from nature to imitate the plant stem self-orientation towards sunlight. This
was achieved via a symmetric cylindrical design of temperature-responsive polymer embedded
with photo-absorbers, creating a built-in feedback loop that maintains an equilibrium state while
tracking an incoming light source. By fabricating a surface of these light-tracking pillars, we were
able to achieve an enhancement of harvesting sunlight at oblique incident angles, which we
leveraged to increase the rate of solar steam generation. We are optimistic that these material
platforms will yield additional demonstrations in the future and that the foundation that has been
laid will decrease the barrier for tackling some of the most pressing contemporary energy and

water issues plaguing our society (Figure 6.1).

Technology Towards Improved Quality of Life

Broader Impacts

AT

Fossil Fuel Dependency for Energy and water

Problem Statement ‘& *p

Diffusive-Mechanical Prop. Trade-Off Oblique Incidence Energy Loss

Cononsolvency Gel Polymer Electrolyte ~ Voxel Soft Robot

Materials Challenge

Applications

Artificial Phototropism

Figure 6.1 The materials challenges and their corresponding research projects within the context

of larger high-value problem statements and broader impacts.
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