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Abstract of Dissertation 
 

Dynamic and Non-equilibrium Polymeric Materials 
By 

 
Hurik Muradyan 

 
Doctor of Philosophy in Chemistry 

 
 University of California, Irvine, 2020 

 
Professor Zhibin Guan, Chair 

 
 

In nature, living systems operate far from equilibrium by consuming and dissipating 

energy to perform vital processes. Chapter 1 will introduce the background, history, and field 

of nonequilibrium systems. Biological systems use chemically derived energy to power out-

of-equilibrium processes to generate complex macroscopic motion by dissipating energy at 

the molecular scale. In contrast, it remains a major challenge to create synthetic out-of-

equilibrium systems that operate on the macroscopic scale.  

In Chapter 2 we report a chemically fueled out-of-equilibrium system that can 

perform macroscopic actuation and do work by lifting objects. We achieve this by driving a 

lower critical solution temperature (LCST) transition of poly(N-isopropylacrylamide) 

(pNIPAAm) hydrogels with heat generated by a copper-catalyzed azide-alkyne cycloaddition 

(CuAAc) reaction. Upon completion of reaction, heat dissipates to the environment, and the 

system returns to equilibrium completing one cycle of out-of-equilibrium behavior, which 

can be repeated multiple cycles by adding new chemical fuels.  

In Chapter 3 the groundwork from Chapter 2 is employed in efforts to achieve a self-

regulating device. We set out to attach a copper catalyst in and LCST hydrogel in order to 
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modulate reaction rate using the change in diffusion of the chemical fuels to the active 

catalytic sites. Efforts to achieve self-regulation of an exothermic reaction in a 3-dimensional 

material via autonomously oscillating catalytic hydrogels is described. 

In Chapter 4, we report the design, synthesis and characterization of self-healing 

magnetic nanocomposites prepared from readily available commodity monomers. These 

multi-functional materials demonstrate robust mechanical properties, with a Young's 

modulus of 70 MPa and over 500% extensibility. The magnetic nanocomposites also show 

self-healing ability, achieving 46% recovery of extensibility in 5 hours in ambient conditions 

while retaining high magnetic actuation with a commodity magnet. 
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Chapter 1: Introduction to Nonequilibrium Systems 
 

1.1 Background 

There have been tremendous advances in our ability to design and create functional 

materials. Prior to the emergence of modern functional materials, human society primarily used 

structural materials, which are employed for their load-bearing capacity. Functional materials, on 

the other hand, possess unique functional properties such as biological,1 chemical,2 electronic,3 

magnetic,4 optical,5 or thermal properties.6 In the last century, major breakthroughs in the field of 

functional materials have brought forward revolutionary changes to our society. For example, the 

development of photoresists and semiconducting materials allowed for mass fabrication of field 

effect transistors (FETs) for integrated circuits, which are essential for all kinds of microelectronic 

devices such as computers, mobile phones, radios, and sensors.7 Functional materials have also 

made enormous impacts in the biomedical field in the development of biomaterials for 

biodegradable surgical sutures,8 drug delivery,9 medical devices,10 and tissue engineering.11 

Nevertheless, most manmade materials to date capitalize on thermodynamic equilibrium 

properties in order to ensure stability for static behavior. This is in dramatic contrast with biological 

systems, which mostly operate in far from equilibrium conditions.12  

Out-of-equilibrium systems consume and dissipate energy, resulting in constant dynamics 

for the system over time.13 Nonequilibrium systems consume energy in the form of chemical,14–21 

mechanical,22 electrical,23–25 or light energy from their surroundings.26–29 This energy consumption 

can power many processes from molecular to cellular changes. Note that nonequilibrium systems 

dissipate energy by release energy to the surrounding environment.13  This behavior will be 

discussed in detail by comparing a few different energy landscapes.  
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The energy landscapes of systems out-of-equilibrium are fundamentally distinct from 

traditional equilibrium systems (Figure 1). Systems at equilibrium exchange no energy or matter 

with their surroundings and accordingly, on the macroscopic level, the system does not change 

over time.13 This behavior has been studied for decades and can be quantitatively described by 

classical thermodynamics.30 Nonequilibrium systems, commonly referred to as out-of- or far-

from-equilibrium, have a net exchange of energy and/or matter with the environment.13 Typically 

we are interested in cases that result in a net loss of energy to the environment, which are referred 

to as dissipative systems.31 Such nonequilibrium systems can only persist when there is a constant 

influx of energy from the environment.  

 
Figure 1.1 Thermodynamic and out-of-equilibrium systems. (a)  Thermodynamic equilibrium where the 
system is in equilibrium and will remain static unless there is an input of energy. The pathway the system 
took to reach this state is irrelevant. (b) Kinetic trap where the state of the system is dependent on the path. 
(c) Far-from-equilibrium or nonequilibrium systems where the state depends on the continuous influx and 
dissipation of energy. Figure adapted from 32. 

In designing nonequilibrium systems, the thermodynamics as well as kinetics must be 

controlled. Figure 1.1 graphically depicts the differences in energy landscapes between 

equilibrium, kinetically trapped, and nonequilibrium systems in a, b, and c, respectively.32 First, 

consider an equilibrium system which resides predominantly in global energy minimum and 

remains there over time (Figure 1.1a).32 Next, consider kinetically trapped systems, which differ 

in that they are transiently stable because these systems reside in local minima and cannot 

transition to the global minima (Figure 1.1b). A metastable system is closely related to a kinetically 
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trapped system except that this system has a finite lifetime—it can transition from a local energy 

minimum to a global energy minimum over time. Metastable states are able to persist for some 

amount of time without any energy input, which marks a key difference from other nonequilibrium 

systems which cannot persist without energy input.13 Lastly, nonequilibrium states are short lived 

and have a net flow of energy and/or matter between the system and the environment.13 

Nonequilibrium states are short lived because there must be a constant source of energy to sustain 

the flow of energy. The input of energy causes the system to move to a higher energy state, which 

is only attainable with continual fuel supply, thus over time the system dissipates this energy and 

moves to a lower energy state (Figure 1.1c).   

Nonequilibrium processes are ubiquitous in biological systems, with the most discussed 

examples being actin and microtubule supramolecular assemblies. Actin is a structural protein 

which forms the building blocks of the actin cytoskeleton that determines the shape, mechanical 

properties, and motility of the cell.12 Actin units dynamically assemble into actin filaments and 

disassemble by the interconversion of adenosine triphosphate (ATP) and adenosine diphosphate 

(ADP) via hydrolysis and phosphorylation.33 Actin can exist as G-actin or  F-actin, which differ in 

the propensity to assemble.12 F-actin represents actin in the assembled filament form, while G-

actin is the monomeric, unassembled unit. F-actin can be converted into G-actin via a chemically 

fueled nonequilibrium process.34 The exact mechanism of disassembly remains controversial but 

the current understanding involves two steps: ATP hydrolysis and phosphate dissociation.34,35 In 

this process, the existing actin unit becomes unstable in the filament form, which in turn with 

cooperative effects of neighboring units, leads to the dynamic disassembly of the filament.34 The 

nonequilibrium behavior arises from the competing phosphorylation reaction of ADP to ATP, 

which stabilizes and results in growth of the actin filaments.  
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Similarly, microtubules are composed of α- and β- tubulin heterodimers that dynamically 

assemble and disassemble.12 The dissipative assembly is chemically fueled with guanosine 

triphosphate (GTP). Much like ATP fuels actin disassembly via hydrolysis, GTP can be 

hydrolyzed to guanine diphosphate (GDP) to fuel microtubulin dissassembly.12 When the tubulin 

heterodimers are assembled they bind to two GTP units. The GTP stabilizes the microtubule 

assembly. Upon hydrolysis of GTP to GDP, and dissociation of the phosphate the microtubule 

begins to curve indicating instability, which leads to disassembly.33 The disassembly and 

reassembly of microtubulin to form spindle-shaped units for partitioning chromosomes is crucial 

for mitosis.12 Upon completion of mitosis the monomeric units will reassemble to form the 

interphase microtubule network.12 These examples demonstrate the key function and utility of 

chemically fueled dissipative processes in biological systems. Nonequilibrium systems constantly 

require energy input even when operating in homeostatic conditions. This poses the natural 

question: why use nonequilibrium processes to maintain stability? Nonequilibrium processes allow 

biological systems to more rapidly adapt and reconfigure in response to changes in their 

surroundings, which is advantageous for survival.36 Let us take a static actin assembly as an 

example. If the environment abruptly changes such that assembly in a new location is necessary, 

the disassembly and reassembly would be much more energy demanding as compared to a 

nonequilibrium assembly. Given living systems work in concert with one another, biological 

systems must be able to quickly response and adapt—nonequilibrium processes allow for such 

rapid adaptation.  
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1.2 History of studying nonequilibrium systems  

While biological systems have been operating far from equilibrium for millions of years, scientific 

investigation of nonequilibrium systems did not begin until the early 1900’s. In the 19th century 

scientists focused on studying thermodynamics in terms of the state functions of energy and 

entropy.37 This is described by the first and second laws of thermodynamics, stating that energy 

must be conserved, and entropy for an isolated system must not decrease, respectively.38 Together 

these laws allowed for the study of processes which are infinitely slow and reversible, limiting 

analysis to systems at equilibrium. Then, at the turn of the twentieth century Lar Onsager and Ilya 

Prigogine made significant contributions on  thermodynamics of irreversible processes which have 

profound implications on nonequilibrium systems.37 The initial work by Onsager in 1930’s laid 

the groundwork for the thermodynamics of irreversible processes for which he received the Nobel 

Prize in chemistry in 1968.39 Building upon this work, Prigogine introduced the notion of treating 

an inhomogeneous system as if it were composed of many parts that were in equilibrium locally, 

which was supported by existing theories in statistical physics.40 Prigogine was awarded the Noble 

Prize in chemistry in 1977 for his contributions to nonequilibrium thermodynamics, particularly 

for  his theories on dissipative structures—a term he coined.37  

It was not until the early 1960’s when scientists realized that experimental nonequilibrium 

systems have interesting new properties. A prominent example being oscillating chemical 

reactions, in which the concentration of chemical species changes in an oscillatory fashion over 

time.37 Concurrently, the field of dissipative systems began to emerge as scientists discovered that 

nonequilibrium processes can be used for self-organization.31 In the 1990’s, pivotal work by Chris 

Jarzynski  and Gavin Crooks extended the second law of thermodynamics to better understand 

thermodynamic constraints on nonequilibrium behavior.41 While physicists and physical chemists 
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continue to study nonequilibrium systems and develop guiding principles for understanding 

biological processes, synthetic chemists and materials scientists have begun to mimic these 

biological nonequilibrium processes using synthetic systems.37  

There is a long history in science of bioinspiration. Inspiration from biology has given rise 

to advances in a variety of fields including drug delivery,9 structure coloration,42 sustainable 

building design,43 and materials design.44 Until recently bioinspired research largely focused on 

systems at equilibrium.  The pursuit of synthetic nonequilibrium systems gained steam in the 1980s 

with the inception of the field of molecular motors (discussed in more detail in section 1.6).32,45,46 

The ability to mimic nonequilibrium behavior could enable materials to adapt, learn, achieve 

homeostasis, and interact with their surrounds and even living systems. Despite these advances, 

nonequilibrium systems have proven to be challenging to mimic in synthetic systems. This is 

because many of the governing principles and the theoretical framework of nonequilibrium 

systems is still poorly understood.  

 

1.3 Distinction between nonequilibrium systems and other closely related systems 

To facilitate further in-depth discussions, it is helpful to compare nonequilibrium materials 

with other closely related systems such as stimuli-responsive, dynamic, and adaptive materials. 

However, keep in mind that some of these concepts are intertwined with partial overlaps and the 

delineations for a complex, relatively new, and broad field are still open to discussion and 

interpretation.  

One extensively studied system is stimuli-responsive materials consisting of small 

molecule or polymer-based materials that respond to various external stimuli such as 

temperature,47 pH,48 solvent polarity,49 light,50 mechanical force,51 or magnetic field,4 etc.  For 
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such systems, an external stimulus triggers the switch from one equilibrium state to a new 

equilibrium state.52 This switch is usually accompanied with an associated change in properties 

including color,53 physical phase,54 surface adhesion,55 or hydrophobicity56 among other 

properties. It should be noted that the new state is also at equilibrium, thus it will remain static 

until a counter trigger is introduced.36 For nonequilibrium systems, however, the trigger (energy 

input) is transient because the energy it provides is constantly consumed to sustain the process. As 

soon as the energy supply stops, the unstable system quickly goes back to the thermodynamic 

minimum energy state or ends up in a kinetic trap (Figure 1.1). Thus, in nonequilibrium cases there 

is no need to introduce a counter trigger to move the system back to the starting point.  

As pointed out by Walther,36 sometimes the distinctions between stimuli-responsive and 

nonequilibrium materials are subtle. This can be illustrated in light and temperature responsive 

azobenzene derivatives via the cis/trans isomerization. Upon irradiation with light of one 

wavelength (l1), the thermodynamically more stable trans form isomerizes to its metastable cis 

form, which can thermally relax back to its thermodynamic minimum state if there is sufficient 

thermal energy. In this sense, it behaves more like an out-of-equilibrium system because it requires 

constant light energy input to sustain at the cis form. At relatively low temperature the cis to trans 

transition can also be achieved using a counter trigger by irradiating with light of another 

wavelength (l2). In this scenario, the system acts as a stimuli-responsive system because it requires 

a trigger and a counter trigger to switch back and forth between two stable equilibrium states. We 

see that depending on context, this system may either be classified as a stimuli-responsive or 

nonequilibrium system. This nuance has made it difficult to implement nomenclature that draws a 

strict line between these fields. Many define nonequilibrium as any system that dissipates energy; 

while this definition is sufficient for constructing the theoretical framework for the 
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thermodynamics at play, it does not provide a clear outline for practical demonstrations of 

nonequilibrium processes.13,36 It can be argued that better distinctions will arise as the field 

progresses to more closely mimic biological complexity.   

Another commonly used and more general term is dynamic materials. Dynamic materials 

refer to materials having dynamic properties that change over time.57 By this definition, 

nonequilibrium systems are all inherently dynamic. Stimuli-responsive materials are also dynamic 

because they change over time in response to a triggered stimulus.58 The term dynamic is also 

applied to the field of self-healing materials which usually consists of polymeric materials 

crosslinked with dynamic supramolecular or covalent bonds.57 Dynamic bonds can break and 

reform enabling self-healing behavior and the ability to be reprocessed. Many dynamic materials 

can also be classified as stimuli responsive materials because the dynamic exchange can be 

triggered by an external stimulus such as increased temperature, or addition of solvents. 

Noteworthy subfields include shape-memory polymers capable of generating motion in response 

to a change in temperature,54 and covalent adaptable networks (CANs)59 which can be reprocessed 

at elevated temperatures. 

Finally, adaptive materials are similar in broadness with dynamic materials but come with 

an added layer of nuance. Many in the field refer to all stimuli-responsive materials as adaptive 

because the systems adapt to a change in the environment; however, the field has progressed to 

incorporate higher levels of complexity. The increased complexity often is in the form of responses 

that are proportional to the stimuli-intensity, rather than a simple on/off switch. Complexity can 

also come in the form of combining multiple stimuli-responsive features to construct logic-gates 

to program more complex response modes.36 Certain systems with more complex levels of 

adaptability can exhibit a change in function such as autonomous self-regulation.60 These new 
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levels of hierarchy, organization and complexity have not been accompanied by new concrete 

vocabulary that is accepted throughout the field. This has unfortunately given rise to ambiguity. 

The term adaptive is commonly used instead of stimuli-responsive when the system has some 

higher level of complexity than a simple trigger from one state to another.  

 

1.4 Sources of energy used in synthetic nonequilibrium systems 

 In bioinspired design of synthetic nonequilibrium systems, a diverse sources of energy such 

as chemicals,14–21 light, 26–29 current, 23–25 heat,61 and mechanical energy22   have been used to 

power these systems. In this section the major energy sources will be briefly introduced.  

 Chemically driven nonequilibrium systems use small molecules, biomacromolecules, or 

combinations of the two. Compared to other energy sources, chemical fuels (such as ATP 

hydrolysis and phosphorylation) have relatively high energy density and are used ubiquitously in 

biology, making them desirable targets for biomimicry.  Small molecule-based fuels capitalize on 

irreversible competing reactions such as alkyation/hydrolysis,14 thioester exchange,15 and 

reduction/oxidation to achieve transient self-assembly.16 This sort of competing opposing 

reactions parallels a common approach in biology of hydrolysis and phosphorylation as described 

in section 1.1. Alternatively, small molecule fuels can act on molecular motors to induce rotation 

or linear motion.17 The molecular motor approach, while conceptually quite elegant, struggles to 

extend this behavior past the molecular scale. On the other hand, clock reactions such as the 

Belousov-Zhabotinsky (BZ) reaction can be used to achieve self-oscillating hydrogels, even on the 

macroscopic scale.18 Another approach uses phoretic effects that yield gradients of small 

molecules on the nanoscale that drive active collective motion of particles.62 The phoretic approach 

can be compared to nature’s use of ion channels to regulate ionic strength.12 However synthetic 
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mimics have not yet been able to replicate that level of control over motion. Taking further 

inspiration from biology, biomacromolecules have also been leveraged to fuel nonequilibrium 

behavior through processes such as DNA strand displacement.19 More commonly, 

biomacromolecules are often used in combination with small molecules via enzymatic conversion 

of small molecule substrates.21 Combination systems also use oligonucleotides, enzymes and small 

molecules to drive nonequilibrium behavior.20 

 Light and heat can also serve as fuel for nonequilibrium processes. The use of light as a 

fuel can be advantageous because it enables spatiotemporal control. Additionally, light fuel can be 

administered remotely in a non-contact fashion, which can be advantageous for some applications. 

Light responsiveness is often achieved via photo-active small molecule which upon irradiation can 

cause a change in pH or assembly propensity.26–28 For example, azobenzene is a common motif to 

incorporate into light driven systems due to the photo-triggered cis/trans isomerization that 

induces self-assembly. 26,27   Spiropyran is another common photo-active molecule used to impart 

light driven dissipative behavior, popular due to its reactivity at optical wavelengths.63 Photoactive 

molecules can be used to achieve nonequilibrium behavior in a variety of forms such as: transient 

change in optical properties,64 molecular motion, 65 or active colloidal motion.62 In one example a 

pH responsive colloidal crystal is disassembled through the use of a photoacid  causing transient 

changes in pH.28 Photo-active molecules can also be used to achieve molecular motion via a ratchet 

mechanism that uses Brownian fluctuations on an anisotropic molecule in isothermal media to 

enable directional molecular motion.66,67 There are very few examples of purely thermally driven 

systems; however one approach uses shape memory polymers to achieve autonomous actuation, 

this example is discussed in detail in 1.9.2.61  
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 Electricity can also be used as a source of energy to power nonequilibrium behavior. 

Electrochemistry can be leveraged in achieve nonequilibrium behavior in molecular motor.24 In 

one example, electrochemical oxidation of benzidine results a change in net charge, facilitating 

molecular shutting (described in detail in section 1.5).24 Electricity fueled molecular motion can 

also be achieved using prochiral molecules on a copper surface.25 Electric fields  can also be used 

to fuel active motion of asymmetric colloidal material driven be electrostatic forces.23 

 Mechanical energy can also be used to fuel nonequilibrium behavior. Early examples, 

include material processing such as milling, achieved nonequilibrium alloy phases.68,69  More 

recently, mechanical energy was used to bias the assembly of peptides into fiber structures.22 

Mechanically driven surface dynamics in hydrogel materials have also given rise to 

nonequilibrium behavior such as elastic creasing instabilities.70  

 

1.5 Modes of operation in synthetic nonequilibrium systems 

 The input of external energy or fuel can achieve nonequilibrium behavior through several 

modes of operation, here we outline the main modes of fuel operation. Fuel can induce a change 

in chemical characteristics of the substrates which results in molecular motion or a change in self-

assembly propensity. Additionally, fuel can act upon the media to change the local and global 

chemical composition, resulting in changes in assembly or colloidal motion.  

 First off, fuel can directly change the chemical characteristics of small molecules to yield 

nonequilibrium behavior in the form of molecular motion. The addition of fuel can change the 

chemical characteristics via a change in conformation or configuration,71 charge,72 or sterics.73 A 

common approach uses an input of energy to facilitate cis/tran isomerization of an alkenes,74 or 

imines to generate rotational molecular motion.75 Fuel can also generate directional molecular 
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motion by changing the charge,24 or protonation state.76 The addition of fuel can also induce a 

change in sterics which can give rise to directional molecular motion.73  

 The fuel induced direct change in chemical characteristics can also lead to dissipative 

supramolecular assembly by altering the chemical characteristics of monomeric building blocks, 

controlling the self-assembly behavior. Here, the addition of the fuel causes a change to the 

assembly behavior of a small molecule by changing its charge state through the use of redox 

chemistry,77 or alkylating agents.78 Changes in molecular polarity can also induce dissipative 

assembly via transient anhydride formation using carbodiimide activating agents as the fuel.79 

Alternatively, changes in dipole moment induced by photo-triggered isomerization can alter long 

range order as seen in liquid crystalline systems.80 The fuel input can also change properties such 

as binding affinity as seen in micellular systems.81 

In contrast, fuel can also act upon the surrounding media to change the chemical 

composition to achieve nonequilibrium behavior. Changes in chemical composition can be 

achieved by the addition of acids or bases to cause a transient change of pH which can result in 

directional molecular motion,76 or transient colloidal assembly,82 and disassembly.28 The chemical 

composition can also be changed via reaction-diffusion processes that generate chemical 

oscillators, known as clock reactions.16,83   The change in the chemical composition can also give 

rise to nonequilibrium behavior such as oscillatory changes in the swelling of a hydrogel.84 There 

has also been recent work that uses imbalances in diffusion rates during interfacial polymerization 

to generate synthetic Turing patterns without the use of existing clock reactions.85  

Furthermore, fuel can act on surrounding media to change the chemical composition locally 

to achieve nonequilibrium behavior in the form of active colloidal motion. Local changes in 

chemical composition can be achieved via a colloidal catalysis.86 In the case of catalytically active 
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colloids, the chemical reaction only occurs at the surface of the particle and thus the change in 

chemical composition is transiently localized the surface of the colloid. For example, hydrogen 

peroxide decomposition can be used to achieve directional colloidal motion.62 Asymmetric 

catalytic colloids can be used to generate rotational colloidal motion.87 Colloids that leach metal 

ions can also be used to achieve colloidal motion.88 

In the following sections (section 1.6 – 1.10), we will concisely summarize some major 

synthetic nonequilibrium material systems by highlighting some representative examples. 

 

1.6 Molecular motor based nonequilibrium systems 

In the legendary talk “There’s plenty of room at the bottom,” Richard Feynman outlined the 

vast opportunities available to scientists at the molecular and nanoscale.89 The field of molecular 

machines has been an active area of research since the 1980’s. The most seminal contributions to 

this field are attributed to Jean-Pierre Sauvage, Sir J. Fraser Stoddart, and Bernard L. Feringa, who 

shared the Nobel Prize in Chemistry in 2016 for their work on the design, synthesis, and studies 

of molecular machines.  

First let us consider the methods of achieving motion of molecular machines. Inherent 

differences from macroscopic machines arise due to the large change in scale.45 For this reason, a 

ratchet mechanism is often used. In short, a ratchet mechanism relies on anisotropic molecules 

whose  Brownian fluctuations will themselves be anisotropic, enabling  directional molecular 

motion.66,67 The ratchet mechanism can be used because Brownian motion operates at these short 

length scales, making it is much easier to absorb energy using non-equilibrium fluctuations in the 

environment.90 The motion of molecular motors is considered a nonequilibrium process because 

the motion is driven by an input of energy such as thermal or chemical energy, which is then 
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dissipated into the surrounding via bond rotation. This is different from equilibrium bond rotation 

because in equilibrium conditions the rotation is normalized due to the random nature.  In this 

section key classes of molecular motors will be discussed. 

 First, let us discuss unidirectional rotary molecular motors, whose motion is derived from 

rotation about a C-C single bond. A prominent example includes triptycenes, which are organic 

molecules with a three-blade architecture and a C-C single bond that serves as the rotational axis 

for movement (Figure 1.2a). Upon attachment of a bulky substituent, [4] helicene, the rotational 

energy associated for the C-C single bond increases to ~25 kcal/mol which is significantly higher 

than typical C-C bonds (~3-5 kcal/mol).71 The higher rotational energy serves as an opportunity to 

bias directional motion, achieving a molecular motor. It should be noted that without the bulky [4] 

helicene the triptycene can rotate; however, this rotation occurs equally in both directions, thus 

this motion is not an nonequilibrium process, and directional motion is not achieved.71 Through 

the attachment of an aniline motif to one of the three-blades on the triptycene, phosgene can be 

used as the chemical fuel to bias molecular rotation.71 The addition of phosgene results in 

isothiocyanate formation. The rotational movement is equivalent in both directions; however, by 

tethering an alcohol to the [4] helicene, the rotation in one direction becomes biased due to the 

trapping of the isothiocyante via intramolecular urethane formation.71 This work was the first 

example of a unidirectional rotary molecular machine. Biaryl sulfoxides have also been used for 

achieving unidirectional rotary motion about a C-C single bonds and have extended the rotation 

from 120⁰ to 360⁰.91 Sterically bulkly substituents in the ortho positions restrict rotation.91 The 

system can be fueled using organometallic chemistry that triggers shuttling between Pd(0) and 

Pd(II) oxidations states that selectively bind to the biaryl sulfoxides.91 This binding directs C-H 

activation and subsequently oxidative addition to achieve rotary motion. 
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Figure 1.2 Molecular motor scaffolds of rotary motors, biped walkers and rotaxanes. (a)  Structure for 
achieving unidirectional rotary molecular motors derived from rotation about a C-C single bond. Figure 
adapted from 71. (b) Structure and schematic for the development of molecular bipeds. The Pt(II) and Pd(II) 
complexes are highlight in pink and gold circles, respectively. The N-heterocyclic ligands are shown in 
black. The 4-dimethylaminopyridine (DMAP) unit is shown in green and binds to the Pd complex. Molecular 
motion is achieved via protonation of the DMAP unit. Figure adapted from 76. (c) Rotaxane based molecular 
motor capable of demonstrating 2 cycles of operation to drive a bead shown in blue that is composed of 
tetracationic viologen macrocycle. The bead is threaded onto an axle composed of a dicationic viologen, 
shown in blue, which in reducing conditions binds to the bead to allow for threading. Under oxidative 
conditions the viologens repel and result in locking of the bead on the left of the isopropylphenyl “speed 
bump” shown in green, which can be overcome over time. This process can be repeated an additional 
cycle. Figure adapted from 72. 

Organometallic chemistry has also found utility in the field of molecular motors for the 

development of molecular bipeds or “walkers.” In one example, the “feet” of the bipeds are 

composed of Pt(II) and Pd(II) complexes that serve as binding sites for ligands (Figure 1.2b). N-

heterocycles are used to ensure an open coordination site in the square planar geometry. An 

important design feature of this system is that Pd(II) binding is reversible while Pt(II) binding 

(a) 

(c) 

(b) 
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remains locked. Through the reversible protonation/deprotonation of 4-dimethylyaminopyridine, 

the attachment of the Pd(II) foot can be modulated, thus demonstrating proton fueled molecular 

walkers. This design allowed for demonstration of a pH fueled molecular biped.76 The motion 

generated by the molecular bipeds is quite similar to the walking mechanism of motor proteins, 

such as the kinesin protein which moves along microtubule filaments via ATP hydrolysis.12  

Rotaxanes are another important and large class of molecule motors that are based on 

mechanically interlocked molecules (MIMs).92,93  Rotaxanes are composed of three components, 

the thread (or axle), the bead (or macrocycle), and two chain stoppers.92 The thread is a linear 

molecule onto which a macrocycle can be threaded. The bead is held in place due to the chain 

stoppers which consists of sterically bulky substituents that prevent the bead from dethreading.92 

In many molecular motor designs, the axle is also designed to have binding sites to induce docking 

points for the bead on the thread. In one example by Stoddart, the bead contains a tetracation of 

bipyridinium units—referred to as viologens—tethered by p-xylyl spacers.24  The axle is composed 

of biphenol and benzidine, which serve as the electron donors into the positively charged bead.24 

These binding units are spaced via an ethylene glycol chain and capped at each end with sterically 

bulky stoppers.24   The motor can be fueled electrically via the oxidation of benzidine which 

generates a dication, locking the bead onto the biphenol docking point. Trifluoracetic acid can also 

be used as a chemical fuel via protonation of the benzidine in a similar fashion as described 

above.24 Others have shown rotaxane based molecular motors with 2 cycles of operation that drive 

a threaded bead away from equilibrium towards a higher local concentration, which is a more 

energetically demanding state (Figure 1.2c).72 Similarly, the bead is composed of tetracationic 

viologen units. The axle has cationic viologen units which, under reducing conditions, result in 

stabilizing radical-radical pimerization allowing for threading of the bead onto the axle.72 After 
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threading, oxidization drives the systems to a very high potential energy locking in the viologen 

rings onto the axle due to the repulsive forces between the oxidized viologen on one side and a 

sterically bulky isopropylphenyl “speed bump.”72 It should be noted that in this state, dethreading 

of the bead and axle is thermodynamically favored but kinetically disfavored.72 The 

isopropylphenyl speed bump can be overcome given enough time due to co-conformational 

rearrangements.72 Upon exposure to reducing conditions this cycle can be repeated to thread 

another bead onto the axle creating an increase in the local concentration of the beads which is 

energetically quite demanding.72 This demonstration of a molecular pump, more closely mimics 

biological nonequilibrium systems that are able to use chemical fuels to achieve energetically 

demanding changes in local concentration.  

Rotaxanes can also be powered using a light driven asymmetric rotaxane. In one example, 

one side of the axle contains an azobenezene motif that allows for photo-triggered E/Z 

isomerization.65 The axle has an ammonium-based docking site in the middle, and a 

methylcyclopentyl stopper on the other end.65 The naphthene crown ether-based macrocycle is 

used as the bead and can be threaded onto the axle when the azobenzene in is the E form.65  In the 

Z form the beads is unable to dethread from the axle allowing for controlled threading and 

dethreading using light.65 By using light as a source of fuel the nonequilibrium behavior has the 

potential to be controlled in a spatiotemporal fashion, bringing molecular machines closer to 

mimicking the complexity found in biological systems.  

Catenanes are another class of MIMs that have received significant attention in the field of 

molecular motors.  Catenanes are molecular systems composed of at least two topologically linked 

macrocycles.92 Jean-Pierre Sauvage was an early pioneer of the design and synthesis of catenane 

based molecular motors.94 In general, similar design strategies can be used as seen in rotaxanes 
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such as the use of bulk substituents as blocking agents and noncovalent interactions as binding 

sites. To describe motion of interlocked molecules it becomes important to establish nomenclature 

of each macrocycle. Typically, the larger macrocycle in the system is referred to as the track (akin 

to the thread component of rotaxanes) and the smaller macrocycle will move long this track. In 

one example, autonomous molecular motion is achieved via a catenane based system using 

chemical fuels.73 Here, fumaramide residues on the track (larger macrocycle) allow for binding to 

benzylic amides on the smaller macrocycle (Figure 1.3a).73  The molecular motion of the smaller  

 Figure 1.3 Molecular motor scaffolds of catenanes, and rotatory motors based on alkene and imines. (a)  
Catenane based molecular motor composed of a track with fumaramide residues, shown in green, and 
sterically hindered blocking agents shown in red. The bead shown in blue can be driven via pyridine 
catalyzed carbonate-forming reaction using 9-fluorenylmethyoxycarbonyl as the chemical fuel. Figure 
adapted from 73. (b) Overcrowded alkene molecular machine capable of achieving 360⁰ rotation in 4 
consecutive steps. Photoinduced isomerization results in from the (P,P)-trans-1 to the (MM)-cis-2 form 
helical inversion to yield (P,P)-cis-2. Further light irradiation yields (M,M)-trans-1 which upon heating 
regenerates (P,P)-trans-1. Figure adapted from 74. (c) Chiral N-alkyl imine based molecular motors that use 
light triggered isomerization coupled with ring inversion to achieve rotary motion. Figure adapted from 75. 

macrocycle on the track is powered by two competing reactions: the carbonate-forming reaction 

using 9-fluorenylmethyoxycarbonyl chloride, and the hydrolysis of the carbonate. The carbonation 

reaction introduces a blocking agent in the form of a sterically bulky 9-

fluorenylmethyoxycarbonate, which can then be removed via hydrolysis.73 The hydrolysis reaction 

(c) (b) (a) 
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kinetics remain constant despite the position of the macrocycle relative to the track; however, for 

the carbonation reaction, the kinetics depend on the relative location of the macrocycle.73 When 

the fumaramide groups on the  macrocycle are close in proximity to the hydroxyl, nucleophilic 

attack is suppressed—this effect results in dissimilar carbonation reactions rates giving rise to net 

directional motion of the ring on the track.73 This work demonstrates the use of competing 

carbonation and hydrolysis reaction using  9-fluorenylmethyoxycarbonyl chloride as a chemical 

fuel to achieve continuous autonomous motion, marking an advancement in the field from the 

stepwise motion previously described.73  

 Another class of molecular machines employs overcrowded alkenes and uses cis to trans 

isomerization to achieve motion. In the pioneering work in 1999, Feringa demonstrated light 

driven isomerization to achieve 360⁰ rotation in 4 consecutive steps by using a sterically hindered 

alkene as the axis for rotation.74 The achieved monodirectional rotation hinges on two chiral 

centers which allows for temperature-controlled helicity inversions.74  Specifically, by irradiation 

with one light (λmax ~280 nm), the isomerization from the trans to the cis form is achieved and the 

axial methyls go to the equatorial positions (Figure 1.3b).74 At 20 ⁰C, the helicity spontaneously 

inverts, resulting in axial methyls.74 Upon irradiation with another light (λmax ~380 nm), cis to 

trans isomerization occurs and results in equatorial methyls; however, upon increasing 

temperature, inversion results axial methyls. The spontaneous inversion blocks the reverse rotation 

and thus ensures that the four individual steps add up to one full rotation in one direction only.74 

This design was later incorporated into a liquid crystalline matrix to induce light driven rotation 

that manifests on the microscale.95  This was accomplished by irradiating a liquid crystal sample 

doped with an overcrowded alkene molecular motor, to achieve rotation of the chiral motor.95  The 

rotation of the chiral motor results in reorganization of the liquid crystal which manifests in 
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rotation on macroscopic scale, marking a significant advancement in the ability to translate 

molecular scale motion to microscale motion.95  

 Chiral N-alky imines have also attracted attention in the field of molecular motors due to 

facile synthetic routes, the ability to control E/Z isomerization to generate rotational motion, like 

the crowded alkene motors described previously. The isomerization rate can be tuned over 9 orders 

of magnitude by varying the N-substitution.75 These molecular motors can be accessed in an 

orthogonal two-step mode of E/Z isomerization. Additionally, by coupling the isomerization to a 

ring inversion, a four-step rotation can also be accessed (Figure 1.3c).75 This is a noteworthy step 

in the field as it expanded the scope of molecular motors from sterically congested alkenes to 

imines which are synthetically more easily accessed. Building on these studies chiral N-alkyl imine 

based molecular motors were later incorporated into hydrogel materials to yield macroscopic 

contraction in response to the phototriggered E/Z-isomerization.96    

 

1.7. Dissipative Supramolecular Assembly 

 Dissipative supramolecular assembly has garnered significant attention in the field of 

nonequilibrium materials due to its close similarity to biological out-of-equilibrium systems such 

as actin and microtubules.13 The reversible nature of the noncovalent interactions that hold 

supramolecular assemblies together allows for the introduction of dissipative behavior. Frequently 

the dissipative behavior manifests in transient self-assembly or transient changes in previously 

assembled systems. The canonical biological examples of actin and microtubules both elegantly 

use chemically fueled dissipative self-assembly to sustain vital cellular processes.12 For this 

reason, dissipative self-assembly are important in the biomimetic community. In 2010 the use of 

supramolecular assembly took off when Boekhoven et al. demonstrated the transient self-assembly 
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of small molecule gelators by using competing irreversible alkylating and hydrolysis reactions.14 

Since then, other chemically driven,14–16,97 as well as light driven nonequilibrium supramolecular 

systems have emerged.26,95,98 Alternative approaches have been developed including the use of 

clock reactions,99,100 as well as biomacromolecules such as oligonucleotides and enzymes.20,21 

Prominent examples of these approaches are discussed below.  

 The use of competing irreversible reactions is prevalent in chemically driven 

nonequilibrium supramolecular assemblies. Commonly, the competing reactions alter the 

assembly behavior of small molecules such that a non-assembling molecule is converted to a small 

molecule gelator, while the opposing reaction converts the small molecule gelator back to the non-

assembling form. This approach results in transient supramolecular assembly which gives rise to 

transient hydrogel formation. The source of energy in these nonequilibrium supramolecular 

assemblies derives from the competing reactions used to fuel the process. When the source of fuel 

is depleted the system goes back to equilibrium—depending on the specific conditions, 

equilibrium may be the assembled or disassembled form. 

     The pioneering work by Boekhoven et al.  in 2010 used competing alkylation via methyl 

iodine and hydrolysis in basic conditions to drive nonequilibrium behavior (Figure 1.4a).14  

Anhydride formation and hydrolysis has also yielded chemically-driven dissipative 

supramolecular  assembly (Figure 1.4b).97 Carbodiimide coupling agents can be used as the 

chemical fuel for transformation of carboxylates into anhydrides.79,97  The anhydrides can only be 

formed transiently before degradation via hydrolysis.97 Others have reported intermolecular 

thioester exchange, fueled by the addition of highly reactive thioesters, followed by spontaneous 

release of lactams as waste.15 Redox chemistry has also been explored by using competing 

reduction with sodium dithionite and air oxidations reaction on perylene diimide (PDI) derivatives 
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to yield nonequilibrium transient assembly.16 More recently, milder redox chemistries have been 

employed by Ogden et al. to achieve transient self-assembly.101 These examples demonstrate the 

expanding scope of chemical reactions used to achieve dissipative assembly.  

Figure 1.4 Chemically fueled dissipative assemblies (a) Dissipative cycle of chemically fueled 
supramolecular assembly using strong alkylating agents in basic conditions to yield transient assemblies of 
small molecule gelators. Figure adapted from 14. (b) Dissipative cycle of chemically driven supramolecular 
assembly using carbodiimide chemistry to yield transient anhydride formation follow by degradation via 
hydrolysis. Figure adapted from 97. 

 Chemically driven supramolecular systems have also used biomolecules and 

biomacromolecules to achieve nonequilibrium behavior. Fundamentally, these examples are quite 

similar in the use of competing irreversible reactions; however, in these cases the assembly 

behavior of biomolecules, such as peptides and oligonucleotides are altered.20,21 In one example, 

the competing reactions of catalytic transacylation and hydrolysis result in nonequilibrium 

dissipative assembly and subsequently transient gelation of peptide amphiphiles.21 The 

transacylation and hydrolysis reactions were accomplished enzymatically with chymotrypsin and 

thermolysin, respectively, to yield transient gelation.21 In another example, DNA is used as the 

chemical fuel in conjugation with RNA and RNA polymerase to achieve autonomous dynamic 

self-assembly of DNA nanotubes.20 By incorporating biomacromolecules scientists have been able 

to more closely mimic biological systems, as evident in comparing the autonomous dissipative 

assembly of DNA nanotubes to actin assembly.  

(a) (b) 
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Chemically driven nonequilibrium systems can also be fueled by reaction-diffusion 

processes. Reaction-diffusion processes give rise to chemical oscillators (often referred to as clock 

reactions) in which the chemical composition changes in a oscillatory fashion over time.16 

Chemical oscillators can also give rise to emergent behavior such as the formation of Turing 

patterns.102 Coupling the change in chemical composition to self-assembly behavior has resulted 

in nonequilibrium behavior. Clock reactions such as the Belousov-Zhabotinsky,18 iodine clock,99  

and methylene glycol/sulfite/gluconolactone reactions have been employed to generate dissipative 

assemblies.103 In one example, an iodine clock reaction is coupled to an iodine-responsive polymer 

to generate transient self-assembly of the polymers.99 The polymer is composed of a block 

copolymer with one hydrophilic block and an iodine responsive block composed of polyethenylene 

glycol (PEG).99 The addition of iodine to PEG  polymers results in noncovalent interactions that 

increase the hydrophobicity of the polymer.99 The change in hydrophilicity results in a change in 

the self-assembly behavior of the polymers. Thus, upon changes in concentration of iodine as the 

clock reaction proceeds, the self-assembly behavior of the polymer also changes.99 While the use 

of clock reactions has yielded a number of nonequilibrium system with unseen properties such as 

macroscopic autonomous motion,100 the reliance on clock reactions limits the scope of this 

approach. 

 Light driven nonequilibrium supramolecular assemblies have also been demonstrated. 

Light fueled systems have the advantage of operating without the addition of chemical reagents 

and can potentially provide spatiotemporal control of the self-assembly. Azobenzenes exbibit a 

light triggered trans to cis isomerization that has been employed to achieve dissipative self-

assembly.26 The dissipative self-assembly is accomplished by using dicarboxylic acid containing 

azobenezene derivatives that in the cis form undergo self-assembly into cyclic tetramer, which 
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further aggregate into rod-like structures, while the trans form assembles into linear head-to-tail 

structures.26 Thus by irradiating a solution of the trans-azobenenze derivatives, the trans to cis 

isomerization drives the aggregation of these assemblies.26 Here, the source of energy is the light, 

thus, when light irradiation is stopped these assemblies then undergo dissipative disassembly due 

to the thermally induced relaxation back to the trans form.26  Alternative approaches use 

dithienylcyclopentene as a photochromic switch that has an associated sol-gel transition due to the 

transient assembly.98 Similar to the aforementioned azobenzene motif, liquid crystals can be 

prepared using supramolecular assembly of the azobenezene and through UV irradiation the phase 

of the liquid crystal can be transiently altered.80 Liquid crystalline materials have also had a notable 

presence in light fueled nonequilibrium systems due to the ability to translate molecular motion to 

the colloidal and microscale—a task that remains a challenge in disordered systems. Liquid 

crystals have been used in conjugation with C-C single bond rotary molecular motors to achieve 

motion of a cholesteric liquid crystal on the order of 50 um.95 

 

1.8 Dissipative colloidal assembly 

 Dissipative colloidal self-assembly is another area of pursuit in the field of nonequilibrium 

materials. Compared to dissipative assembly of molecular building blocks, operating on the 

colloidal scale using molecular fuels has an added layer of hierarchy due to the increase in scale 

from small molecule to nano- and microscale. Most of the approaches capitalize on similar driving 

forces such as the use of competing irreversible reactions,81 clock reactions,104 and photo triggered 

changes in chemical composition.105 There are also new methodologies unique to the colloidal 

scale that capitalize on chemical,87 magnetic, 106 and phoretic properties of colloids.88 In this 

section key approaches for achieving nonequilibrium colloidal systems such as transient 

aggregation,104 assembly, 81 and active motion will be discussed.107 
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1.8.1 Chemically driven dissipative colloidal assembly 

 To begin we will look at an example that lies at the interface of supramolecular assembly 

and colloidal assembly. In the work by Maiti et al., supramolecular interactions between ATP and 

surfactant molecules result in the transient assembly of micelles, which are amphiphilic colloids. 

The building blocks of the micelles are amphiphilic molecules composed of a hydrophobic alkyl 

chain with a 1,4,7-triazacyclononane●Zn2+ head group. ATP stabilizes the micelle assemblies via 

favorable multivalent ionic interactions between the anionic phosphate motif of ATP and the 

cationic charge of the amphiphile headgroup, yielding a stable micellar solution (Figure 1.5a). To 

achieve transient nonequilibrium behavior, hydrolysis of ATP is introduced as a competing and 

opposing pathway. This is accomplished via addition of an enzyme, potato apyrase, which 

hydrolyzes ATP into adenosine 5’-monophosphate (AMP) and orthophosphate. AMP and 

orthophosphate cannot stabilize the amphiphilic aggregates, resulting in disassembly of micelles.81 

This work demonstrates the use of transient supramolecular interactions via small molecule and 

enzymatic processes to achieve dissipative assembly of micelles.  

Nonequilibrium colloidal assembly can also be fueled via other sources of chemical fuels. 

For example, the previously described method that uses opposing chemical reactions to achieve 

transient supramolecular assembly (Section 1.7) can be used in a colloidal system to achieve 

transient colloidal assembly.109 Starting with a colloidal suspension of microparticles with ~750 

nm diameter and stabilized by the electrostatic repulsion due to negatively charged carboxylates 

on the particle surface, the carboxylates can be methylated using strong alkylating agent such as 

methylsulfate.109 The methylation increases the hydrophobicity and leads to aggregation. The 

aggregation is transient due to the competing hydrolysis reaction that reforms the negatively 

charged carboxylate, which disperse the aggregates.109 Transient aggregation can also be 
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Figure 1.5 Chemically fueled dissipative colloidal assemblies (a) Scheme showing dissipative assembly of 

micelles composed the building block 1,4,7-triazacyclononane●Zn2+ shown as a blue sphere with a black 

curved tail. Upon addition of adenosine triphosphase (ATP) depicted as the 3 red circles, the micelles will 
be formed; however, potato apyrase (denoted as the green object) will hydrolyze ATP to adensine 
diphosphate (ADP) depicted as the 2 red circles. ADP cannot stabilize the micelles and thus the assembly 
begins to decay. Figure adapted from 81. (b) Schematic of proposed mechanism of chemically fueled 
dissipative assembly of Au nanoparticles. Addition of hydrazine reduces Au(III) sals and induces self-
assembly due to changes in local concentration of dodecylamine (DDA) ligand which upon equilibration 
result in disassembly of higher order aggregates.  Figure adapted from 108. (c) Schematic of transient DNA 
duplex formation using pH triggered DNA switch (i-motif). The system starts in the “off” state with single 
stranded DNA, Au nanoparticles and butyrolactone. Addition of TRIS buffer increases pH, triggers duplex 
formation and nanoparticle assembly referred to as the “on” state. Over time hydrolysis of butyrolactone, 
causes pH to increase and nanoparticles to disassemble, returning to the system to the “off” state. Figure 
adapted from 82. 

accomplished via addition of hydrazine, as a reducing agent to an Au(III) salt and Au(0) colloidal 

solution.108 The reduction of the free Au(III) results in attachment of Au(0) clusters to existing 

nanoparticle which increases the local surfactant concentration on the surface of the nanoparticle 

(Figure 1.5b).108 The increased local concentration leads to transient aggregation of nanoparticles, 

which over time is dispersed upon equilibration of the surfactant concentration.108 Clock reactions 

can also be used to achieve nonequilibrium colloidal behavior by coupling the oscillatory changes 

in chemical concentration over time with a stimuli-responsive colloidal system. In one example 

(a) (b) 

(c) 
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the methylene glycol/sulfite/gluconolactone (MGSG) oscillator is coupled with pH responsive 

nanoparticles.103 The MGSG oscillating reaction results in pH fluctuations from pH 7 to 9, leading 

to changes in the protonation state of 2-fluoro para-mercaptophenol.103 In the protonated form the 

phenolate stabilizes the individual nanoparticles in solution and in the protonated phenol form the 

nanoparticles assemble into aggregates.103  This approach yields oscillatory assembly and 

disassembly in response to the oscillatory pH change of the clock reaction.103  

Biomacromolecules, such as oligonucleotides have also been used as chemical fuels for 

achieving transient colloidal assembly. To achieve this, a pH-triggered DNA switch was used to 

enable transient DNA duplex formation (Figure 1.5c).  Upon addition of TRIS buffer into the 

solution of butyrolactone and DNA-functionalized gold nanoparticles, the pH of the solution 

increases rapidly.82 The increase in pH is short lived due to the hydrolysis of the butyrolactone, 

which causes pH reduction.82 The transient change in pH induce transient aggregation of the DNA 

functionalized nanoparticles.82 

 

1.8.2 Light driven dissipative colloidal assembly 

Light can also be a source of fuel for nonequilibrium colloidal behavior. As compared to 

chemical fuels the use of light has the advantage of offering the potential to control nonequilibrium 

behavior in a spatiotemporal fashion. As discussed in section 1.6, azobenzene can be incorporated 

to yield interesting nonequilibrium behavior. The UV triggered trans to cis isomerization can also 

be used to induce transient nanoparticle aggregation using nanoparticles functionalized with 

azobenzene derivatives (Figure 1.6a&b).105 Others have shown the use of spiropyran derivatives 

as photoacids to trigger the transient aggregation of carboxylate  functionalized particles (Figure 

1.6d).64 Upon UV irradiation the carboxylate is protonated to the neutral carboxylic acid form 
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causing aggregation of particles (Figure 1.6c). This process is transient due the spontaneous 

reversible reaction of spiropyran which increases the pH of the solution and reforms the negatively 

charged carboxylate, resulting in disassembly.64 The examples discussed in this section and section 

Figure 1.6 Light fueled dissipative colloidal assemblies (a) Scheme showing the azobenezene derivatives 
that are used to functionalize nanoparticles to allow for the light driven assembly of nanoflasks via the UV 
triggered trans to cis isomerization shown on the right. Figure adapted from 105. (b) Schematic showing the 
light driven aggregation of the nanoparticles that yield nanoflasks that can trap polar molecules, denoted 
as A+B. The nanoflasks serve as nanocontainers which accelerate chemical reactions denoted as the 
conversion of A+B to C. The nanoflasks can be disassembled via visible light irradiation. Figure adapted 
from 105. (c) Scheme showing dissipative assembly of carboxylate functionalized nanoparticles using an UV 
triggered photoacid via the closing of merocyanine (MCH+) to spiropyran (SP).  UV irradiation results in a 
proton release that facilitates the protonation of carboxylates to carboxylic acids, which leads to the 
assembly of nanoparticle aggregates. Spontaneous opening of SP back to the MCH+ form results in the 
dispersion of the aggregates due to the repulsive forces of the negatively charged carboxylates. (d) The 
transient nanoparticle aggregation driven by the photoacid is shown in transmission electron micrographs 
of the particles before UV irradiation (shown in the leftmost image) and after UV irradiation (shown in the 
rightmost image). Figure adapted from 64.  

1.8.1 are mostly extension of approaches employed in molecular dissipative assembly systems 

discussed in section 1.7 to the dissipative assembly of colloidal systems. In the next section (1.8.3), 

nonequilibrium colloidal systems that capitalize on properties unique to the colloidal scale will be 

discussed.  

(a) (b) 

(c) (d) 
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1.8.3 Light & chemically driven active colloidal motion 

Active matter—the collective mobility of self-propelled objects—has emerged as a 

subfield of nonequilibrium materials.110 Active matter is characteristic of self-propelled objects 

that convert various forms of energy into mechanical work, which is commonly seen in colloidal 

motion through a fluid.110 To start this section a few fundamental definitions and processes will 

first be described. Active motion of colloids is often fueled via phoretic forces between particles 

and the local field gradient such as chemical, hydrodynamic, electrostatic or magnetic properties.86 

In the case where motion is generated by a local gradient of a chemical species, this is referred to 

as diffusiophoresis.111 Electrophoresis  refers to electric field gradients which uses the interaction 

between an electric field and the electrical double layer of a particle. The local field gradient can 

be generated by the active colloid itself, in which case it is termed self-phoresies.  

Active colloids can be achieved using a combination of light and chemical fuels with hydrogen 

peroxide as the most commonly used chemical fuel. Particles such as Pt, Pd, TiO2, Fe2O3, and 

AgCl can catalyze the decomposition of hydrogen peroxide into water and oxygen.110 For TiO2, 

Fe2O3, and AgCl particles, the reaction can be further controlled by light.110 Let us take one 

simple example to demonstrate how nanoparticle catalysis can generate motion. A cube of Fe2O3 

is immobilized in a solution of hydrogen peroxide containing tracer (unreactive) microparticles.62 

Upon irradiation with light, hydrogen peroxide decomposition occurs at the surface of the cube 

and the tracer microparticles propel towards the region of depleted hydrogen peroxide via 

diffusiophoresis, generating active colloidal motion.62 In another example, AgCl microparticles 

were used to achieve active motion by using the local release of ions around the microparticles in 

response to UV irradiation (Figure 1.7a).112  When mixed with tracer microparticles, the tracer 

particles get caught in the local ion gradient around the AgCl microparticles, and clusters or 
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“schools” of particles emerge.112 The catalytic properties of AgCl microparticles enables the 

decomposition of  hydrogen peroxide in the presence of UV light and achieves oscillations of 

colloidal assembly from clustered to dispersed microparticles.88 This type of approach can be 

leveraged to construct more complex systems such as logic gates.113 

 

Figure 1.7 Schematics of chemical and light driven colloidal motion using nanoparticle catalysis. (a) 
Schematic of colloidal motion of AgCl particles driven by the catalysis of hydrogen peroxide in the presence 
of UV light and AgCl nanoparticles (NP). Chlorine ions are depicted as blue (-) circles, and the protons are 
depicted as red (+) circles. Leftmost schematic shows the change in the local ionic strength around the 
surface of the NPs due to the AgCl releasing ions result in a net electric field towards the surface of the 
NPs as shown by the green arrow. The balanced chemical reaction is shown underneath. The right most 
schematic shows decomposition of hydrogen peroxide via the released ions which results in a net electric 
field away from the NPs as shown by the green arrow. The full balanced chemical reaction is shown below. 
Figure adapted from 88. (b) Schematic of asymmetric nanorods composed of inert Au and catalytic Pt 
surfaces. Figure adapted from 87. (c)  Schematic of autonomous colloidal motion using artificial 
stomatocytes (depicted in blue bowl-shaped particle. The particles are loaded with catalytic Pt NP shown 
as grey circles, which catalyze the decomposition of hydrogen peroxide into O2 shown as white circles. The 
chemical reaction that occurs is shown in the middle panel. As the chemical reaction proceeds the O2 exists 
the stomatocytes via the opening resulting in active colloidal motion. Figure adapted from 107. 

 

1.8.4 Chemically driven active colloidal motion 

Asymmetric colloids have also been used to generate active nonequilibrium motion fueled 

by chemical reactions such as hydrogen peroxide decomposition.114 In one example, asymmetric 

(a) (b) 

(c) 
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nanorods composed of Pt and Au were shown to generate autonomous colloidal motion.87 The Pt 

portion of the nanorod catalyzes the decomposition of hydrogen peroxide leading to a change in 

the interfacial energy between the solvent and the nanorod, giving rise to rotation due to the 

asymmetric nature of the nanorod (Figure 1.7b).87 Janus particles—particles composed of two 

nonidentical faces—can be used in lieu of nanorods to impart anisotropy and yield active colloidal 

motion. Like the nanorod system, one face of the Janus particle is composed Pt which catalyzes 

hydrogen peroxide decomposition, while the other face is composed of inert Au. In response to an 

input of chemical energy in the form of hydrogen peroxide the colloidal solution exhibits active 

motion, as observed via the aggregation of particles.115 Active motion is also demonstrated in 

another type of asymmetric colloid system known as stomatocytes, which are bowl-shaped  

polymer vesicles with a narrow opening (Figure 1.7c).107 To achieve active motion, the 

stomatocytes are loaded with Pt nanoparticles such that upon addition of hydrogen peroxide, 

chemically-fueled active motion is achieved due to the generation of oxygen bubbles that escape 

via the narrow opening of the bowl.107 Through decorating the surface of the of stomatocyte with 

a temperature responsive polymer, the accessibility of hydrogen peroxide to the Pt nanoparticles 

can be self-regulated.116 This work advanced the field by demonstrating the use of a thermally 

responsive valve to reversibly control the active motion.116 

 

1.8.5 Magnetically driven active colloidal motion 

 Magnetic fields have also been employed as the fuel for driving active colloidal motion. 

The use of magnetic fields allows for a non-contact method of supplying energy. In an early 

example, magnetic microparticles were fueled by an oscillating magnetic field to achieve active 

motion.106 The magnetic microparticles were linked together in a linear chain and attached to a red 

blood cell.106 In the presence of an oscillating magnetic field, the microscale object demonstrates 
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a beating pattern that results in propulsion due to the linear chain of magnetic microparticles.106 

This work demonstrates the first example of the controlled swimming of artificial  micrometer 

structures, mimicking the motion of bacterial flagella.106 Ferrofluids composed of magnetic 

nanoparticles have also be shown to exhibit nonequilibrium colloidal motion that result in dynamic 

assembly.117 A droplet of a ferrofluid is placed on a superhydrophobic surface and an external 

magnetic field is applied, which results in the assembly of the single droplet into multiple 

droplets.117 The system (at equilibrium) is then pushed away from equilibrium by using changes 

in the magnetic field that results in kinetically trapped states and dissipative assemblies.117 

 

1.9 Dissipative Macroscopic Behavior  

 Next, nonequilibrium behavior that manifests on the macroscopic scale will be discussed. 

Biological systems demonstrate nonequilibrium behavior at all length scales from regulating the 

concentration of chemical species to regulating cycles such as the circadian sleep cycle.12 

Mimicking nonequilibrium behavior  across all length scales is highly sought after but remains a 

challenge in the field. Many of the driving forces that power existing nonequilibrium systems 

operate on the molecular scale and are easily overpowered by Brownian motion, making it 

challenging to achieve macroscopic nonequilibrium behavior. In this section processes driven by 

chemicals,18 light, 118 and heat61  to yield macroscopic nonequilibrium behavior will be discussed.  

 

1.9.1 Chemically fueled macroscopic dissipative behavior  

 Chemical fuels can be used to achieve macroscopic dissipative behavior by coupling a 

change in concentration of a chemical species to a stimuli-responsive polymer. The Belousov-

Zhabotinsky (BZ) reaction in particular has received significant attention in the nonequilibrium 

field due to the pioneering work by Yoshida et al. that demonstrated oscillatory changes in swelling 
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of a hydrogel.18 In specific, a pH responsive gel was coupled to oscillatory changes in pH 

associated with the BZ reaction to yield a self-oscillating system.18 The polymer used in the initial 

demonstration of this system was composed of N-isopropylacrylamide (NIPAAm) and acrylic 

acid, which exhibits a pH dependent lower critical solution temperature (LCST) phase transition  

in which the gel deswells at temperatures about the LCST.18 This polymer was coupled to the 

oscillatory changes on pH in a continuous-flow stirred tank reaction in order to yield autonomous 

oscillations.18 In another example, Horváth et al. demonstrated chemo-mechanical oscillations of 

a pH responsive gel swelling and shrinkage in the presence of the proton-autoactivated bromate-

sulphite (BS) reaction.119 Depending on the experimental parameters, the BS reaction can exhibit 

clock reaction type behavior and yield oscillatory changes in pH.119 In this work, the oscillations 

do not occur as a result oscillatory changes in the pH due to the BS reaction, but rather because of 

mechanical feedback from deswelling of the hydrogel that results in two distinct pH regimes in 

the conically-shaped hydrogel. Horváth et al. has further extended this work by using a different 

reaction network: methylene glycol–sulphite OH-producing clock reaction.119 Furthermore, 

Korevaar et al. used a polyacrylic acid hydrogel crosslinked with Cu(II) salts to achieve 

nonequilibrium behavior. The nonequilibrium behavior is chemically driven upon addition of acid 

to fuel the deswelling.120 The addition of acid results in protonation of the carboxylates and 

decomplexation of Cu(II).120 The nonequilibrium behavior arises from  the competition of the flux 

of water into the gel (due to the Cu(II) release) and mechanical relaxation of the gel (Figure 1.8). 

This manifests in a wave of osmosis driven expansion/contraction of a macroscopic hydrogel.120 

In another exciting demonstration, a pH responsive hydrogel photonic crystal that exhibits a 

transient change in the optical properties due to pH dependent activity of the enzyme urease was 

developed.121 Urease catalyzes the conversion of urea to carbon dioxide, ammonia, and hydroxide. 



34 

 

 

The generation of hydroxide species results in an increase of the pH of the solution, providing a 

negative feedback and stopping the urease activity. To achieve nonequilibrium behavior the 

photonic gel system starts in basic conditions (pH > 7) so that the enzyme is dormant. Upon 

Figure 1.8 Schematic of osmosis driven expansion/contraction of a macroscopic chemically fueled 
hydrogel. Schematic of polyacrylic acid (PAA) hydrogel that deswells in response to acidic conditions or in 
the presence of Cu(II) depicted in yellow and blue, respectively to achieve nonequilibrium behavior. (a) 
Upon addition of Cu(II) the gel deswells to achieve a kinetically stable (after removal of excess salts) 
complex with two carboxylates. Addition of an acid triggers uncomplexation a rate related to the delivery 
rate of the acid (τH+). The release of the Cu(II) salts induce water influx and mechanical relation of the gel 
(τ⊥). The relative rates impacted the observed swelling behavior as depicted in b & c (b) Schematic showing 
result when τH+ < τ⊥ waves of swelling proportion of to τH+ are observed. (c) Schematic of the competition 
of diffusion of Cu(II) and transient recomplexation to carboxylates.  Figure adapted from 120. 

addition of an acid, the pH of the solution abruptly drops and the enzyme is activated.121  As urea 

is converted into ammonia and hydroxide, the pH of the solution begins to increase which 

eventually shuts off the enzymatic activity. This demonstrates the use of urea as the chemical fuel 

to sustain nonequilibrium behavior on the  macroscopic scale.121 The abovementioned examples 

a(a) 

(b) (c) 

a) a)
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demonstrate chemically driven nonequilibrium behavior on the macroscopic scale using the 

deswelling and reswelling of hydrogel materials. 

 

1.9.2 Heat and light fueled macroscopic dissipative behavior  

Macroscopic nonequilibrium behavior has also been demonstrated using heat and light to 

achieve autonomous oscillatory actuation of solid polymers. In one notable example, a shape-

memory polymer was used to impart temperature responsive properties which was coupled to a 

feedback loop to achieve oscillatory motion.61 This was achieved by placing the polymer on a hot 

surface—upon contact a temperature gradient through the thickness of the material forms, resulting 

in bending of the material so that the center was lifted up and away from the heated surface. The 

actuation resulted in cooling, which allowed for the initial shape to be recovered, putting the 

material into proximity of the hot surface once again to complete one cycle of nonequilibrium 

behavior. This could be repeated multiple cycles with a constant source of heat as the fuel.61 An 

alternative approach relies on the dual temperature and light responsive nature of liquid crystalline 

materials composed of azobenzene derivatives.118 Similar autonomous oscillations in motion are 

observed for the liquid crystalline material with an increased level of control of various motions 

including rolling and oscillatory rocking back and forth motion.118 This example demonstrated an 

additional layer of control by using two different fuel source to achieve more complex macroscopic 

motion. 

 

1.10 Emergent behavior of synthetic nonequilibrium systems 

 Nonequilibrium systems exhibit unique dissipative behavior, which has the potential to be 

harnessed for a variety of applications. While current studies of nonequilibrium systems are 

primarily focused on fundamental interest, the applications become more apparent as the methods 
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for designing and constructing various nonequilibrium systems evolve to mimic more closely those 

seen in biological systems. In this section, we will discuss the emergent dissipative behavior such 

as self-healing, self-assembly, self-organizing, and self-regulating behavior that can be employed 

for the development of functional systems.  

Dissipative supramolecular assemblies that exhibit transient gelation have given rise to 

interesting properties such as self-healing. Compared to analogous equilibrium supramolecular 

assemblies which often have a sol to gel transition, nonequilibrium supramolecular assemblies 

exhibit a sol to gel to sol transition.122 This transient gelation gives rise to emergent properties not 

seen in analogous equilibrium supramolecular assemblies, such as the ability to self-heal. The 

ability to self-heal arises from the dynamic nature of the assembly. The self-healing behavior is 

demonstrated in one example that uses chemically driven dynamic assembly using competing 

alkylation and hydrolysis reactions to recover the original mechanical properties of a gel after 

destructive shearing of a gel though application of a high strain force.78 It should be noted that this 

approach to self-healing requires a constant influx of the chemical fuels to sustain the self-healing 

capability.13 The transient self-assembly can also be used for applications as a self-erasing ink.27   

Additionally, nonequilibrium assemblies can exhibit self-organization on larger length 

scales than the monomer units themselves. Self-organization exists in biological system such as in 

the spontaneous self-organization of cell due to a phenomenon known as Bérnard convection, or 

the self-organization of larvae into clusters.123  While self-organization has not been demonstrated 

in dissipative supramolecular assembly,122 there has been progress towards self-organization 

within the field of active materials. More primitive examples of self-organization can be seen in 

the transient aggregation,108 and schooling behavior of nonequilibrium colloidal systems.112  
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Self-regulation has also emerged as a useful feature of nonequilibrium systems. A notable 

example relies on chemo-mechanical feedback loop to achieve self-regulation of temperature.125 

This system uses an array of microscale pillars embedded in a temperature responsive hydrogel 

(Figure 1.9). The tops of the pillars are functionalized with a catalyst for an exothermic reaction.125 

 

Figure 1.9 Nonequilibrium behavior in the form of dissipative assembly and self-regulation. (a) Top 3 
images show the sol-gel-sol behavior over time that is characteristic of transient supramolecular 
assemblies. Figure adapted from 78.   (b) Schematic of temperature-regulating device. The pillar (vertical 
orange bars) are embedded in a lower critical solution temperature (LCST) hydrogel (blue). The system 
starts at temperatures (T) below LCST with the pillars in the upright position such that the catalytic tips are 
immersed in the fuel rich organic layer (green). As the reaction proceeds, heat is generation due to the 
exothermicity, which is sensed by the hydrogel and results in deswelling and bending of pillar out of the fuel 
rich organic layer. As the system cools the pillars sense and actuate in response. This chemo-mechanical 
cycle allows for temperature regulation. Figure adapted from 124. (c) Temperature of self-regulating device 
over time showing the oscillating change in temperature that allows for regulation of the exothermic 
reaction. Depending on the LCST the range of temperatures achieved can be controlled. Figure adapted 
from 124.    

Upon addition of organic starting materials, which serve as the chemical fuels, the exothermic 

reaction proceeds due to the presence of the catalytic pillars in the organic, fuel-rich phase.125 Once 

the temperature reaches a certain threshold, the temperature responsive hydrogel shrinks in 

response and causes the pillars to bend down so that the catalytic pillars are solely in the aqueous 

phase. This temporarily turns off the catalytic reaction due to inaccessibility to chemical fuels, 

allows for heat dissipation, which in turn actuates the pillar back into the organic, fuel-rich phase, 

completing one cycle of nonequilibrium behavior. By coupling the exothermic reaction with a 

temperature responsive polymer, a device able to autonomously self-regulate temperature was 

(a) (b) (c) 
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demonstrated. Others have reported a nonequilibrium system capable of adaptive reconfiguration 

via a photothermal feedback loop that demonstrated the ability to detect and track light.126  

1.11 Challenges of synthetic nonequilibrium systems 

The field of nonequilibrium materials systems has several critical challenges that limit the 

development of applications and true biomimicry. Biological systems use chemical signals to fuel 

nonequilibrium behavior on multiple length scales.12 For example, on the molecular scale 

biological systems have the ability to regulate the concentration of chemical species from ionic 

strength to concentration of key metabolites.12 On the microscale, biological systems use ATP 

hydrolysis to power cell motility via dissipative assembly. Macroscopically, muscles use chemical 

fuel to create work in the form of macroscopic motion.127 Additionally, macroscopic examples in 

nature include Turing patters as seen in zebrafish stripes which originate from complex, 

autonomous nonequilibrium processes that have been attributed to molecular and cellular scale 

mechanisms.128,129 This level of hierarchical demonstration of nonequilibrium behavior in 

synthetic systems remains a challenge.  Another challenge to the field is the development of 

biocompatible systems. Most the reported synthetic systems use reagents that are incompatible 

with biologically systems. Efforts have been made to develop milder reagents and conditions.101,130 

Even with these milder systems, there is still a gap between the synthetic and physiological 

conditions for interfacing synthetic nonequilibrium systems in the complex biochemical 

environments. Another intrinsic challenge for nonequilibrium materials to overcome is the 

requirement of a fuel source. Thus, for applications in the real world an infrastructure of fuel supply 

would be necessary to sustain the nonequilibrium behavior.13 Lastly, the complexity of synthetic 

nonequilibrium systems pales in comparison to biological counterparts. While DNA-based 

systems have demonstrated improved levels of complexity, they are limited in terms of scalability 
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due to cost.131 There is room for growth in nonequilibrium systems that exhibit behavior such as 

self-replicating and even learning systems. Primitive examples of learning have been demonstrated 

using logic gates and memory devices.132 Nevertheless, Nonequilibrium materials remains a 

nascent field with far reaching potential to create synthetic materials with unprecedented abilities. 

The ability to create nonequilibrium will allow scientists to make truly like-like materials.  

 

1.12 Goals of thesis 

 In the sections above we have briefly reviewed bioinspired work that developed and 

expanded our collective understanding of nonequilibrium system. The bioinspired research of 

nonequilibrium systems has led to the demonstration of emergent behavior, as outlined in Section 

1.10, that has the potential to have far-reaching applications. In this thesis we address several 

challenges in the field. The first challenge we aim to address is the translation of chemically fueled 

nonequilibrium behavior into macroscopic 3-dimensional motion. This has remained a challenge 

in the field because molecular scale driving forces are easily overpowered by Brownian motion. 

In Chapter 2 we show that, by coupling a highly exothermic reaction with a temperature responsive 

polymer, 3-dimensional macroscopic motion can be achieved. The second challenge we aim to 

address is the development of synthesis self-regulating devices in 3-dimensions. In Chapter 3 we 

describe our efforts toward a 3-dimensional self-regulating system using a temperature responsive 

polymer to modulate the catalytic activity of an exothermic reaction. Finally, in Chapter 4, we 

address a challenge in the field of self-healing magnetic nanocomposites.  we report on efforts to 

address the challenge of nanoparticle aggregation and ease of translation of materials in the field 

of magnetic self-healing materials. We report the synthesis and characterization of a magnetic self-

healing material synthesized via a graft-from approach using commodity monomers.  
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Chapter 2: Chemothermally Driven Out-of-equilibrium Materials 
 

 2.1 Introduction chemically fueled nonequilibrium materials 

 Biological systems have evolved efficient mechanisms for manipulating self-assembly, 

transport and macroscopic properties by operating far from equilibrium.12 Natural out-of-

equilibrium systems consume and dissipate energy to the environment to power important life 

processes.133 A preeminent example in biology is microtubules, which are composed of 

monomeric tubulin units that can transiently assemble and disassemble to perform many vital 

functions including cell division.134 Chemists have been interested in studying out-of-equilibrium 

systems since the 1950’s;135 however, experimental demonstrations of synthetic out-of-

equilibrium systems, especially at macroscopic scale, remain challenging.13  

 Recently, there is a growing interest in developing synthetic out-of-equilibrium systems to 

mimic biology.32,46 Synthetic out-of-equilibrium materials have been reported that employ 

light,136,137,126,138 current,139 or heat to fuel characteristic dissipative  behavior.61 Biological out-of-

equilibrium systems ubiquitously use chemical fuels, such as ATP and GTP, to sustain the 

dissipative processes.12 To closely mimic biology, it is desirable to use chemical fuels in synthetic 

out-of-equilibrium systems. Additionally, chemical fuels are commonly used in general 

applications such as combustion engines,140 and fuel cells due to the low-cost, convenience and 

high-power density.141 Several elegant approaches have been reported for chemically driven out-

of-equilibrium systems using various chemical fuels such as alkylating agents,78 

carbodiimides,79,97 thioesters,15 ATP,81,130,142 urea,143 redox agents,16,101 and nucleic acids.19,20. To 

date, chemically fueled out-of-equilibrium systems have manifested the characteristic dissipative 

behavior in the form of transient self-assembly,78,81,97,101 self-propelling nanomotors,107 molecular 

machines,73 and self-regulation.143  Nevertheless, these behaviors only manifest on the molecular 
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to the  colloidal scale. A significant advancement was the use of an exothermic reaction to achieve 

a device capable of self-regulating temperature via oscillatory motion of a microarray of pillars.124 

It remains a major challenge to create chemically driven manmade out-of-equilibrium systems that 

operate in 3-dimensions on the macroscopic scale.  

 Harnessing the characteristic dissipative behavior of out-of-equilibrium materials on a 

macroscopic scale to produce  3-dimensional motion will advance the field by more closely 

mimicking biological systems, which operate at macroscopic organism level by dissipating energy 

at the molecular scale.144 Light powered processes have made advances in achieving autonomous 

macroscopic motion by utilizing liquid crystalline materials.145,146 Chemically fueled motion is 

desirable because it more closely mimics biological systems. However, pushing chemically driven 

out-of-equilibrium systems into the macroscopic scale is a challenge because driving forces on the 

molecular scale are easily overpowered by Brownian motion.147,148 While a few examples showed 

enzyme switches to achieve chemically driven out-of-equilibrium behavior on visible scale, these 

systems did not yield any macroscopic motion.121,149 The only chemically driven out-of-

equilibrium systems that generated macroscopic motion rely on the Belousov-Zhabotinsky (BZ) 

oscillating reaction, limiting the scope for general applications.100,150 Notably, He et al. reported a 

self-regulating 2-D surface that elegantly combines a bi-phasic microfluidic device with an 

exothermic reaction;124 nevertheless, 3-dimensional macroscopic actuation was not possible for 

this system. 

 

2.2 Our design of self-regulating materials 
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Herein we describe chemothermally driven out-of-equilibrium materials that can perform 

macroscopic actuation and do work by lifting objects. Specifically, we achieve this by driving a 

lower critical solution temperature (LCST) phase transition of poly(N-isopropylacrylamide)  

Figure 2.1 Design concept of chemothermally driven out-of-equilibrium materials and small molecule heat 
generation studies. (a) Scheme showing the out-of-equilibrium system composed of a temperature 
responsive hydrogel with a lower critical solution temperature (LCST) phase transition along with a catalyst, 
Cu(I)-tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), to catalyze the azide-alkyne cycloaddition 
(CuAAc) of 2-azidoethanol and 3-dimethylaminopropyne, which are the fuels. The heat from the exothermic 
CuAAc drives the LCST phase transition. Heat dissipation then completes the cycle by lowering the 
temperature of the system. (b) Temperature increase at different concentration of fuels: 0.5 M (red), 0.75 
M (green), and 1.0 M (blue). The inset shows the maximum temperature of each condition. All experiments 
were carried out at 1 mL scale with 32 mM Cu-THPTA.  (c) Temperature increase at different concentration 
of Cu-THPTA: 4 mM (yellow), 8 mM (red), 16 mM (green), and 32 mM (blue). The inset shows the slope of 
the heat increase. All experiments were carried out at 1 mL scale with 1 M fuels. (d) Repetitive heat 
generation and dissipation for 6 cycles by adding new batches of fuels (1 mmole of each fuel added every 
15 minutes). The experiment was carried out at 1 mL scale with 32 mM Cu-THPTA. 

 

(pNIPAAm) hydrogels with heat generated by a copper-catalyzed azide-alkyne cycloaddition 

(CuAAc) reaction (Figure 2.1a). pNIPAAm was chosen for this study due to its well-studied 

reversible LCST phase transition.151 CuAAc reaction was used because of the large heat formation 

of the reaction, with a reaction enthalpy of nearly 50 kcal/mol.152 In our proposed approach for 

realizing macroscopic motion using out-of-equilibrium processes, the fuels are the azide and 

alkyne, and the system is the pNIPAAm gel with the copper catalyst in presence. Upon addition 

of the fuels (azide and alkyne), the system moves out of equilibrium due to the energetically 

downhill CuAAc reaction, raising the temperature of the system and inducing an LCST transition 
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to the pNIPAAm gel. As the fuels run out, the heat generated by the CuAAc reaction dissipates to 

the environment, driving the re-swelling of the gel, completing an out-of-equilibrium cycle (Figure 

2.1a). The same process can be repeated multiple cycles by repetitively adding new chemical fuels. 

 

2.3 Results and discussion  

 

2.3.1 Exothermicity  
  

 We started by evaluating the heat generation from the CuAAc reaction. To accelerate the 

CuAAc reaction for sufficient heat generation, tris(3-hydroxypropyltriazolylmethyl) amine 

(THPTA) ligand was added to complex with the Cu(I) catalyst. Previous reports have shown that 

Cu-THPTA catalyst is much more active for CuAAc reactions compared to uncomplexed copper 

catalyst.153 To ensure water solubility, hydrophilic 2-azidoethanol and 3-dimethylaminopropyne 

were chosen as the fuels. 3-Dimethylaminopropyne was used also for its high reactivity in CuAAc 

reaction.154   For model study, addition of the chosen fuels into an aqueous solution containing the 

Cu-THPTA catalyst indeed resulted in a significant temperature increase (Figure 2.1b-d). The 

amount of heat generated, and the rate of heat formation could be tuned by the concentrations of 

the fuels and Cu-THPTA catalyst, respectively.  Keeping the Cu-THPTA catalyst concentration 

constant (32 mM), the maximum temperature of the reaction solution ranged from 40 to 60 ⁰C by 

varying the concentration of fuel from 0.50 to 1.0 M (Figure 2.1b). The rate of heat generation 

could be tuned via the concentration of catalyst while keeping the concentration of fuel constant 

at 1.0 M (Figure 2.1c). The maximum temperature increased with increasing concentration of 

catalyst, which was expected due to the higher reaction turnover. Additionally, the rate of heat 

generation increased with higher catalyst concentrations, as evident in the initial slope of the curve 

(inset in Figure 2.1c). The conditions of 32 mM catalyst and 1 M fuel yield the highest maximum 
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temperature at the fastest rate, so these conditions were used throughout the rest of the study. To 

demonstrate multiple cycles of heat generation and dissipation, fresh batches of fuels (1 mmol 

each for every cycle) were added at 15-minute intervals (Figure 2.1d). Importantly, the temperature 

increase at each cycle of fuel addition was well above the LCST transition temperature of 

pNIPAAm (i.e., 32 °C),155 indicating that this chemothermal process could be used to trigger an 

LCST transition for the macroscopic pNIPAAm hydrogel. The decrease of maximum temperature 

for later additions of fresh fuels was due to dilution of the reactants and the catalyst in the system. 

 

2.3.2 Coupling to colloidal pNIPAAm solution   

Using the reaction conditions identified above, the initial demonstration of transient out-

of-equilibrium behavior was conducted using a colloidal solution of pNIPAAm nanoparticles 

(NPs). pNIPAAm NPs with a hydrodynamic diameter of 236 nm and  polydispersity index of 

0.043, as determined by dynamic light scattering (DLS, Figure 2.8&9), were synthesized via free 

radical precipitation polymerization.156,157 P-NIPAAm NP solutions exhibit a cloud point 

associated with the LCST transition which was monitored via turbidity measurements at a 

wavelength of 500 nm, a region with minimal overlap with the absorption of the Cu-THPTA 

catalyst, the fuels, and the triazole product (Figure 2.12 & 2.13). The system, which was composed 

of Cu-THTPA (32 mM) and the pNIPAAm NP (2 mg/mL), was pushed out-of-equilibrium by the 

addition of the chemical fuels (1 mmol each). We observed a temperature increase (Figure S14) 

and a change in light transmittance, which was attributed to increased light scattering from 

collapsed pNIPAAm NPs. Following reaction completion and heat dissipation to the environment, 

the pNIPAAm NPs reswelled and the turbidity decreased. As a control, this behavior was not 

observed when the system contained all components except the pNIPAAm NPs (Figure 2.13). The 

transient out-of-equilibrium behavior could be repeated, as shown in the six cycles presented in 
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Figure 2.2a, where 1 mmol of fuels was added every 15 minutes. The maximum transmittance of 

each cycle increased with repeated additions of fuels due to dilution of the pNIPAAm NPs with 

the increase of total solution volume. The transient behavior was also directly visualized by optical 

imaging (Figure 2.2b), where the solution became turbid shortly after the addition of fuels due to 

the LCST transition, followed by recovery of transparency as the heat dissipated to the 

environment.  

Figure 2.2 Chemothermally driven out-of-equilibrium system demonstrated for a colloidal solution of 
pNIPAAm NPs and of macroscopic pNIPAAm hydrogels. (a) Transmittance at 500 nm of 1 mL water 
solution containing 32 mM Cu-THPTA and 2 mg pNIPAAm NP with 1 mmole of fuels (2-azidoethanol and 
3-dimethylaminopropyne) added ever 15 min, as indicated with the red arrows. (b) Optical images, with 0.3 
cm scale bar, of a colloidal solution of pNIPAAm NPs and Cu-THPTA catalyst before the addition of fuels 
(T = 0 min), 1 min after the addition of fuels, and 10 minutes after the addition of fuels, showing the transient 
out-of-equilibrium behavior. (c) A pNIPAAm hydrogel (1.56 cm diameter, stained with Congo Red) was 
placed in 1 mL of 32 mM Cu-THPTA, and subject to the addition of 1 mmol fuels every 10 minutes. (d) The 
temperature and percent area of the pNIPAAm hydrogel (relative to 0 min) are plotted over time. Images of 
the first cycle, along with time point and area (%) are shown.  
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2.3.3 Coupling to macroscopic pNIPAAm hydrogels 

 After initial demonstration of chemothermally driven out-of-equilibrium behavior for the 

NP system, this approach was applied to macroscopic pNIPAAm hydrogels. PNIPAAm hydrogels 

with fast LCST phase transition response were synthesized and the temperature responsive 

behavior was carefully characterized (Figure 2.10&11).158 Circular disks of the hydrogel were 

dyed with Congo red to aid in visualization and then immersed in an aqueous solution of 32 mM 

Cu-THPTA catalyst. The temperature and physical appearance were monitored while fuels were 

added at 10-minute intervals. In response to the addition of the fuels, the temperature increased to 

90 ⁰C, causing a volume phase transition that could be seen in the change of area of the gel from 

100% (normalized at 0 min) to 48% in less than 2 minutes (Figure 2.2c).  The collapsed hydrogel 

sample gradually reswelled as the reaction heat dissipated into the environment.  Similar to the NP 

system, the transient behavior could be repeated for multiple cycles. The gel size change 

synchronized with the solution temperature change caused by each cycle of fuel addition (Figure 

2.2d). This demonstrates the ability of the chemothermal approach to drive and LCST transition 

in macroscopic hydrogels. 

 Next the chemothermal approach was applied for actuation of an asymmetric bilayer 

hydrogel. Bilayer hydrogels with one layer that is temperature responsive and the other that is not 

are known to curve above the LCST due to the asymmetry.159,160 Here we chose to prepare an 

asymmetric bilayer hydrogel with one layer composed of pure pNIPAAm and  the other a 

copolymer of with 25 mol% NIPAAm and 75 mol % of acrylamide. Based on a previous study,161 

the second layer hydrogel has much higher LCST temperature that is outside the range of 

temperatures in our experiment. The same conditions described above were used again and we 

observed rapid heat generation upon addition of the fuels, causing the asymmetric gel to curve 
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(Figure 2.3a). As the heat dissipated into the environment, the curved hydrogel sample recovered 

to the original form. Similarly, the gel curving synchronized with the solution temperature change 

caused by each cycle of fuel addition (Figure 2.3b). The rapid curving demonstrates the potential 

application of this approach in fields such as artificial muscles powered by chemical fuels.  

Finally, we applied the chemothermal approach to construct a prototype engine that can convert 

chemical energy into work in the form of reversible lifting of an object. Cylindrical pNIPAAm 

hydrogels were prepared onto which a copper wire weight was affixed. The gel (5 mg dry polymer) 

was immersed in an aqueous solution of 32 mM Cu-THPTA, and upon addition of the fuels (1 

mmole for each) the gel exhibited a volume phase transition, resulting in shrinkage, lifting the 

copper ring (83 mg) up by 3.3 mm (Figure 2.3c-d). By increasing the weight of the attached copper 

ring, we demonstrated that the pNIPAAm hydrogel could lift an object that was over two orders 

of magnitude heavier than its own dry weight (Figure 2.15). The power output of the engine  was 

calculated to be 0.281 W/kg dry gel, which is comparable to other hydrogel based engines that 

capitalize on ion gradients,162 or Belousov-Zhabotinsky (BZ) oscillating reaction.100  

 

2.4 Conclusion 

Here we demonstrated a chemothermally driven out-of-equilibrium system that could 

generate macroscopic motion. We achieved this by coupling a highly exothermic CuAAc reaction 

with a thermo-responsive polymer hydrogel. The transient out-of-equilibrium behavior was 

demonstrated in cyclic changes of turbidity, volume change, and actuation of asymmetric 

hydrogels. Furthermore, the macroscopic hydrogel was shown to be able to perform work by 

consuming chemical fuels, as demonstrated by the reversible lifting of an object two orders of 

magnitude heavier than itself. This demonstrated bioinspired out-of-equilibrium materials capable 
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of generating macroscopic motion by dissipating chemical energy at the molecular scale. Further 

studies are currently ongoing in our laboratory toward the design of autonomous, self-regulating 

macroscopic materials fueled by chemical energy. 

Figure 2.3 Macroscopic chemically driven out-of-equilibirum behavior. (a) A bilayer hydrogel composed of 
pNIPAAm on the left layer, and 75 mol % feed ratio of acrylamide (relative to NIPAAm) on the right layer 
was stained with Congo Red and placed in 1 mL of 32 mM Cu-THPTA, and subject to the addition of 1 
mmol fuels every 10 minutes. (b) The temperature and angle measured (shown in black dashed lines in 
images above) are plotted over time. Images of the first cycle, along with time point and angle are shown. 
(c) pNIPAAm hydrogel with a copper wire weight (83 mg) attached submerged in 32 mM CuTHPTA, 1 mL 
scale, subject to the addition of 1 mmole fuel at 0 min. (c) Images along with the corresponding time and 
length (%) are shown, scale bar is 3 mm. Horizontal black line in each image represents the starting point 
of the copper ring at 0 min. (d) The percent length of the pNIPAAm hydrogel, relative to 0 min, is plotted 
over time. The temperature of the solution is plotted in red on the vertical axis on the right. 

 

2.5 Experimental 

All commercial reagents were used as received and stirred with a magnetic stir bar unless 

otherwise noted. 3-dimethylaminopropyne, 2-bromoethanol, N,N’-methylenebisacrylamide 
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(MBAAm), tripropargylamine were all purchased from Acros Organics. 3-bromopropanol was 

purchased from Oakwood Chemicals. Cu(OAc)2●H2O was purchased from Alfa Aesar Chemicals. 

All other chemicals were purchased from Sigma Aldrich. N-isopropylacrylamide (NIPAAm) was 

recrystallized from hexanes prior to use. Dimethylsulfoxide (DMSO) was dried over activated 

molecular sieves (3 Å). All yields refer to isolated yields. Nuclear magnetic resonances (NMR) 

spectra were recorded at 500 MHz CRYO-500 spectrometers at 298 K. 1H NMR chemical shifts 

are reported as δ values in ppm relative to residual solvent: CDCl3 (δ=7.26 ppm) or DMSO-d6 

(δ=2.50 ppm). 1H NMR data are reported as follows: chemical shift (in ppm), multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, br = broad), relative integration in number of protons, 

and coupling constants in Hz.  Multiplets (m) are reported over the range of chemical shift at which 

they appear. Differential Scanning Calorimetry (DSC) was done on a TA Instruments DSC Q2000 

(endotherm down). Samples were loaded into a Tzero aluminum pan and hermetically sealed. 

Nitrogen was used to purge the furnace at 40 mL/min. The furnace is equilibrated at 30 ⁰C followed 

by a temperature ramp at 10 ⁰C/min to 0 ⁰C, followed by a 15 min isothermal period, then a 

temperature ramp of 10 ⁰C/min to 50 ⁰C. Transmittance measurements were carried out on a Cary-

60 UV/Vis spectrophotometer. Dynamic light scattering (DLS) was done on a Malvern Zetasizer 

ZS Nano DLS.    

 

2.5.1 Synthesis of small molecules  

 

Scheme 2.1: Synthesis of 2-azidoethanol 
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2-azidoethanol was synthesized following the literature reported protocol.163 It should be 

noted that lower molecular weight organoazides are explosive and should be handled with caution! 

Reactions were performed on less than 13 g NaN3 scale and protected with a blast shield. No 

explosion was encountered. Sodium azide (5.85 g, 90 mmoles, 2 equiv.) was carefully weighed 

using a glass pipet into a plastic weight boat and transferred using water (54 mL) into a round 

bottom flask equipped with a stir bar. 2-Bromoethanol (3.19 mL, 5.62 g, 45 mmole, 1 equiv.) was 

added and the reaction flask was placed in an oil bath at room temperature equipped with a reflux 

condenser and a blast shield. The oil bath was heated to 80 oC and held at that temperature 

overnight. The reaction mixture was cooled to room temperature and transferred to a separatory 

funnel for extraction with diethyl ether (50 mL, x3). The aqueous layer was handled with caution 

and quenched by adding 7 mL of 20 wt.% sodium nitrite solution per gram of sodium azide 

(assuming all sodium azide remains). Next, the aqueous layer was acidified via the slow addition 

of concentrated sulfuric acid until the evolution of brown gas stopped. The combined organic 

layers were dried over MgSO4 and concentrated under reduced pressure to yield 2-azidoethanol 

(77% yield). 1H NMR spectral data agrees with literature reports.163 1H NMR (500 MHz, CDCl3, 

298 K) δ 3.85 (dd, 1H, J = 10.2, 5.7 Hz), 3.53 – 3.50 (m, 1H), 1.89 (t, 1H, J = 5.8 Hz). 

 

Scheme 2.2 Synthesis of 3-azidopropanol  

 

3-azidopropanol was synthesized following the literature reported protocol.154 It should be 

noted that lower molecular weight organoazides are explosive and should be handled with caution! 

Reactions were performed on less than 20 g NaN3 scale and protected with a blast shield. No 
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explosion was encountered. Sodium azide (18.7 g, 0.228 moles, 2 equiv.) was carefully weighed 

using a glass pipet into a plastic weight boat and transferred using water (150 mL) into a round 

bottom flask equipped with a stir bar. 3-bromopropanol (20.0 g, 0.144 mmole, 1 equiv.) was added 

and the reaction flask was placed in a room temperature oil bath equipped with a reflux condenser 

and a blast shield. The oil bath was heated to 50 ⁰C and kept at that temperature overnight. The 

reaction mixture was cooled and transferred to a separatory funnel for extraction with diethyl ether 

(150 mL, x3). The aqueous layer was handled with caution and quenched using the same protocol 

described above. The combined organic layers were dried over MgSO4 and concentrated under 

reduced pressure. Next, the product was distilled under vacuum to yield 3-azidopropanol (86% 

yield). 1H NMR spectral data agrees with literature.154 1H NMR (500 MHz, CDCl3, 298 K) δ 3.76 

(dd, 1H, J = 11.2, 5.9 Hz), 3.45 (t, 1H, J = 6.6 Hz), 1.88 – 1.80 (m, 2H), 1.55 (s, 1H). 

 

Scheme 2.3: Synthesis of tris(3-hydroxypropyltriazolylmethyl)amine  (THPTA) 

 

Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA)  was synthesized following the 

literature reported protocol.154 Tripropargylamine (0.393 g, 3 mmoles, 1 equiv.), and 3-

azidopropanol (1.211 g, 12 mmoles, 4 equiv.) were added to a round bottom flask equipped with 

a stir bar and dissolved with 1:1 tert-butanol:water (6 mL). To this was added CuSO4●5H2O (74.9 

mg, 0.3 mmoles, 0.1 equiv.), and L-sodium ascorbate (119 mg, 0.6 mmoles, 0.2 equiv.). The 

reaction flask warmed slightly due to heat generation. The reaction was stirred at room temperature 
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overnight. Saturated disodium ethylenediaminetetraacetate dihydrate (20.0 mL) was added to the 

reaction mixture then transferred to a separatory funnel and washed with dichloromethane (15 mL, 

x3). The aqueous layer was concentrated under reduced pressure to yield a bluish-green solid. The 

solid was dissolved with minimal amount 80:20 dichloromethane:methanol (~8 mL) and loaded 

on a plug of neutral alumina. The product was eluted with 80:20 dichloromethane:methanol (~200 

mL). The product was concentrated under reduced pressure to yield a yellow oil. The oil was 

diluted with 80:20 dichloromethane:methanol (4 mL) and precipitated into diethyl ether (250 mL). 

The resulting cloudy solution was refrigerated overnight, filtered and dried under vacuum at 40 ⁰C 

overnight to yield THPTA as an off-white solid (78% yield). 1H NMR spectral data agrees with 

literature.154 1H NMR (500 MHz, DMSO, 298 K) δ 8.03 (s, 1H), 4.65 (t, 1H, J = 5.0 Hz), 4.41 (t, 

2H, J = 7.1 Hz), 3.62 (s, 2H), 3.40 (dd, 2 H, J = 11.3, 5.9 Hz), 2.06 – 1.88 (m, 2H, J = 6.5 Hz). 

 

 2.5.2 Small molecule studies 

As a representative example the conditions of 1 M fuel and 32 mM Cu-THPTA are 

described. Cu(OAc)2●H2O (6.34 mg, 32 μmols) and THPTA (14.35 mg, 32 μmols) were dissolved 

in water (0.811 mL) in a 1 dram glass vial. 2-Azidoethanol (76.0 uL, 1 mmol) and 3-

dimethylaminopropyne (0.113 mL, 1 mmol) were added to a 1 mL conical tube. Reaction was 

initiated by transferring 2-azidoethanol and 3-dimethylaminopropyne to the prepared Cu-THPTA 

solution. The reaction volume was kept at a constant 1 mL for all experiments. The temperature 

was logged every second with a Handheld Data Logger Thermometer with Graphic Display 

purchased from OMEGA TM with a resolution of 0.1 ⁰C and an accuracy of 0.2 ⁰C. For the small 

molecules studies a K-type thermocouple was used with a 3 mm thick probe. 
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Figure 2.4 Temperature profiles of small molecule CuAAc reactions at different concentration of fuels (32 
mM Cu-THPTA). 

 

 

Figure 2.5 Temperature increase with time for small molecule CuAAc reactions at different fuel 
concentrations (32 mM Cu-THPTA) 

 

Table 2.1: Analysis of temperature graphs for small molecule CuAAc reactions at different fuel 
concentrations (32 mM Cu-THPTA) 

Fuel (M) Max Temperature (⁰C) Slope (⁰C/min) 
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Figure 2.6 Temperature profiles of small molecule CuAAc reactions at different concentration of Cu-THPTA 
catalyst (1 M for both fuels). 

 

Figure 2.7 Temperature increase with time for small molecule CuAAc reactions at different concentration 
of Cu-THPTA catalyst (1 M for both fuels)  

 

Table 2.2 Analysis of temperature graphs for small molecule CuAAc reactions at different concentration of 
Cu-THPTA catalyst (1 M for both fuels) 

 

2.5.3 Synthesis and characterization of polymers 

Temperature-responsive polymers: 
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Synthesis of temperature-responsive pNIPAAm nanoparticles  

pNIPAAm nanoparticles (NP) were synthesized following the literature reported 

protocol.156,157  NIPAAm was recrystallized from hexanes and stored in refrigerator until ready to 

use. To a flask equipped with a stir bar, NIPAAm (64.4 mg, 0.569 mmols) was added and dissolved 

with MilliQ water (3.52 mL). Stock solutions of N,N’-methylenebis(acylamide) (10 mg/mL), 

sodium dodecyl sulfate (5 mg/mL), and potassium persulfate (10 mg/mL) were prepared fresh 

using MilliQ water. N,N’-methylenebis(acylamide) (0.63 mL stock solution, 6.3 mg, 0.0409 

mmols) was added to the NIPAAm solution and the solution was sparged with nitrogen gas for 15 

minutes before the addition of sodium dodecyl sulfate (0.36 mL stock solution, 1.8 mg, 0.00624 

mmols). The monomer solution was sparged for an additional 5 minutes then immersed in 70 ⁰C 

oil bath for 10 minutes. A sparged solution of potassium persulfate (0.5 mL stock solution, 5 mg, 

0.0185 mmol) was added and the vessel was kept at 70 ⁰C for 3 h. The solution became turbid 

within 30 minutes. After 3 h the solution was exposed to air, cooled and transferred to a dialysis 

bag (molecular weight cut-off 12,000 g/mol). The nanoparticles were dialyzed against water for 3 

days changing the water twice a day. The concentration of the NPs was determined gravimetrically 

to be 16 mg/mL.  

 

Synthesis of temperature-responsive macroscopic pNIPAAm hydrogel 

pNIPAAm hydrogels were synthesized following the literature reported protocol.158 

NIPAAm (100 mg, 0.884 mmols), N,N’-methylenebis(acylamide) (5 mg, 0.032 mmols, 3.6 mol% 

crosslinking relative to NIPAAm) were dissolved with dry DMSO (0.9 mL) and sparged with 

nitrogen for 10 minutes. A freshly prepared stock solution of ammonium persulfate (20 mg/mL in 

DMSO) was sparged with nitrogen for 10 minutes. Ammonium persulfate (0.1 mL of the stock, 2 
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mg, 0.009 mmols) was added to the monomer and crosslinker solution, followed by N, N, N’, N’-

tetramethylethylenediamine (TEMED, 20 uL, 0.133 mmols). The reaction flask was immediately 

placed in a refrigerator at 0 ⁰C for 3 days. The gel was removed from the test tube using a spatula 

and addition of water to hydrate the gel. To remove residual monomer the gel placed in 1 L of 

water and the water was replaced twice a day for 3 days.  

Investigation of swelling and deswelling of bulk hydrogels  

The swelling and deswelling properties of the pNIPAAm cylindrical hydrogels (~0.5 g 

scale) were probed gravimetrically. The weight percent (wt%) of the gels were normalized to the 

initial weight of the gel at room temperature. The gel was then transferred to a 40 ⁰C water bath 

for 2 minutes before the mass was recorded. The gel was then transferred to a 20 ⁰C water bath for 

2 minutes before the mass was recorded again. This cycle was repeated four times to demonstrate 

the reversible, rapid and large LCST transition which is attributed to the cryogenic polymerization 

conditions which have been reported to produce a macroporous structure.158 

 

Synthesis of asymmetric bilayer hydrogels 

pNIPAAm hydrogels with fast temperature response were synthesized following the 

literature reported protocol.158 Working under inert atmosphere NIPAAm (100 mg, 0.884 mmols), 

N,N’-methylenebis(acylamide) (5 mg, 0.032 mmols, 3.6 mol% crosslinking relative to NIPAAm 

were added to a vial and dissolved in dry DMSO (0.9 mL). A stock solution of ammonium 

persulfate (20 mg/mL in DMSO) was prepared. Ammonium persulfate (0.1 mL of the stock, 2 mg, 

0.009 mmols) and  N, N, N’, N’-tetramethylethylenediamine (TEMED, 20 uL, 0.133 mmols) 

wwere added to the monomer and crosslinker solution.  The pregel solution was quickly transferred 

to a Teflon dish using a syringe and immediately placed in a refrigerator at 0 ⁰C for 30 min. After 
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30 minutes an equivalent volume of pregel solution prepared with 75 mol% acrylamide relative to 

NIPAAm was transferred to the existing frozen pregel solution. After 3 days of polymerization at 

0 ⁰C the bilayer gel was removed from the Teflon mold. To remove residual monomer, the gel was 

placed in 1 L of water. The water was replaced twice a day for 3 days.   

Dynamic light scattering (DLS) characterization of nanoparticles 

DLS measurements were acquired on a Malvern Setasizer ZS Nano DLS. The refractive 

index of polyacrylamide of 1.490 was used. The solvent used was MilliQ water and the value for 

viscosity at 21.0 ⁰C was 0.9781 cP and a refractive index of 1.330. The Z-average diameter (236 

nm) and polydispersity index (PDI) (0.043) is reported as an average of 3 measurements with 10 

scans each taken at 21.0 ⁰C. The response to temperature was determined using 1 measurement 

consisting of 10 scans at each temperature from 16.0−48.0 ⁰C at 2 ⁰C increments with a 15 second 

equilibration time between different temperatures.    

Figure 2.8 Size distribution of pNIPPAm NPs at 21 ⁰C measured by DLS.  
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Table 2.3 Summary of DLS data for pNIPPAm NPs at 21 ⁰C 
 

Z-average diameter (nm) PDI 

233 0.056 

236 0.009 

238 0.063 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Temperature dependence of pNIPPAm NP size measured by DLS 
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Table 2.4 Temperature dependence of pNIPPAm NP size measured by DLS 

Temperature (⁰C) Z-average diameter (nm) PDI 

16 251.0 0.002 

18 251.1 0.042 

20 243.8 0.047 

22 244.4 0.002 

24 241.4 0.026 

26 231.3 0.055 

28 223.5 0.011 

30 213.6 0.067 

32 203.0 0.016 

34 179.3 0.019 

36 148.9 0.019 

38 137.0 0.030 

40 130.1 0.010 

42 130.1 0.008 

44 130.1 0.013 

46 127.5 0.043 

48 126.2 0.052 

 

Figure 2.10 Swelling and deswelling properties of macroscopic hydrogel with response to changes in 
temperature. Weight percent was normalized to initial weight at room temperature. 
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Figure 2.11 Differential scanning calorimetry of macroscopic hydrogel showing 32 ⁰C LCST transition. 

 

2.5.4 Turbidity experiments for temperature-responsive NPs 

Experimental protocol for turbidity measurements  

Measurements were collected on a Cary-60 UV/Vis spectrophotometer. The Scanning 

Kinetics software was used to recorded transmittance from 500-850 nm every 0.3 min at 10 nm 

intervals (scan rate 72 nm/min). The same protocol was used as for small molecule exothermic 

experiments. A microcuvette made of optical glass was used as the vessel.  For turbidity 

experiments the solution was pipetted up and down to ensure homogeneity. The pNIPAAm NP 

concentration at the start of the experiment was 2 mg/mL. Every 15 minutes an additional 1 mmol 

of each fuel was added as a neat solution of 3-dimethylaminopropyne (0.113 mL, 1 mmol), and 2-

azidoethanol (76.0 uL, 1 mmol).  The control was performed in the same fashion with the exception 

that there was no addition of pNIPAAm NP. Based on the small molecule studies both scenarios 

should generate heat, but with pNIPAAm NP present there was an associated change in turbidity. 

 

Experimental protocol for visual turbidity experiments   
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For visual turbidity experiments, the same protocol described in the small molecule 

experiments was repeated using polystyrene semi-microcuvette as the vessel.  In situ temperature 

was recorded every second with a Handheld Data Logger Thermometer with Graphic Display 

purchased from OMEGA TM using a 1 mm thick K-type thermocouple. The change in optical 

properties were visualized by taping a small figure to the outside of a cuvette and monitoring visual 

properties using a Canon EOS 5D Mark II camera with a Macro Lens EF 100 mm. An illuminator 

(Porta-trace, Model 1012, 16 Watt) was placed behind the cuvette to improve image quality. Video 

analysis and processing was performed using Shotcut, and quantitative analysis was performed 

using ImageJ. Scale bar was set using known diameter of the cuvette.  

 

 

Figure 2.12 UV/Vis spectra of dimethylaminopropyne, azidoethanol and CuTHPTA. 

0.00

0.25

0.50

0.75

1.00

275 375 475 575

A
b
s
o
rb

a
n
c
e

Wavelength (nm)

3-dimethylaminopropyne

40 mM 30 mM

20 mM 10 mM

50 mM

0.00

0.25

0.50

0.75

1.00

275 375 475 575

A
b
s
o
rb

a
n
c
e

Wavelength (nm)

azidoethanol

50 mM 40 mM

30 mM 20 mM

10 mM

0.00

0.25

0.50

0.75

1.00

275 375 475 575

A
b
s
o
rb

a
n
c
e
 

Wavelength (nm)

CuTHPTA

0.80 mM 0.70 mM

0.60 mM 0.30 mM



62 

 

 

 

 Figure 2.13 Absorbance at 500 nm for systems with and without pNIPAAm NPs 

Figure 2.14 Temperature change with time recorded for visual turbidity experiment associated with Figure 
2B (2 mg/mL pNIPAAm NP, 32 mM Cu-THPTA, 1 M fuels, 1 mL scale). 
 

2.5.5 Macroscopic hydrogel experiments  

Experimental protocol for visualizing deswelling of macroscopic hydrogels  

To aid in visualization the gel was stained with Congo Red dye (1 mg/ml) solution in water 

for 10 minutes. The residual unbound stain was washed by incubating gel in water for 2 min (x3). 

The gel was then transferred to a plastic 6-well plate and placed over an illuminator (Porta-trace, 
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concentration 1 M. The visual appearance of the gel was monitored from above using a Canon 

EOS 5D Mark II camera with a Macro Lens EF 100 mm. Video analysis and processing was 

performed using Shotcut, and quantitative analysis was performed using ImageJ. Scale bar was set 

using known diameter of the 6-well plate. For in situ temperature monitoring while recording 

visual response, a 1 mm K-type thermocouple with a Handheld Data Logger Thermometer with 

Graphic Display purchased from OMEGA TM with a resolution of 0.1 ⁰C and an accuracy of 0.2 

⁰C was used. VideoS2 was played at x50.  

 

Experimental protocol for visualizing actuation of macroscopic hydrogels  

 The same experimental conditions were used as described above in the protocol for 

visualizing deswelling of macroscopic gels except for the hydrogel. An asymmetric bilayer 

hydrogel was used instead. To position to the bilayer such that the actuation occurred in the field 

of view parallel to the camera, the gel was affixed with Super Glue to a piece of 

polydimethylsiloxane.  

 

Experimental protocol for prototype engine demonstration 

To aid in visualization the gel was stained with Congo Red dye (1 mg/ml) solution in water 

for 10 minutes. The residual unbound stain was washed by incubating gel in water for 2 min (x3). 

The gel was affixed to a toothpick using Super Glue, and the copper weight was attached by 

physically joining the two ends of the curled piece of copper wire. The gel was then transferred to 

a polystyrene semi-microcuvette and placed over an illuminator (Porta-trace, Model 1012, 16 

Watt). To this a freshly prepared stock solution of Cu-THPTA (0.811 mL 39.5 mM) was added, 

such that after the addition of 1 mmol of fuel (76 uL of 2-azidoethanol and 0.133 mL of 3-

dimethylaminopropyne) the final concentration of catalyst was 32 mM and the fuel concentration 
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1 M. The visual appearance of the gel was monitored from side using a Canon EOS 5D Mark II 

camera with a Macro Lens EF 100 mm. Video analysis and processing was performed using 

Shotcut, and quantitative analysis was performed using ImageJ. Scale bar was set using known 

width of the cuvette. 

Figure 2.15 Macroscopic work by lifting an object. Mass lifted by a 5 mg dry polymer sample could be as 
high as 530 mg. The large mass was achieved by coiling copper wire around another piece of wire. The 
percent length of the pNIPAAm hydrogel, relative to 0 min, was reported above the image along with the 
time stamp. Scale bar is 3 mm.  

 

2.5.6 Calculations for power output  

The mean power output was determined following using for the following formula.164  

𝑃 =  
∆𝑊

∆𝑡 
=

𝑚 ∗  𝑔 ∗ ∆ℎ

∆𝑡
= 1.09 ∗ 10−6 𝑊𝑎𝑡𝑡𝑠 

P = mean power 

W = work performed 

m = mass that was lifted. Obtained by weight copper wire prior to attachment to hydrogel = 

(5.3x10-4 kg)  

g = acceleration due to gravity = 9.81 m/s2 

∆h = height that the mass was lifted = length of gel at 0 s – length of gel at 30 s. Obtain by 

measurements using ImageJ of gel length over time in the video = 0.00631 m 

∆t= time it took to lift mass to given height = 30 s 

100% 
0 min 

69% 
0.5 min 

88% 
10 min 

3 mm 3 mm 3 mm 
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Specific power as a figure of merit for engine comparison 

A common figure of merit is the power to weight ratio.144,165 In the case of straited muscle the 

power to weight ratio is ~200 W/kg and in hydrogel engines it’s 0.2 W/kg. 144,164,165 The power to 

weight ratio (relative to the dry gel), was found to be on par with other reported hydrogel engines.  

 

𝑃𝑜𝑤𝑒𝑟

𝑊𝑒𝑖𝑔ℎ𝑡
=  

𝑃

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑔𝑒𝑙
= 0.218 𝑊/𝑘𝑔  

 

Note this calculation does not take in account the work associated with the LCST transition, 

because the energetics of which are not agreed upon in the community and range from 3-13 

kJ/mole.155 
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2.5.7 NMR spectra 

 

Figure 2.16 1H NMR spectrum of 2-azidoethanol in CDCl3.  
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Figure 2.17 1H NMR spectrum of 3-azidopropanol in CDCl3. 
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Figure 2.18 1H NMR spectra of tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) in d6-DMSO. 
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Chapter 3: Progress Towards Self-regulating Materials 
 

 

3.1 Introduction to self-regulating materials 

 In pursuit of bioinspired materials, scientists aim to solve complex materials problems by 

drawing inspiration from the solutions nature has developed over millions of years of evolution.166 

Bioinspired materials research has given rise to significant advancements in the field of smart 

materials.44 Recently, there is a growing interest to more closely mimic biology by creating smart 

materials that operate out-of-equilibrium.32,46 In living organisms, nonequilibrium systems 

consume and dissipate energy to the environment to power important life processes such as cell 

division and cellular motility.133 Operating far from equilibrium gives rise to advanced adaptive 

behavior  by interactively interfacing with the environment.13,36   

Nonequilibrium system in biology give rise to various forms of adaptive behavior  such as 

self-healing, self-regulating, memory, and even learned behavior.12 In nature, self-regulation 

occurs across all length scales; from the molecular scale as seen in insulin regulation,167 to the 

macroscopic scale such as the emergent patterns on zebrafish.12,128 Adaptive nonequilibrium 

systems in nature can demonstrate learned behavior with varying degrees of complexity.168,169 

Biochemical circuits are one of the simpler forms of learning that capitalize on programmed 

responses to various stimuli in an orthogonal fashion to yield associative learned behavior.170 

Synthetic materials able to mimic even the simplest forms of learned behavior are just beginning 

to emerge as an area of interest due to the potential to create artificial living materials.36,132 The 

ability to replicate this level of control in synthetic nonequilibrium materials would allow scientist 

to create truly life-like materials with significant impacts in the field of medical implants and 

sustainable materials for energy usage.171–173  
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The pursuit of synthetic nonequilibrium materials with self-regulatory properties takes 

advantage of a variety of opposing chemical and physical feedback loops.171 A common approach 

is to pair two opposing feedback loops, as seen in the example by Hauser et al. that uses 

photothermally generated Marangoni stresses and capillary forces on a fluid interface to achieve 

nonequilibrium oscillatory movement on the millimeter scale.174 Photochemical coupling of a 

trans/cis isomerization of azobenzene-based liquid crystals to the mechanical deformation has also 

demonstrated oscillatory behavior attributed to a self-shadowing mechanism.175 Biological 

systems ubiquitously use chemical driving forces coupled with mechanical deformations to drive 

self-regulation.60 While there are examples of chemically driven, self-regulatory manmade 

systems in the field of system chemistry—it remains a challenge to extend this behavior  to self-

regulation of macroscopic mechanical deformations.32,176 He et al. demonstrated a synthetic mimic 

using a catalytic exothermic reaction coupled with mechanical actuation of a biphasic system to 

yield a system able to regulate temperature on a 2-dimensional surface.124 To better mimic biology 

it is imperative to develop chemically driven nonequilibrium materials with macroscopic 

mechanical self-regulatory behavior in 3-dimensions.  

 

3.2 Our design of self-regulating materials 

 Here we describe progress towards the development of chemically driven self-regulatory 

nonequilibrium systems. We employ hydrogels with lower critical solution temperature (LCST) 

phase transition that induce chemothermal mechanical actuation to switch on and off a catalyzed 

exothermic reaction to achieve self-regulation of temperature. Below we outline the key design 

features in pursuit of a 3-dimensional self-regulating system.  

The role of the LCST polymer in the system is to control the reaction rate of the exothermic 

reaction. At temperatures below the LCST transition, hydrogels are swollen and have a large mesh 
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size allowing for diffusion of chemical fuels to the catalytic sites grafted onto the hydrogels. At 

temperatures above the LCST hydrogels shrink by expelling water, resulting in a decrease in mesh 

size of crosslinked polymer networks. In the collapsed state the hydrogel should limit the diffusion 

of reactants to the buried catalytic sites, which is expected to turn off the catalyzed exothermic 

reaction and corresponding heat generation. To establish two distinct on and off states it is vital to 

design an LCST-type polymer with a large, rapid and reversible LCST transition. The large degree 

of change between the swollen and collapsed state will dictate the relative rates of reaction. The 

transition needs to occur very rapidly to ensure high reaction turnover to generate sufficient heat 

to cause an LCST transition. Additionally, the LCST transition must be highly reversible to allow 

for multiple cycles to achieve self-regulation. Poly-N-isopropyl acrylamide (pNIPAAm),151 and 

comb-type polyethylene glycol (PEG)177 polymers are well known for their LCST behavior and 

were employed in efforts reported here to develop a self-regulating nonequilibrium material. The 

comb-type architecture of PEG was investigated due to the increased potential to shut off catalytic 

activity due to the sterically congested nature of the polymer architecture.   

The chemical reaction used in the self-regulating device had to fit several design criteria 

including that it be catalyst controlled, compatible with aqueous solvent, highly exothermic and 

have a high reaction rate. To modulate the reaction rate, a catalytic reaction was so chosen such 

the reaction rate can be tuned through controlling the diffusion to the catalytic species. The chosen 

reaction also must be compatible with aqueous solvents because the LCST transition is 

fundamentally driven by hydrogen bonding of water to the polymer sidechains. Lastly, the reaction 

chosen must by highly exothermic in nature to generate enough heat to trigger an LCST transition. 

For these reasons, we chose the copper catalyzed azide alkyne cycloaddition (CuAAc) – referred 

to as a “click reaction”- which is commonly used in aqueous solvents, catalytic and is reported to 
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have reaction enthalpies of nearly 50 kcal/mole.152 To ensure high reactions rates, ligands were 

added to complex with the Cu(I) catalyst.153 Previous reports have shown that tris(3-

hydroxypropyltriazolylmethyl) amine (THPTA) to complex Cu results in increased catalytic 

activity for CuAAc reactions compared to uncomplexed copper.153 Complexation of the Cu 

catalyst is also necessary in order to tether the catalyst to a polymer or nanoparticle support. In 

addition to THPTA, ligands with higher binding affinities to Cu,178,179 such as nitrilotriacetic acid 

(NTA)-based ligands were explored. The higher binding affinities were investigated to minimize 

potential leaching of the copper catalyst due to the competitive binding effects from the triazole 

waste from the chemically fueled process.  

The rate of heat generation is also dependent on the architecture of the polymer and catalyst 

attachment. For this reason, a variety of different architectures including macroscopic bulk 

hydrogel, meso-scale hydrogels, as well as nanogels were explored. It should also be noted that in 

the systems investigated the catalyst attachment was accomplished via copolymerization of an 

acrylate-bearing ligand to allow for loading of the Cu catalyst by swelling the gel in a Cu solution. 

This approach of copolymerization results in a system where the LCST properties and the catalyst 

loading are dependent on one another due to the change in hydrophilicity of the copolymer 

network. For this reason, alternative architectures such as core-shell nanoparticles were also 

explored.  

 

3.3 Results and discussion  

 

3.3.1 Bulk hydrogel approach  

 

  To achieve distinct regimes of active and inactive catalysis macroscopic hydrogels with 

large, fast, and reversible LCST transition were investigated. N-isopropyl acrylamide (NIPAAm) 
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was chosen as the monomer and N,N’-methylenbisacrylamide as the crosslinker. The 

polymerization was performed in cryogenic conditions in dimethylsulfoxide (DMSO) to achieve 

a macroporous structure that is reported in literature to produce large, and rapid LCST tranition.158  

The LCST behavior was probed gravimetrically by immersing the gel in 21 ⁰C then 40 ⁰C to mimic 

oscillatory change in temperature expected for a self-regulating system. The degree of deswelling 

at 40 ⁰C was found to be ~25 % of the original weight, indicating a rather large change in swell 

behavior. This result was repeatable, as shown in the 5 oscillatory cycles shown in the navy curve 

in Figure 3.1a. The rate of deswelling was observed to be under 2 minutes indicating rapid 

deswelling which was attributed to the macroporous nature of the hydrogel, consist with 

literature.158 

The degree of swelling of gel in the presence of the chemical fuels was investigated. As 

discussed in Chapter 2, alkyl azides and N,N-dimethylaminopropyne are highly reactive for 

CuAAc, and thus were used for this work. In the presence of N,N-dimethylaminopropyne (1 M) 

the gel deswelled to 75 wt%  of the original water swollen state (Figure 3.1b). The initial azide 

investigated was 3-azidopropanol; which, upon equilibration of the gel in 3-azidopropanol (1 M) 

the degree of swelling of the gel decreased to 39% (Figure 3.1b). While these values are after 

equilibration (1 h), because the system is designed to operate multiple cycles, the deswelling of 

the gel over time in response to fuel (or waste product) accumulation is problematic as it convolutes 

the heat associated deswelling. Lower concentration of fuels minimizes the deswelling effect, but 

only slightly (Figure 3.1b). By further decreasing the hydrophobicity of the fuel by decreasing the 

carbon chain from 3 to 2, resulted in significantly less deswelling, 104% compared to 79% at 
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Figure 3.1 Characterization of bulk macroscopic hydrogels. (a) Degree of swelling was determined 
gravimetrically and normalized to weight of gel at 21 ⁰C after equilibration in water. Deswelling with increase 
in temperature oscillating between 21 ⁰C and 40 ⁰C for 2 minutes each is reported on the left vertical axis 
for the following hydrogels pNIPAAm in water (navy), pNIPAAm in 0.25 M each fuel N,N-
dimethylaminopropyne and 3-azidopropanol (blue), pNIPAAm in 0.50 M each fuel N,N-
dimethylaminopropyne and 2-azidoethanol (green), and pTHPTA-coNIPAAm with 5 mol% feed ratio of 
THPTAmon relative to NIPAAM in water (yellow). Temperature is plotted in red on the right vertical axis. 
(b) pNIPAAM gels equilibrated in N,N-dimethylaminopropyne (1 M), 3-azidopropanol (1 M & 0.5 M), 2-
azidopropanol (0.5 M) with weight normalized to weight of gel in water (c) Deswelling of 20 and 30 mol% 
THPTAmon relative to NIPAAm in feed ratio as a function of time. The area of a piece of gel was recorded 
at different temperatures and normalized to the area at 21 ⁰C.   

 

0.5 M respectively (Figure 3.1b).  
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attached catalytic Cu was prepared. THPTA was synthesized in two steps following literature 

precedent (Scheme 3.3),154 followed by a statistically functionalization with methacrylic anhydride 

to yield THPTA attached to a methacrylate handle, termed THPTAmon, which could be 

copolymerized with NIPAAm (Scheme 3.4). The solubility of the THPTAmon in DMSO is 

sufficiently high to allow for copolymerization from a feed ratio of 0-50 mol% THPTAmon 

relative to NIPAAm. The reactivity ratios of methyl methacrylate and acrylamide favor the 

incorporation of the THPTA bearing monomer.180 To determine the percent incorporation for these 

specific monomers linear polymers were synthesized and characterized by 1H NMR to reveal 10% 

incorporation of THPTAmon with a 3.4 mole % feed ratio of THPTAmon, which is in the reported 

range of reactivity ratios (Figure 3.10).180 Next, Cu(II) was loaded into the gel by immersion and 

equilibration of gel in a Cu(II) acetate solution, which resulted in the gel swelling and a clear color 

change from an opaque to a vibrant blue gel, attributed to the Cu(II) binding. The binding is 

attributed to coordination to THPTA copolymerized into the network because upon equilibration 

of the gel in water overnight the blue color persists.  

The LCST properties of the catalytic pTHPTA-co-NIPAAm gels were probed 

gravimetrically. The copolymerization of NIPAAm with other monomers is known to impact the 

LCST behavior.151 For gels synthetized with 5 mol% THPTAmon relative to NIPAAm the LCST 

properties were impacted minimally with the reswelling being slightly hindered, as shown in the 

Figure 3.1a yellow curve compared to navy curve. Increasing the THPTAmon monomer feed ratio 

to 20 mole % resulted in significant impacts to the LCST both in terms of the sharpness of the 

transition and the temperature the transition occurred, 60 ⁰C compared to the LCST of 32 ⁰C for 

pNIPAAM homopolymers (Figure 3.1c).151 The 30 and 50 mol% THPTAmon samples did not 

exhibit any LCST phase transition below 80 ⁰C. A sufficiently high concentration of catalyst 
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loading is necessary to facilitate heat generation; however, the impact on the LCST behavior must 

be minimized.  

Figure 3.2 Reaction kinetics of catalytic THPTA-co-NIPAAm macroscopic hydrogels. The concentration of 
2-azidoethanol is monitored using HPLC at various time points for gels with (a) 5 mol%, (b) 20 mol%, (c) 
30 mol% THPTAmon relative to NIPAAm in the feed ratio at different temperatures. 

 

Next the reaction rate was probed at various temperatures above and below the LCST. The 

reaction rate was expected to decrease at temperatures above the LCST due to decreased pore size 

and limited diffusion to active catalytic sites. For samples with no observed LCST the reaction rate 

was expected to increase with increased temperatures.  The gel with the least THPTAmon (5 

mol%) was expected to have the most substantial change in reactivity upon crossing the LCST 

transition due to the minimal change in LCST properties. The reaction rate was probed at 21 ⁰C 

and 50 ⁰C; however, the increase in temperature resulted in increased reaction rate as observed by 

the increased rate of 2-azidoethanol depletion (Figure 3.2a). A similar trend was observed with 

increased catalyst loading. The reaction rate of the 20 mol% THPTAmon gel was probed at a 

higher temperature due to the increased LCST, and the effect of temperature increase was even 

more pronounced as compared to the 5 mol% THPTAmon (Figure 3.2b). The 30 mol% 

THPTAmon gels did not have a measurable LCST up to 80 ⁰C, thus it was expected that the 

increase in temperature would increase reaction rate, which was in line with the observed reaction 
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rates at 21 and 50 ⁰C seen in Figure 3.2c. These results demonstrate that the LCST transition does 

not shut down access to catalytic site sufficiently to compensate for the increased reaction rate due 

to temperature increase. It should be noted that for the 5 mol% THPTAmon gel we do not expect 

to reach temperatures as high as 50 ⁰C so at lower temperatures the change in access to active 

catalytic sites may be sufficient to compensate for the temperature increase.  

Next the heat generation of the catalytical gels were probed by monitoring the temperature 

of the surrounding solution. It should be noted that locally (in the gel) the temperature is expected 

to be higher since that is the site of catalytic reaction. As control, the reaction was performed with 

the small molecule catalyst, CuTHPTA (32 mM), N,N-dimethylaminopropyne and 2-azidoethanol 

(1 M each fuel). To mimic any heat absorption a piece of pNIPAAM crosslinked gel was added to 

the solution. The maximum temperature of the surrounding solution for the control samples was 

measured to be 81 ⁰C (Figure 3.3a). We started with the highest catalyst loading in gels which is 

the 50 mol% THPTA gel that did not exhibit an LCST below 80 ⁰C. Initial studies were done with 

macroscopic pieces of gel in order to minimize the surface area due to the potentially open catalytic 

site on the external surface of the gel. It was expected that the covalent attachment of the catalyst 

into the polymer network should decrease the reaction rate and subsequently the overall heat 

generation. Even the highest catalyst loading gel (50 mol%) only resulted in maximum temperature 

of 30 ⁰C (Figure 3.3b). To increase the available surface area for fuel to diffuse into the polymer 

network to reach the active catalytic sites, the macroscopic gel was crushed into mm-sized pieces, 

which resulted in a maximum temperature of nearly 40 ⁰C (Figure 3.3c). The repeated addition of 

an equivalent amount of azide and alkyne fuel resulted in another increase in temperature reaching 

a maximum of 43 ⁰C (Figure 3.3c). This result, as well as HPLC analysis of the surrounding liquid 

indicated that the fuel had been converted to waste but did not generate as much heat in the 
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surrounding liquid in comparison to the small molecule catalyst. The lack of heat generation was 

attributed to slow mass flow of azide and alkyne fuels to the catalyst sites. Since increasing the 

surface area of the bulk gels by crude methods (mechanical damage) to yield mm-sized pieces 

alleviated this problem—more refined methods of producing catalytic gels with reduced 

dimensions were pursued. Additionally, it was observed that over the course of several hours 

catalytic gels left in the 1 M waste solution leached copper catalyst into the surrounding solution, 

as evident by the blue color of Cu(II). Leaching is attributed to the much higher concentration of 

triazole product relative to THPTA, 1 M to 32 mM respectively.  

Figure 3.3 Heat generation of catalytic THPTA-co-NIPAAm hydrogels. (a) Control with CuTHPTA small 
molecule catalyst (32 mM) with 1 M each fuel, 2-azidoethanol and N,N-dimethylaminopropyne added at 
0.25 min (b) 50 mol% THPTAmon relative to NIPAAm in feed macroscopic gels 0.62 cm3 with a local 
concentration in the gel 60 mM and 32 mM concentration globally with 1 M each fuel, 2-azidoethanol and 
N,N-dimethylaminopropyne added at 0 min (c) 50 mol% THPTAmon relative to NIPAAm in feed 
macroscopic gels pulverized to mm size pieces with a local concentration in the gel 60 mM and 32 mM 
concentration globally with 1 M each fuel, 2-azidoethanol and N,N-dimethylaminopropyne added at 0 min.  
 

 

3.3.2 Hydrogel nanoparticle approach  
 

 Two key design features—scale and catalyst ligand—were modified based on the results 

from the macroscopic hydrogel approach. A nanoparticle polymer system with increased surface 

area should allow for increased mass diffusion of the fuel to the active catalytic site. To address 

the leaching of the active Cu species from the backbone of the polymer into the surrounding 
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solution, the binding affinity of the ligand was increased. Instead of THPTA as a ligand which has 

a dissociation constant of 1.1 x 10-10 for Cu(I)178 a nitrilotriacetic acid (NTA) ligand with a 

dissociation constant of  6.0 x 10-11 which has three carboxylates for metal coordination instead of 

three triazole rings.179  

The heat generation of model reaction was evaluated using CuNTA small molecule as the 

catalyst. Initial studies using 2-azidethanol (0.5 M) and N,N’-dimethylaminopropyne (0.5 M) and 

CuNTA (16 mM) did not result in any reaction progress and subsequently no heat generation. 

Upon addition of sodium ascorbate reaction proceeded rapidly and the overall temperature of the 

solution increased to 30 ⁰C (Figure 3.4a). Sodium ascorbate is necessary for the reduction of Cu(II) 

to the active Cu(I) species, which was not needed for CuTHPTA catalysis.153  To conserve fuel, 

the system was brought to a higher temperature closer to the LCST such that less fuel had to be 

consumed before reaching the LCST. To mimic these conditions, heat generation experiments with 

small molecule catalyst CuNTA were performed and exhibited a temperature increase from 34 to 

35.5 ⁰C (Figure 3.4b). The relatively smaller increase in temperature was due to more rapid heat 

dissipation due to the water bath around the reaction vessel, as compared to air cooling (Figure 

3.4b). 

After demonstration of small molecule catalysis with CuNTA, the NTA ligand was 

incorporated via copolymerization with NIPAAm. To allow for copolymerization an NTA bearing 

monomer was synthesized. NTA bearing a primary amine was synthesized according to literature 

precedent (Scheme 3.5),181 followed by addition into acryloyl chloride in biphasic basic conditions 

with water and toluene to yield an acrylamide monomer bearing NTA, termed NTAmon (Scheme 

3.6). Next the NTA monomer was incorporated at 5 mol% feed ratio into NIPAAm based 

nanoparticles (NPs), referred to as catalytic NP via precipitation polymerization.156,157 The size 
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Figure 3.4 Catalytic CuNTA nanoparticle system. (a) Small molecule heat generation with CuNTA (16 mM) 
sodium ascorbate (32 mM), 2-azidoethanol (0.5 M), N,N-dimethylaminopropyne (0.5 M) (b) Small molecule 
heat generation with CuNTA (16 mM) sodium ascorbate (32 mM), 2-azidoethanol (0.5 M), N,N-
dimethylaminopropyne (0.5 M) performed at a starting temperature of 34 ⁰C. (c) Z-average diameter of 
pNTA-co-NIPAAm with a 5 mol% NTAmon in the feed ratio after Cu(II) complexation by dynamic light 
scattering. (d) Heat generation experiments with pNTA-co-NIPAAm NP with a 5 mol% NTAmon in the feed 
ratio. Performed with CuNTA (16 mM), sodium ascorbate (32 mM), 2-azidoethanol (0.5 M), N,N-
dimethylaminopropyne (0.5 M. Temperature of solution is reported on the left vertical axis and concentration 
of 2-azidoethanol is reported on the right vertical axis. (e) Heat generation experiments with pNTA-co-
NIPAAm NP with a 5 mol% NTAmon in the feed ratio and core-shell NP with a shell of pNIPAAm 
homopolymer. Performed with CuNTA (16 mM), sodium ascorbate (32 mM), 2-azidoethanol (0.5 M), N,N-
dimethylaminopropyne (0.5 M) Temperature of solution is reported on the left vertical axis and concentration 
of 2-azidoethanol is reported on the right vertical axis. 

 

and temperature response of the nanoparticles were probed via dynamic light scattering (DLS) 

after complexation of Cu(II) (Figure 3.5). The LCST properties are shifted slightly to higher 

temperatures as compared to homo pNIPAAM polymers which is attributed to the increase in 

hydrophilicity.  
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 Next the reaction rates and heat generation above and below the LCST were probed. The 

reaction rate was expected to decrease at temperatures above the LCST due to decreased pore size 

and limited diffusion to active catalytic sites. At temperatures below the LCST the high surface 

area was expected to allow for high mass diffusion to facilitate rapid heat generation. Starting the 

system at room temperature and mimicking the small molecule experiments from Figure 3.4a the 

maximum temperature achieved using the catalytic NPs was 28 ⁰C and the 2-azidoethanol was 

nearly depleted in less than 20 min (Figure 3.4c). The catalytic NPs achieved a maximum 

temperature of just 2 ⁰C lower than that of the small molecule indicating that the increased surface 

area allowed for faster mass diffusion to active catalyst sites as compared to the bulk gels. At 

temperatures above the LCST the catalytic nanoparticles exhibited a temperature increase of less 

than 1 ⁰C and consumption of 2-azidoethanol in less than 7 min (Figure 3.4e). This result indicated 

that the reaction proceeded faster at elevated temperatures regardless of the deswelling of the 

catalytic NPs associated with the LCST. This result was attributed to the exposed catalytic sites on 

the surface of the catalytic NP regardless of whether the particles is in the swollen or deswollen 

state.  

 

3.3.3 Acrylamide core-shell nanoparticle approach 
 

To minimize the available active sites on the surface of the catalytic NP, a core-shell NP 

system was designed. Using the catalytic NP described above as the core, we grew a shell of 

crosslinked pNIPAAM to serve as an added barrier at temperatures above LCST to minimize 

diffusion of the small molecule fuels. The catalytic core-shell NPs were synthesized by using the 

catalytic NPs (before the swelling in of the Cu) as the seeds for a subsequent precipitation 

polymerization with NIPAAm.156 The seeds and the core-shell NPs were characterized by DLS, 

and exhibited an increase in the diameter by 59 nm indicating successful growth of a pNIPAAm 
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shell. The temperature response of the core-shell NPs with and without Cu complexation were 

probed by DLS and revealed and LCST of ~ 36 ⁰C.  

Next the reaction rates and heat generation above and below the LCST were probed. At 

temperatures above the LCST the catalytic core-shell NPs exhibited a temperature increase of ~3 

⁰C and consumption of 2-azidoethanol in less than 7 min (Figure 3.4e). This result indicated that 

the reaction proceeded faster at elevated temperatures regardless of the pNIPAAM shell, which 

can be attributed to the large surface area and small hydrodynamic size of the 2-azidoethanol and 

N,N-dimethylaminopropyne fuels which allows for facile diffusion to the catalytic site regardless 

of the degree of swelling in the gel.  

3.3.4 Mesoporous silica/polyethylene glycol core-shell nanoparticle approach 
 

 Due to the challenge in turning off the catalytic reaction for core-shell pNIPAAm particles, 

the core-shell system was modified to increase the steric congestion with the hypothesis that the 

increased congestion would be more effective at turning off the catalytic reaction. For this reason, 

we turned to comb-type polyethylene glycol (PEG), another well studied LCST polymer.177  

We chose to use mesoporous silica nanoparticles as the scaffold for attaching the CuNTA 

catalyst as well as a chain transfer agent (CTA) which will facilitate grafting of comb-type PEG 

from the surface of the nanoparticles. Azide functionalized particles were used to facilitate 

functionalization of both NTA and CTA in one step using copper catalyzed click chemistry.153 A 

CTA was synthesized with an alkyne handle on the R-group side, termed CTAalkyne, following 

modified literature protocols (Figure 3.5a).182 NTA was synthesized with alkyne handle, termed 

NTAalkyne, according to modified literature protocols (Figure 3.5a).183 Azide functionalized 

mesoporous silica nanoparticles were synthesized via literature protocol and characterized by 

elemental analysis which revealed functionalized of 0.97 mmoles N3/g particles, which is in 

agreement with literature.184 The particles were next functionalized in one step using copper 
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catalyzed click chemistry to yield CTA and NTA functionalized particles (Figure 3.5a). It should 

be noted that small molecule control experiments using 2-azidoethanol as a model substrate were 

performed to determine conditions to allow for successful functionalization of azide particles. 

Since the NTAalkyne binds to the Cu catalyst, a stoichiometric amount of Cu must be added to 

pre-complex the NTA. The IR spectra showed the disappearance of the azide stretch at 2100 cm-1 

and emergence of carbonyl and trithiocarbonate stretches associate with NTA and CTA, 

respectively (Figure 3.5c) indicating successful conversion of surface azides. Additionally, the 

functionalization of the particles was supported by thermogravimetric analysis which revealed a 

decrease in the inorganic nonvolatile component from 83.5 wt% to 69.8 wt% inorganic material 

for the azide and CTA/NTA particles, respectively.   

Next the comb-type PEG polymer was grafted to the surface of the nanoparticles via 

surface-initiated reversible addition-fragmentation chain-transfer (RAFT) polymerization. Prior to 

the surface-initiated RAFT, solution phase experiments were performed in the presence of CuNTA 

to confirm the Cu complex did not influence the radical polymerization. Gel permeation 

chromatography revealed polydispersity index (PDI) of 1.19 regardless of the CuNTA presence. 

The solution phase conditions with 5 mol% poly(ethylene glycol) methyl ether methacrylate 

(OEGMA, Mn=475 g/mole) relative to di(ethylene glycol) methyl ether methacrylate (MEO2MA)  

were then applied to the CTA/NTA particles to yield core-shell PEG nanoparticles. The 

polymerization was run to 53% (degree of polymerization 106, Mn = 21.4 kDa) completion as 

determined by monomer depletion by 1H NMR spectroscopy. The molecular weight of the free 

polymer in solution was characterized by gel permeation chromatography to reveal a number 

average molecular weight of 22.6 kDa and PDI of 1.50, which is consistent with the calculated Mn 

from monomer consumption.  
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Figure 3.5 Core-shell PEG nanoparticle system. (a) Schematic of synthesis of azide-containing particles 

(N3-SiO2 NP) following literature precedent. 184 Followed by functionalization of the nanoparticles surface 

via copper catalyzed azide alkyne cycloaddition reaction using NTAalkyne and CTAalkyne in a 1:1 molar 
ratio to yield CTA/NTA NP. (b) Schematic of the functionalization of the CTA/NTA NP with  5 mol% 
poly(ethylene glycol) methyl ether methacrylate (OEGMA, Mn=475 g/mole) relative to di(ethylene glycol) 
methyl ether methacrylate (MEO2MA) via surface-initiated RAFT polymerization. (c) Infrared spectroscopy 
characterization of the N3-SiO2 NP (black), CTA/NTA NP (red), CTAalkyne (blue), and NTAalkyne (orange). 

 

The resulting particles yielded a cloudy, unstable colloidal solution at room temperature in 

water. The turbidity decreased with decreasing temperature, which is consistent with an LCST 

transition. Characterization of colloidal size via light scattering revealed an increase in particle 

size with increasing temperature. This observation was attributed to aggregation of the particles 

above the LCST due to the hydrophobic interactions, indicating a depression of the LCST (from 

35 ⁰C for linear polymers of the same chemical composition).177 Changes in the LCST of PEG 

polymers has been observed for various nanoparticles grafted LCST polymers; however, is still 

not well understood.185–187 It should be noted that the grafting of the PEG was also supported by 
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thermogravimetric analysis which revealed an increase in volatile organic content from 26.7 to 

96.0 wt%. This supports the claim that the stability of the nanoparticles is due to the PEGylation.  

 

3.4 Conclusion 
 

 Here we outlined efforts towards achieving chemically driven self-regulatory behavior in 

3-dimensions. We describe the design, synthesis, and characterization of novel catalytic hydrogels. 

The potential of these hydrogels to achieve self-regulatory behavior was probed via determination 

of relative reactions rates and testing the ability to achieve temperature regulation. Macroscopic 

catalytic hydrogels did not lead to sufficient heat generation, which is necessary for self-regulatory 

behavior . This was attributed to poor mass diffusion to active catalytic sites. Catalytic microgels 

were tested to address the challenge of mass diffusion; however, upon probing of reaction rates it 

was found that the increased surface area of microgels resulted in the inability to shut off catalysis 

at elevated temperatures. This prompted investigation of core-shell microgels which yielded 

similar results. The approach of relying solely on the change in diffusion of a small molecule into 

a hydrogel network has proved to be insufficient for achieving self-regulating behavior ; however, 

it is unclear if the increased steric congestion of the comb-type PEG polymers could address this.  

 The aggregation of the core-shell PEG particles could be used as an advantage in efforts to 

achieve a self-regulating system. LCST induced aggregation allows for phase-transfer of the 

particles from water into toluene at temperature above the LCST, which could serve as a new 

strategy for shutting off catalysis.188 If the fuel for the reaction remains in the aqueous layer, at 

temperature below the LCST the catalytic particles will be in the water layer and catalytic reaction 

will proceed and generate heat. The generated heat is expected to cause LCST phase transition 

which will result in phase transfer of the particles out of the fuel rich aqueous layer. If successful 

the catalytic particles will remain in the toluene layer, unable to catalyze the click reaction until 
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the temperature drops below the LCST and the particle return to the fuel rich aqueous layer. This 

approach has increase potential to shut off catalysis because it separates the catalyst from the fuel 

via an immiscible liquid rather than solely relying on changes in diffusion as a result of decreased 

mesh size above the LCST.  

 

3.5 Experimental 
 

General experimental details 

All commercial reagents were used as received and stirred with a magnetic stir bar unless 

otherwise noted. 3-dimethylaminopropyne, 2-bromoethanol, N,N’-methylenebisacrylamide 

(MBAAm), tripropargylamine were all purchased from Acros Organics. 3-bromopropanol was 

purchased from Oakwood Chemicals. Cu(OAc)2●H2O was purchased from Alfa Aesar Chemicals. 

All other chemicals were purchased from Sigma Aldrich. N-isopropylacrylamide (NIPAAm) was 

recrystallized from hexanes prior to use. Dimethylsulfoxide (DMSO) was dried over activated 

molecular sieves (3 Å). All yields refer to isolated yields. Nuclear magnetic resonances (NMR) 

spectra were recorded at 500 MHz CRYO-500 spectrometers at 298 K. 1H NMR chemical shifts 

are reported as δ values in ppm relative to residual solvent: CDCl3 (δ=7.26 ppm) or DMSO-d6 

(δ=2.50 ppm). 1H NMR data are reported as follows: chemical shift (in ppm), multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, br = broad), relative integration in number of protons, 

and coupling constants in Hz.  Multiplets (m) are reported over the range of chemical shift at which 

they appear. Differential Scanning Calorimetry (DSC) was done on a TA Instruments DSC Q2000 

(endotherm down). Samples were loaded into a Tzero aluminum pan and hermetically sealed. 

Nitrogen was used to purge the furnace at 40 mL/min. The furnace is equilibrated at 30 ⁰C followed 

by a temperature ramp at 10 ⁰C/min to 0 ⁰C, followed by a 15 min isothermal period, then a 

temperature ramp of 10 ⁰C/min to 50 ⁰C. Light scattering experiments were done on a Cary-60 
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UV/Vis spectrophotometer. Dynamic light scattering (DLS) was done on a Malvern Zetasizer ZS 

Nano DLS. The refractive index of polyacrylamide of 1.490 was used. The solvent used was 

MilliQ water and the value for viscosity at 21.0 ⁰C was 0.9781 cP and a refractive index of 1.330. 

The Z-average diameter and polydispersity index (PDI) are reported as an average of 3 

measurements with 10 scans each taken at 21.0 ⁰C. The response to temperature was determined 

using 1 measurement consisting of 10 scans at each temperature from 20.0 – 50.0 ⁰C at 5 ⁰C 

increments with a 15 second equilibration time between different temperatures.    

 

3.5.1 Synthesis of small molecules and polymers 

Scheme 3.1 Synthesis of 2-azidoethanol  

 

2-azidoethanol was synthesized following the literature reported protocol.163 It should be 

noted that lower molecular weight organoazides are explosive and should be handled with caution! 

Reactions were performed on less than 13 g NaN3 scale and protected with a blast shield. No 

explosion was encountered. Sodium azide (5.85 g, 90 mmoles, 2 equiv.) was carefully weighed 

using a glass pipet into a plastic weight boat and transferred using water (54 mL) into a round 

bottom flask equipped with a stir bar. 2-Bromoethanol (3.19 mL, 5.62 g, 45 mmole, 1 equiv.) was 

added and the reaction flask was placed in an oil bath at room temperature equipped with a reflux 

condenser and a blast shield. The oil bath was heated to 80 oC and held at that temperature 

overnight. The reaction mixture was cooled to room temperature and transferred to a separatory 

funnel for extraction with diethyl ether (50 mL, x3). The aqueous layer was handled with caution 

and quenched by adding 7 mL of 20 wt.% sodium nitrite solution per gram of sodium azide 
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(assuming all sodium azide remains). Next, the aqueous layer was acidified via the slow addition 

of concentrated sulfuric acid until the evolution of brown gas stopped. The combined organic 

layers were dried over MgSO4 and concentrated under reduced pressure to yield 2-azidoethanol 

(77% yield). 1H NMR spectral data agrees with literature reports.163 1H NMR (500 MHz, CDCl3, 

298 K) δ 3.85 (dd, 1H, J = 10.2, 5.7 Hz), 3.53 – 3.50 (m, 1H), 1.89 (t, 1H, J = 5.8 Hz). 

 

Scheme 3.2 Synthesis of 3-azidopropanol 

 

3-azidopropanol was synthesized following the literature reported protocol.154 It should be 

noted that lower molecular weight organoazides are explosive and should be handled with caution! 

Reactions were performed on less than 20 g NaN3 scale and protected with a blast shield. No 

explosion was encountered. Sodium azide (18.7 g, 0.228 moles, 2 equiv.) was carefully weighed 

using a glass pipet into a plastic weight boat and transferred using water (150 mL) into a round 

bottom flask equipped with a stir bar. 3-bromopropanol (20.0 g, 0.144 mmole, 1 equiv.) was added 

and the reaction flask was placed in a room temperature oil bath equipped with a reflux condenser 

and a blast shield. The oil bath was heated to 50 ⁰C and kept at that temperature overnight. The 

reaction mixture was cooled and transferred to a separatory funnel for extraction with diethyl ether 

(150 mL, x3). The aqueous layer was handled with caution and quenched using the same protocol 

described above. The combined organic layers were dried over MgSO4 and concentrated under 

reduced pressure. Next, the product was distilled under vacuum to yield 3-azidopropanol (86% 

yield). 1H NMR spectral data agrees with literature.154 1H NMR (500 MHz, CDCl3, 298 K) δ 3.76 

(dd, 1H, J = 11.2, 5.9 Hz), 3.45 (t, 1H, J = 6.6 Hz), 1.88 – 1.80 (m, 2H), 1.55 (s, 1H). 
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Scheme 3.3 Synthesis Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) 

 

Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA)  was synthesized following the 

literature reported protocol.154 Tripropargylamine (0.393 g, 3 mmoles, 1 equiv.), and 3-

azidopropanol (1.211 g, 12 mmoles, 4 equiv.) were added to a round bottom flask equipped with 

a stir bar and dissolved with 1:1 tert-butanol:water (6 mL). To this was added CuSO4●5H2O (74.9 

mg, 0.3 mmoles, 0.1 equiv.), and L-sodium ascorbate (119 mg, 0.6 mmoles, 0.2 equiv.). The 

reaction flask warmed slightly due to heat generation. The reaction was stirred at room temperature 

overnight. Saturated disodium ethylenediaminetetraacetate dihydrate (20.0 mL) was added to the 

reaction mixture then transferred to a separatory funnel and washed with dichloromethane (15 mL, 

x3). The aqueous layer was concentrated under reduced pressure to yield a bluish-green solid. The 

solid was dissolved with minimal amount 80:20 dichloromethane:methanol (~8 mL) and loaded 

on a plug of neutral alumina. The product was eluted with 80:20 dichloromethane:methanol (~200 

mL). The product was concentrated under reduced pressure to yield a yellow oil. The oil was 

diluted with 80:20 dichloromethane:methanol (4 mL) and precipitated into diethyl ether (250 mL). 

The resulting cloudy solution was refrigerated overnight, filtered and dried under vacuum at 40 ⁰C 

overnight to yield THPTA as an off-white solid (78% yield). 1H NMR spectral data agrees with 

literature.154 1H NMR (500 MHz, DMSO, 298 K) δ 8.03 (s, 1H), 4.65 (t, 1H, J = 5.0 Hz), 4.41 (t, 

2H, J = 7.1 Hz), 3.62 (s, 2H), 3.40 (dd, 2 H, J = 11.3, 5.9 Hz), 2.06 – 1.88 (m, 2H, J = 6.5 Hz). 
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Scheme 3.4 Synthesis of THPTAmon  

 

Tris(3-hydroxypropyltriazolylmethyl)amine (2.16 g, 1 equiv, 4.82 mmoles) was added to 

a flame dried round bottom flask under nitrogen protection, equipped with a stir bar and dissolved 

with anhydrous DMF (107 mL) and triethylamine (TEA, 0.67 mL, 1 equiv., 4.82 mmoles). 

Methacrylic anhydride (0.79 mL, 1.1 equiv., 5.31 mmoles) was added via syringe pump (7 

uL/min). The reaction was stirred at room temperature for 48 h. 4-methoxyphenol was added as a 

radical inhibitor and crude reaction mixture was concentrated in vacuo and purified by column 

chromatography with DCM 5% NH4OH in methanol to yield THPTAmon as yellow oil (39% 

yield).  1H NMR (500 MHz, DMSO, 298 K) δ 8.07 (s, 1H), 8.02 (s, 2H), 6.01 (s, 1H), 5.66 (s, 

1H), 4.65 (m, 2H), 4.47 (s, 2H), 4.41 (t, 4H, J = 7.1 Hz), 4.07-4.09 (m, 6H), 3.60-3.64 (s, 6H), 

3.37-3.41 (m, 4H), 2.25 – 2.15 (m, 2H), 2.01 – 1.92 (m, 4H), 1.86 (s, 3H). 

 

Scheme 3.5 Synthesis of 2,2'-((5-amino-1-carboxypentyl)azanediyl)diacetic acid (N6-NTA) 

 

 2,2'-((5-amino-1-carboxypentyl)azanediyl)diacetic acid (N6-NTA) was synthesized 

following literature precedent.189 N6-((benzyloxy)carbonyl)lysine (N6-Cbz-L-Lysine) (3.36 g, 1 



91 

 

 

equiv.,12 mmoles) was dissolved in 2 M NaOH (16 mL) and added dropwise to a stirred solution 

of bromoacetic acid (3.33 g, 2 equiv., 24 mmoles) in 2 M NaOH (18 mL) cooled in an ice bath. 

The solution was slowly warmed to room temperature over 12 h, and heated to 70 ⁰C for 2 h. The 

crude reaction mixture was cooled to room temperature and acidified with 1 M HCl to pH 2 to 

precipitate the crude product. To isolate disubstituted product, the crude precipitate was dissolved 

with 1 M NaOH and precipitated using 1 M HCl. Precipitate was filtered and dried under vacuum 

at 40 ⁰C to yield N6-Cbz-NTA as a white solid in 78% yield. N6-Cbz-NTA (3.00 g, 7.57 mmoles) 

is dissolved in 16:1 MeOH:H2O (50 mL). 10% Pd/C (0.1 wt, 0.30 g) was added and the reaction 

was stirred under H2 for 18 h. Crude reaction mixture was filtered over a plug of celite and 

concentrated in vacuo to yield product in 85% yield. 1H NMR spectral data agrees with 

literature.189 1H NMR (500 MHz, D2O) δ 4.01 – 3.86 (m, 5H), 3.06 (t, J = 7.3 Hz, 2H), 2.09 – 1.86 

(m, 2H), 1.82 – 1.72 (m, 2H), 1.72 – 1.49 (m, 2H). 

 

Scheme 3.6 Synthesis of 2,2'-((5-acrylamido-1-carboxypentyl)azanediyl)diacetic acid (NTAmon) 

 

  2,2'-((5-acrylamido-1-carboxypentyl)azanediyl)diacetic acid (NTAmon) was synthesized 

using literature precedent with minor modifications.183 N6-NTA (0.52 g, 1 equiv., 2 mmoles) was 

dissolved in 0.4 M NaOH (17 mL). Acryloyl chloride (0.18 mL, 1.1 equiv., 2.2 mmoles) was 

diluted with anhydrous toluene (9 mL) and added dropwise to the stirred solution of N6-NTA. 

Reaction flask was stirred overnight, toluene was removed in vacuo at 25 ⁰C. Remaining aqueous 

solution was acidified to pH 2 with 1 M HCl, then lyophilized. EtOH was added to the white solid, 

and undissolved precipitate was filtered off. EtOH solution was concentrated in vacuo to yield 
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NTAmon as a viscous oil in 86% yield. 1H NMR (500 MHz, D2O) δ 6.34 – 6.12 (m, 2H), 5.78 (d, 

J = 10.0 Hz, 1H), 4.37 – 4.14 (m, 5H), 3.39 – 3.26 (m, 2H), 2.14 – 1.90 (m, 2H), 1.73 – 1.47 (m, 

4H). 

 

Scheme 3.7 Synthesis of 2,2'-((1-carboxy-5-(pent-4-ynamido)pentyl)azanediyl)diacetic acid (NTAalkyne) 

 

 

Synthesis of NTA-containing nanoparticle (catalytic NPs) 

NIPAAm nanoparticles (NP) were synthesized following the literature reported 

protocol.156,157  NIPAAm was recrystallized from hexanes and stored in refrigerator until ready to 

use. To a flask equipped with a stir bar, NIPAAm (61.1 mg, 0.541 mmoles) and NTAmon (9.0 mg, 

0.0284 mmoles) were added and dissolved with MilliQ water (3.52 mL). Stock solutions of N,N’-

methylenebis(acylamide) (10 mg/mL), sodium dodecyl sulfate (5 mg/mL), and potassium 

persulfate (10 mg/mL) were prepared fresh using MilliQ water. N,N’-methylenebis(acylamide) 

(0.63 mL stock solution, 6.3 mg, 0.0409 mmoles) was added to the monomer solution and the 

solution was sparged with nitrogen gas for 15 minutes before the addition of sodium dodecyl 

sulfate (0.36 mL stock solution, 1.8 mg, 0.00624 mmoles). The monomer solution was sparged for 

an additional 5 minutes then immersed in an oil bath at 70 ⁰C for 10 minutes. A sparged solution 

of potassium persulfate (0.5 mL stock solution, 5 mg, 0.0185 mmole) was added and the vessel 

was kept at 70 ⁰C for 3 h. The solution became turbid within 30 minutes. After 3 h the solution 

was exposed to air, cooled and transferred to a dialysis bag (molecular weight cut-off 12,000 



93 

 

 

g/mol). The nanoparticles were dialyzed against water for 3 days changing the water twice a day. 

To complex, Cu(II)(OAc)2●H2O (3.2 mg, 0.031 mmoles) was added and the solution was stirred 

for 12 h prior to removal of unbound Cu(II) by dialysis with molecular weight cut-off 12,000 

g/mol. Nanoparticle size was determined using DLS. Z-averaged NP diameter of 15 scans is 

reported to be 616 nm at 20 ⁰C and 223 nm at 45 ⁰C, respectively. 

 

Synthesis of catalytic core-shell NPs 

 The core NP were synthesized as described above for the catalytic nanoparticles (with the 

exception that Cu(II) was not complexed) and used as seeds for a subsequent seeded precipitation 

polymerization to yield the catalytic core-shell NPs following literature precedent.190 The seed NP 

solution (300 mg, 5.79 mL) was diluted with water (35 mL) and sparged with nitrogen for 1 h. 

Separately, NIPAAm (0.38 g), N,N’-methylenebis(acylamide) (27.7 mg, 5 mol% relative to 

NIPAAm ), sodium dodecyl sulfate (15.5 mg, 0.29 mg/mL), and ammonium persulfate (18.8 mg, 

2.3 mol% relative to monomer) were dissolved in water (8.1 ml) and sparged with nitrogen for 30 

min. The seed solution was placed in an oil bath at 70 ⁰C for 15 minutes prior to the dropwise 

addition of the shell precursor solution into the stirred solution of seeds. After 3 hours the solution 

was exposed to air, cooled and transferred to a dialysis bag (molecular weight cut-off 12,000 

g/mol). The core-shell NPs were dialyzed against water for 3 days changing the water twice a day. 

To complex, Cu(II)(OAc)2●H2O (22.2 mg, 0.11 mmoles) was added and the solution was stirred 

for 12 h prior to removal of unbound Cu(II) by dialysis with molecular weight cut-off 12,000 

g/mol. Nanoparticle size was determined using DLS. 

 

Synthesis of NTA/CTA nanoparticles 
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Azide functionalized mesoporous silica nanoparticles can be synthesized via literature 

protocol and characterized by elemental analysis which revealed functionalized of 0.97 mmoles 

N3/g particles, which is slightly lower that the reported literature (1.57 mmoles N3/g).184 The Z-

average diameter of the azide particle were also characterized by dynamic light scattering to be 

178 nm with a PDI of 0.192, which is also in agreement with literature (159 nm by DLS, 50-70 

nm by transmission electron microscopy.184 The Barrett, Joyner and Halenda (BJH) pore diameter 

reported in literature indicates a 2.4 nm pore size and a (BET) surface area of 800 m2/g, as 

determined by N2-adsorption–desorption isotherms.184 To functionalize the azide particles with a 

CTA and NTA derivatives with alkyne handle copper catalyzed click chemistry was used. The 

conditions were optimized using using 2-azidoethanol as a model substrate to determine optical 

conditions to allow for successful functionalization. The small molecule conditions that yielded 

successful conversion were 250 mM azidoethanol, 750 mM triethylamine, 50 mM sodium 

ascorbate, and 250 mM Cu(II) acetate in 20% dimethylsulfoxide in water to aid in solubility. These 

conditions were then applied to the azide particles using a 1:1 molar ratio of 

CTAalkyne:NTAalkyne. Particles were purified via washing with water:dimethylsulfoxide (1:1) 

and centrifugation (5,000 RCF, 20 min, x6).  

 

Synthesis of PEG grafted nanoparticles 

Solution phase RAFT polymerization was performed with and without the presence of 

CuNTA with CTAalkyne:monomer: azobisisobutyronitrile (AIBN) of (1:80:0.25) with a monomer 

feed ratio of 5 mol% poly(ethylene glycol) methyl ether methacrylate (OEGMA, Mn=475 g/mole) 

relative to di(ethylene glycol) methyl ether methacrylate (MEO2MA) in 1,4-dioxanes (0.5 M 

monomer). The reaction was heated at 70 ⁰C and run to 92% and 85% conversion as determined 
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by monomer depletion by 1H NMR spectroscopy without and with the presence of Cu(II)NTA 

salts (1 equiv. Cu and 1.1 equiv. NTA), respectively. The polymers were characterized by gel 

permeation chromatography (GPC) using PEG standards and both had a polydispersity index 

(PDI) of 1.19. These conditions were applied to the CTA/NTA particles using CTA/NTA 

particles:monomer:AIBN (1:200:0.25) with the same monomer feed ratio. The mmoles of CTA 

was estimated using azide content as determined by elemental analysis, and the click reaction was 

assumed to go to 80% conversion. The polymerization was run to 53% conversion (degree of 

polymerization = 106, Mn= 21.4 kDa) as determined by monomer depletion by 1H NMR 

spectroscopy. The free polymer in solution was characterized by GPC (Mn=22.6 kDa PDI 1.50). 

The particles were purified via dialysis and characterized by dynamic light scattering (DLS), 

nanoparticle tracking analysis NanoSight NS300, and thermogravimetric analysis (TGA) TA 

Q500. DLS indicated unstable nanoparticle solution with an observed increase in size with 

increased temperature (10 to 25 ⁰C). Due to the unreliable size characterization of the DLS, the 

particles were characterized by NanoSight NS3000, which showed that observed size increase is 

due to nanoparticle aggregation. TGA revealed a substantial increase in volatile mass from 26.7 to 

96.0 wt% indicating successful grafting of polymer from the surface of the particles.  

 

Synthesis of macroscopic temperature-responsive THPTA-containing pNIPAAm hydrogels 

pNIPAAm hydrogels were synthesized following the literature reported protocol.158 

NIPAAm (100 mg, 0.884 mmoles), N,N’-methylenebis(acylamide) (5 mg, 0.032 mmoles, 3.6 

mol% crosslinking relative to NIPAAm), and THPTAmon (0-50 mol % relative to NIPAAm 

keeping crosslinking density of NIPAAm+THPTAmon relative to MBAAm at 3.6 mol%) were 

dissolved with dry DMSO (0.9 mL) and sparged with nitrogen for 10 minutes. A freshly prepared 

stock solution of ammonium persulfate (20 mg/mL in DMSO) was sparged with nitrogen for 10 
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minutes. Ammonium persulfate (0.1 mL of the stock, 2 mg, 0.009 mmoles) was added to the 

monomer and crosslinker solution, followed by N, N, N’, N’-tetramethylethylenediamine 

(TEMED, 20 uL, 0.133 mmoles). The reaction flask was immediately placed in a refrigerator at 0 

⁰C for 3 days. The gel was removed from the test tube using a spatula and addition of water to 

hydrate the gel. To remove residual monomer the gel placed in 1 L of water and the water was 

replaced twice a day for 3 days.  

 

3.5.2 Characterization of temperature responsive polymers  

The swelling and deswelling properties of the hydrogels (~0.5 g scale) were probed 

gravimetrically. The weight percent (wt%) of the gels were normalized to the initial weight of the 

gel at room temperature. The gel was then transferred to a 40 ⁰C water bath for 2 minutes before 

the mass was recorded. The gel was then transferred to a 20 ⁰C water bath for 2 minutes before the 

mass was recorded again. This cycle was repeated four times to demonstrate the reversible, rapid 

and large LCST transition, shown in Figure 3.1a, which is attributed to the cryogenic 

polymerization conditions which have been reported to produce a macroporous structure.158 

 

Investigation of swelling and deswelling of pNIPAAm nanoparticle hydrogels  

Table 3.1 DLS characterization of catalytic 5 mol%  NTA-co-NIPPAm NP size at pH 7.  
T (⁰C) Z-avg (nm) PDI  

No Cu 20 364 0.055 

40 171 0.045 

Cu 20 403 0.089 

40 305 0.060 
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Table 3.2 DLS characterization of core-shell NP before Cu(II) complexation size at pH 2. 

Particles T (oC) Z-avg (nm) PDI 

Seeds 20 327 0.086 

25 292 0.038 

30 241 0.002 

Core-shell  20 386 0.112 

25 380 0.093 

30 312 0.002 

 

Figure 3.5 DLS characterization of  core-shell NP size at  pH 7. 
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3.5.3 NMR spectra 

Figure 3.6 1H NMR spectrum of 2-azidoethanol in CDCl3. 
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Figure 3.7 1H NMR spectrum of 3-azidopropanol in CDCl3. 
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Figure 3.8 1H NMR spectrum of THPTA in d6-DMSO. 
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Figure 3.9 1H NMR spectrum of THPTAmon in d6-DMSO. 
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Figure 3.10 1H NMR spectrum of p-THPTA-co-NIPAAm polymer in d6-DMSO. Polymer was synthesized 
with 3.4 mol% THPTAmon feed ratio relative to NIPAAm which resulted in 10.1% incorporation of 
THPTAmon relative to NIPAAm in the final copolymer which agrees with reactivity ratios in literature for 
methacryate and acrylamide-based monomers.180  
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Chapter 4: Self-healing Magnetic Nanocomposites 
 

4.1 Introduction to self-healing materials 

As the life cycle of a materials comes to an end, the material usually experiences crack 

propagation that leads to the ultimate mechanical failure. Extending the functional life cycle of 

materials is typically accomplished by engineering more mechanically robust materials; however, 

an alternative approach that inspired by nature has emerged as an alternative method. Self-healing 

is a ubiquitous process in biological systems that allows for repairing of damage. To draw on a 

specific example in biology let us consider healing in mammals. When we incur damage, the first 

mode of response for the body is to minimize blood loss. This is followed by removal of damaged 

cells via phagocytosis and replacement with new healthy cells. Lastly, the newly grown tissue is 

remodeled via removal of extraneous cells. While biological systems use multistep complex self-

healing mechanisms, synthetic mimics aim to draw inspiration from the fundamental lesson of 

creating longer lived materials by imparting them with the ability to self-heal. Self-healing 

materials can be broadly classified into two approaches: extrinsic and intrinsic self-healing.  

Extrinsically self-healing materials rely on embedded capsules that rupture and release 

healing agents to fix mechanical damage. Commonly, this is achieved by embedding a capsule 

filled with monomer into a hard material that contains a catalyst for polymerization. Upon 

mechanical damage to the material, the capsules rupture, releasing liquid monomer that is then 

polymerized via the dispersed catalyst to fill the site at which damage occurred. In one notable 

example, White et al. demonstrated the use of Grubbs’ catalyst in ring-opening metathesis 

polymerization to achieve capsule based healing.191 By incorporating of dicyclopentadiene 

monomer into 50-20 µm size capsules using standard microencapsulation techniques the monomer 
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is protected from premature polymerization during material processing. To facilitate 

polymerization Grubb’ catalyst is dispersed throughout the epoxy-based material. Upon generation 

of cracks through the material, capsules break filling the void with liquid monomer that upon 

contact with the catalyst filled epoxy will result in polymerization to heal the damage that was 

incurred. Multi-capsule based systems have also been demonstrated; in one example, the 

encapsulation of the two components necessary for platinum-catalyzed hydrosilylation, known as 

Sylgard ® 180.192 In this work the platinum catalyzed was encapsulated into separate capsules as 

the vinyl-terminated polydimethylsiloxane (PDMS) precursor to yield curing upon rupture of both 

capsule in a given area.192 Capsule based approaches allow for self-healing of mechanically robust 

materials; however, are limited to one healing cycle per location due to the limited supply of 

microcapsules. Vascular based approaches can address this challenge by capitalizing on hollow 

channels filled with reactive healing agents that can be replenished.193 Vascular networks are 

commonly made by direct-ink-writing, which is an extrusion based additive manufacturing method 

that allows for control over the network topology of the vasculature, but limits identify of the 

surrounding matrix.193 Capsule and vascular approach mimic natures use of multicomponent 

systems to achieve self-healing behavior.  

Intrinsic self-healing capitalizes on reversible bonds that can break and reform, which are 

intrinsic to the polymer itself.194 As compared to extrinsic methods of self-healing, intrinsic 

polymers can repair damage at the same location multiple times because there is no reliance on a 

limited supply of capsules. When damage is incurred in the form of a crack, the two resulting 

interfaces can be recovered if they are within proximity due to the ability for the reversible dynamic 

bonds to shuffle and form new bonds across the cut interface. The dynamic functional handles 

need to find new respective sites to form a new bond. This method of self-healing relies on polymer 
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flow, rather than liquid monomer flows as in extrinsically self-healing methods, which is 

inherently slower. For this reason, self-healing efficiencies for intrinsic systems are highly 

dependent on temperature relative to the glass transition temperature (Tg) or melting temperature 

(Tm) for semi-crystalline materials. Many different motifs including reversible covalent,195,196 and 

noncovalent bonds  have been implemented to achieve self-healing.197,198  In a key example, the 

thermally reversible Diels-Alder reaction was employed to demonstrate intrinsic self-healing.195 

Polymers functionalized with furan and maleimide handles were employed as the diene and 

dienophile respectively. Upon curing the Diels-Alder reaction proceeds and forms a crosslinked 

network that exhibits a modulus of 4.72 GPa. The resulting material demonstrated the ability to 

self-healing at temperatures above 100 ⁰C.195 This demonstrate the use of reversible covalent bonds 

to achieve self-healing behavior . The robust mechanical properties and high temperature needed 

for healing are quite common for this approach. Noncovalent interactions tend to require lower 

temperature and are generally weaker materials, with low Tg’s. Polymers able to hydrogen bond 

with one another have been developed to achieve self-healing at lower temperatures.198 

Approaches using multiphasic materials have been made in order to address this issue by using 

phase-separating polymers.197 By incorporating the dynamic motif in a soft, lower Tg phase, but 

still maintaining robust mechanical properties with a higher Tg phase, spontaneous self-healing can 

be achieved.197  

 

4.2 Introduction to self-healing magnetic composites 

  Polymeric nanocomposites with magnetic nanoparticles (MNPs) have wide 

applications in stimuli-responsive materials, actuators, and soft robotics. The magnetic 

properties of such nanocomposites allow for actuation without physical contact by using an 
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external magnetic field.4 Increasing the actuation potential of these materials is critical for 

their wide-spread use as remote actuators and is commonly achieved by increasing the 

fraction of MNPs.199,200 However, the increased nanoparticle content often results in 

aggregation of nanoparticles and decreased mechanical performance of these 

materials.201,202 Furthermore, using magnetic nanocomposites as actuators in soft robotics 

requires robust and durable mechanical properties.203 Repeated motion can build up stress, 

generating defects that propagate and finally lead to catastrophic mechanical failure.203,204 

This is especially challenging for materials with high fractions of MNPs that are inherently 

more brittle.205,206  

  One approach to making magnetic actuators with robust mechanical properties is to 

impart the materials with self-healing ability; self-healing increases the durability and 

functional lifetime of the material.204,207 Intrinsically self-healing materials leverage 

dynamic, reversible interactions that can be accessed repeatedly upon damage to facilitate 

healing.193,194,208–210 Such interactions include  non-covalent interactions,197,198,211–214 or 

dynamic covalent bonds,195,215–218 that prevent the cascade of the damage and the delay of 

eventual catastrophic failure of the material.210  

  There have been significant efforts to develop magnetic nanocomposites with self-

healing capabilities.204 A common approach capitalizes on the inductive heating effect of 

MNPs in an alternating magnetic field.219–228 The local heat produced from this process 

allows for various forms of self-healing such as melting of a thermoplastic 

phase,219,220,223,227,228 facilitating bond exchange,225,229–231 or accessing reversible reactions.221 

This method has yielded magnetic composites with good self-healing and mechanical 
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properties; but, not all applications are amendable to applying  an alternating magnetic 

field.  

  A promising alternative approach relies on the intrinsic self-healing nature of the 

polymeric matrices of MNP nanocomposites, without relying on the magnetic properties of 

the MNPs.232–236 This approach has been demonstrated in hydrogels,231,232,235–237 and in solid-

state bulk materials;233,238,239,234,231 however, in all these cases there is a non-covalent bond 

between the MNPs and the self-healing polymer. Due to the inherent attractive nature of 

MNPs, these approaches are susceptible to nanoparticle aggregations and macroscopic 

phase separation.202 More recently, Xu et al.240 reported a self-healing magnetic 

nanocomposite using a graft-from approach such that there is a covalent linkage between 

the dynamic polymer and the MNPs, preventing aggregation. This represents a step forward 

toward the development of intrinsically self-healing bulk magnetic nanocomposites; 

however, the synthesis required specially designed monomers, limiting its general 

applicability and practical applications. 

 

4.3 Our design for self-healing magnetic nanocomposites 

Here, we developed a bulk self-healing magnetic nanocomposite using commercially 

available inexpensive monomers and a graft-from approach to yield stable and homogenous MNP 

dispersion (Scheme 4.1). The use of commodity monomers is expected to facilitate translation of 

the material into real world applications. Our goal was to develop intrinsically self-healing 

magnetic nanocomposites with high actuation potential and good mechanical properties via a graft-

from approach using readily available monomers that have not yet been investigated for self-

healing behavior. We synthesized MNPs with a narrow size distribution, then functionalized the 

MNPs with a radical chain-transfer agent (CTA) to allow for reversible deactivation radial 
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polymerization from the surface. By using the graft-from approach we were able to achieve high 

weight percent (wt %) and homogenous dispersion of MNPs.202 We employed an inexpensive 

commodity monomer, acrylamide (Am), to introduce the dynamic self-healing motif with its 

hydrogen-bonding amide group. To maintain polymer chain dynamics for spontaneous healing 

under ambient conditions, we copolymerized Am with another inexpensive commodity monomer, 

n-butyl acrylate (BA), to yield the copolymer termed BAAm. Mechanical properties and self-

healing behavior of the BAAm MNP nanocomposite were thoroughly characterized by mechanical 

testing. Finally, simple actuation of the magnetic nanocomposite was demonstrated by remote 

actuation using a commodity external magnet. 

 

Scheme 4.1 Design and synthesis of self-healing magnetic nanocomposites 

 

 

 4.4 Results and discussion 

 

4.4.1. Synthesis and characterization of magnetic particles 

  Specifically, we first synthesized MNPs via a two-step thermal decomposition 

method to yield iron oxide nanoparticles with narrow size distribution.241 To obtain 

particles we first generated an iron-oleate precursor that was characterized by differential 

scanning calorimetry (DSC) (Figure 4.4).242 In the second step, thermal decomposition of 

the precursor yielded iron oxide nanoparticles with a diameter of 21.5±1.9 nm as 

determined by transmission electron microscopy (TEM) (Figure 4.5). The quality of the 
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crystalline nature of iron oxide nanoparticles was evident by the lattice fringes seen in the 

fast Fourier transform of the high-resolution TEM image (Figure 4.5). We also 

characterized the surface chemistry of the MNPs via attenuated total reflectance (ATR) 

Fourier transform infrared (FTIR) spectroscopy. The two signals at 1450 and 1375 cm-1, as 

indicated by red arrows in Figure 4.1b, are characteristic of coordinated asymmetric and 

symmetric carboxylates stretches, which appear at a lower frequency as compared an 

unbound carboxylic acid that would display a signal at 1700 cm-1, demonstrating the bond 

formation between the oleate ligand and the surface of the oleic acid (OA) MNPs.243,244 

 

Figure 4.1 MNP Characterization. (a) Transmission electron micrograph of oleic acid MNPs. Inset showing 
size distribution in terms of normalized frequency with an average diameter of 21.5±1.9 nm. Scale bar is 
200 nm. (b) Attenuated total reflectance Fourier transform infrared spectroscopy of oleic acid MNP (red), 
CTA MNP (black), free CTA (blue), and BAAm-MNP-75 (green) (c) Thermogravimetric analysis of oleic acid 
MNP (red), CTA MNP (black), and BAAm MNP-75 (green). 

  Next, the OA MNPs were functionalized with a radical chain-transfer agent (CTA) 

to facilitate polymerization from the surface. A trimethoxy-containing CTA was 

synthesized in one step (Scheme 4.2) and characterized by 1H NMR spectroscopy (Figure 

4.6).245 Next the particles were modified with the CTA via a base-catalyzed ligand exchange 

that results in the covalent attachment of the CTA via a Fe-O-Si linkages.246,247 The surface 

chemistry of the resulting particles, termed CTA MNPs, was characterized via  ATR FTIR 

spectroscopy, which revealed the emergence of new vibrational stretches that corresponds 
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to the CTA (Figure 4.1b, full range FTIR spectra in Figure 4.8). The characteristic peaks 

that confirmed successful ligand exchange include trithiocarbonate stretches from 1450-

1490 cm-1 marked with blue double headed arrows, and siloxane stretches from 1000-1100 

cm-1 (Figure 4.1b, blue and black curves).248–250 Surface functionalization of CTA MNPs 

was also supported by thermogravimetric analysis (TGA) (Figure 4.1c, red and black 

curves), which show an increase in volatile organic content from 7 to 25 wt % after 

functionalization with the CTA indicating successful functionalization (Table 4.1). The 

increase in organic content upon functionalization with a lower molecular weight ligand is 

attributed to a higher density of the CTA as compared to the oleate ligand. The higher 

density of CTA (4.6 mmole/g) is ascribed to the facile base-catalyzed  condensation of 

alkoxysilanes generating multi-layer siloxane shell, commonly seen in literature. 251–253  

  The CTA MNPs were then subject to surface-initiated reversible addition-

fragmentation chain transfer (si-RAFT) 254–257 polymerization with the comonomers 

acrylamide (Am) and n-butyl acrylate (BA), yielding MNPs grafted with  the BAAm 

copolymer. The feed ratio of Am to BA was chosen to be 30 mole % Am and 70 mole % 

BA to maintain a relatively high concentration of dynamic hydrogen-bonding motifs while 

maintaining the sufficient polymer chain dynamics (owing to the lower glass transition 

temperature of BA).258 The polymerization was monitored by 1H NMR spectroscopy using 

mesitylene as an internal standard to ensure percent conversion was less than 50%. A range 

of composites with varying amounts of polymer were synthesized by quenching the 

polymerization at different time points. The composites are referred to as BAAm-MNP-

XX, where XX is the weight percent of volatile organic components as determined by 

thermogravimetric analysis including XX = 75, 81, 85, 86 (Table 4.1). After si-RAFT 
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copolymerization the BAAm-MNPs were purified from unreacted monomer via 

precipitation prior to characterization. BAAm-MNP nanocomposites were characterized by 

TGA, revealing an increase in the organic content from 25 wt % in the CTA-MNPs (Figure 

4.1c, black curve) to 75-86 wt %, as seen in Table 4.1, for the range of BAAM-MNP 

nanocomposites synthesized (TGA characterization of all composites in Figure 4.7). FTIR 

spectroscopy further supports the functionalization of BAAm copolymer on the surface of 

the nanoparticles as evident in the signals at 1724 and 1672 cm-1, marked with two green 

arrows in Figure 4.1b, which are characteristic of carbonyl stretches for BA and Am, 

respectively (Figure 4.1b, green curve).250 Due to the graft-from approach, it is possible to 

achieve large wt % of the inorganic phase while maintaining homogeneity of nanoparticle 

distribution. This is evident in the TEM characterization of BAAm MNPs that show the 

nanoparticles to be colloidally stable and well dispersed from one another (Figure 4.2a). 

Homogenous dispersion of the MNP is attributed to the graft-from approach that results in 

a covalent linkage between the dynamic polymer and the MNPs, which overcomes the 

phase separation issue that is common when physically blending incompatible materials. 

 

4.4.2 Mechanical properties of magnetic nanocomposites   

Next the mechanical properties of the nanocomposites with varying content of 

MNPs were characterized by uniaxial mechanical testing (Fig. 2b & Table S1). Stress-strain 

curves showed clear differences in the mechanical properties that correlate with the relative 

polymeric content (Fig. 2c). All samples exhibited high extensibility from 540 % for 

BAAm-MNP-75 to 1200% for BAAm-MNP-86, respectively (Figure 4.2b, black and green 
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curves). There is a clear trend that the extensibility increases with increased weight percent 

organic content, owing to the increase polymer content (Figure 4.2c). Additionally, the  

Figure 4.2 Mechanical characterization of BAAm-MNP composites. (a) Transmission electron 
micrograph of BAAm MNP composite, scale bar 200 nm. (b) Uniaxial mechanical testing strained 
at 100 mm/min of representative composites.  (c) Analysis of extensibility with regards to weight 
percent organic material. Error bars represent standard deviation from minimum of three samples. 
(d) Representative stress-strain curves of mechanical testing of BAAm-MNP-75 pristine and healed 
samples. Healing was carried out for 5 h at 30 ⁰C (strained at 100 mm/min). 

 

toughness nearly doubles from 28 to 52 MJ/m3 upon increasing the weight percent from 75 

to 86 (Table 4.1). As expected, increasing the fraction of flexible and dissipative polymer 

chains endows the nanocomposite with higher extensibility and toughness. The reinforcing 

effects of the MNPs to the nanocomposite mechanical properties can be clearly seen in 

comparison to a control BAAm polymer without MNP (Figure 4.9). The stress at break 

increases from 0.8 MPa for the control sample to 6.9 MPa for the BAAm-MNP-75 sample, 

demonstrating an eight-fold increase, while the extensibility for the BAAm-MNP-75 

remains high at 540 % (Table 4.1). The BAAm-MNP-75 sample also exhibits a high 

Young’s modulus of 70 MPa, significantly higher than the control which had a Young’s 

modulus of 12 MPa (Table 4.1). The high modulus and extensibility are both unprecedented 

for self-healing magnetic composites that self-heal in ambient conditions.   

 

  After thorough molecular, mechanical, and morphological characterization, we set 

to investigate the self-healing behavior of the BAAm-MNP nanocomposites. Polymers with 
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hydrogen bonding capabilities has been previously shown to yield robust self-healing 

dynamic materials.197,198 Here, we capitalized on the dynamic hydrogen bonds between the 

commodity monomers Am and BA, to allow for facile recovery of mechanical properties 

after incurring damage. The self-healing capabilities are tested by introducing a cut through 

50% of the width of a sample, then pressing the cut interfaces together and allowing for 

healing for desired duration. The self-healing efficiency was quantified by uniaxial 

mechanical testing in comparison to pristine, uncut sample subject to the same conditions 

(Figure 4.2d). BAAm-MNP-33 recovered 75% of its original extensibility when healed at 

80 ⁰C for 5 h under reduced pressure (Figure 4.11 and Table 4.5). In more application 

relevant conditions, the BAAm-MNP-85 sample recovered 41% of the extensibility when 

healed at ambient conditions of 30 °C for 2 h (Figure 4.10 & Table 4.3). It is expected that 

the self-healing of composites with lower amounts of polymeric material, such as in 

BAAm-MNP-33, to be more challenging. For this reason, the healing of BAAm-MNP-33 

was extended to 5 h at 30 ⁰C, after which 46% of the extensibility was recovered (Figure 

4.2d & Table 4.3). The observed self-healing efficiency is presumably due to the formation 

of new hydrogen bonds between BAAm grafts on MNPs at the cut interface (Scheme 4.1c).  

 

4.4.3 Magnetic actuation of nanocomposites 

 Finally, we demonstrated the potential of using the BAAm-MNP nanocomposites in practical 

actuation using an external magnetic source.  To achieve high magnetic actuation there must be 

sufficiently high MNP loading. Owing to the graft-from approach, we can incorporate 25 wt % 

inorganic material in BAAm-MNP-75, which allowed for actuation using a commodity 

neodymium magnetic with a 54 kg pull force. This was demonstrated by affixing one side of a 

dog-bone shaped BAAm-MNP-75 sample, while bringing the magnet towards the other end of 
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the sample, as seen in Figure 4.3. The magnet was moved downwards to the sample until 

actuation started when the magnetic was 2 cm away (Figure 4.3d&e). The nanocomposite 

was then actuated in the opposite direction by changing the location of the magnet, (Figure 

4.3f-h). Upon removal of the magnetic field the composite returned to an equilibrium 

position (Figure 4.3i). This simple experiment demonstrates that this nanocomposite allows 

for facile and rapid actuation in addition of self-healing in ambient conditions, making these 

promising for multifunctional materials for applications as magnetic actuators. 

Figure 4.3 Actuation of BAAm-MNP-75 sample using 2.54 cm3 neodymium magnet (54 kg pull force). Grid 
in background is for measuring distance. A dog-bone sample was affixed in position in (a) a parallel view 
and (b) perpendicular view. (c) Magnet was placed on the 3 cm mark and (d) moved to the 2 cm mark 
where actuation starts and (e) finishes in less than 30 seconds. (f) Magnet was placed to the opposite side 
and (g) moved closer by 0.5 cm (h), then by 1 cm where actuation occurred. (i) Finally, the magnet was 
removed from area and the sample resumed to its original position. 

 
 

4.5 Conclusion 

 Here we demonstrated the use of a graft-from polymerization approach to generate MNPs 

functionalized with an intrinsically self-healing polymer matrix that is composed of readily 

available inexpensive monomers.  The two notable features of this work include the use of 

inexpensive commodity monomers which is expected to increase translation into practical 
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applications, and the impressive mechanical properties. The magnetic nanocomposite exhibits a 

high Young’s modulus of 70 MPa and excellent extensibility of over 500% while retaining the 

ability to self-heal in ambient conditions. By using readily available monomers, i.e., acrylamide 

and n-butyl acrylate, the nanocomposite can self-heal mechanical damage with ~ 50% efficiency 

in as short as 2 hours in ambient conditions. This work contributes to the field of magnetic 

nanocomposites by using commodity monomers to achieve a self-healing material with excellent 

mechanical properties and high actuation potential, opening many applications that benefit from 

robust materials with prolonged lifetimes including such as remote actuation, artificial muscles 

and soft robotics. 

 

4.6  Experimental 

General experimental details 

 All commercial reagents were used as received and stirred with a magnetic stir bar unless 

otherwise noted. n-Butyl acrylate was passed through a basic alumina column to remove radical 

inhibitor prior to polymerization. Flash column chromatography was performed with silica gel 

using an automated column (CombiFlash® Teledyne Isco). Thin-layer chromatography (TLC) was 

performed on 0.2 mm silica gel-coated glass sheets with F254 indicator. TLC plates were also 

stained with basic potassium permanganate solution consisting of 1.5 g KMnO4, 10 g K2CO3, and 

1.3 mL 10 % NaOH in 200 mL water. All yields refer to isolated yields. Nuclear magnetic 

resonances (NMR) spectra were recorded at 500 MHz CRYO-500 spectrometers. 1H NMR 

chemical shifts are reported as δ values in ppm relative to residual solvent: CDCl3 (δ=7.26 ppm). 

1H NMR data are reported as follows: chemical shift (in ppm), multiplicity (s = singlet, d = doublet, 

t = triplet, q = quartet, br = broad), coupling constants in Hz, and relative integration in number of 
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protons.  Multiplets (m) are reported over the range of chemical shift at which they appear. 

Attenuated total reflection (ATR) Fourier transform infrared (FT-IR) spectra were collected on a 

Jasco 4700 FTIR equipped with ATR-PRO ONE single bounce ATR with monolithic diamond. 

Transmission electron microscopy (TEM) images were obtained by a FEI/Philips CM20 200kV 

LaB6 with a side-mounted Gatan TEM CCD camera. For TEM imaging 200-mesh carbon grids 

were used.  J-KEM Scientific (Model Apollo) was used for PID temperature control for the thermal 

decomposition of the iron-oleate precursor. Thermogravimetric Analysis (TGA) was conducted 

on TA Instruments Q500 TGA. Differential Scanning Calorimetry (DSC) was done on a TA 

Instruments DSC Q2000 (endotherm down, exotherm up). 5 mg of iron-oleate precursor that had 

been dried at 100 ⁰C under vacuum overnight was used. Tzero aluminum hermitically sealed pans 

were used. Reference pan was also an empty Tzero aluminum hermitically sealed. Nitrogen was 

used to purge the furnace at 50 mL/min. Sample pan and reference pan were equilibrated at 40 ºC, 

followed by a temperature ramp at 10 ºC/min until 400 ºC. Gel Permeation Chromatography (GPC) 

traces were obtained on an Agilent 1100 SEC system using a PLGel Mixed-C column from 

Polymer Labs (Amherst, MA). Dimethylformamide with 1 wt% LiBr was used as eluting solvent 

at a flow rate of 1.0 mL/min. Number averaged and weight averaged molecular weight 

distributions (Mn and Mw, respectively) of samples were measured with respect to polystyrene 

(PS) standards purchased from Aldrich (Milwaukee, WI). 

 

4.6.1 Synthesis of BAAm MNP composites 

Synthesis of Oleic Acid MNPs (OA MNPs) 

Step 1. A 100 mL round bottom flask equipped with a stir bar and reflux condenser was 

charged with FeCl3•H2O (2.70 g, 10.0 mmol), sodium oleate (9.13 g, 30.0 mmol), ethanol (20 mL), 

water (15 mL), and hexanes (35 mL). The reaction flask refluxed for 4 hours. The reaction was 
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cooled to room temperature, transferred to a separatory funnel, and washed with water (100 mL, 

x3). The organic layer was concentrated in vacuo to yield the red colored iron-oleate precursor. 

The iron-oleate precursor was dried at 100 ⁰C under vacuum overnight.  Step 2. A three neck, 100-

mL round bottom flask equipped with a Schlenk adapter, reflux condenser, thermocouple, and stir 

bar were charged with the iron-oleate precursor (6.82 g, 7.58 mmol) and 1-octadecene (48.4 mL). 

The solution was then deoxygenated by reducing pressure and backfilling with nitrogen (x3) 

followed by a distillation to remove residual water. Oleic acid (0.80 mL, 2.53 mmol) was then 

added and heated to 320 °C and kept at this temperature for 1 hour. Particles were purified by 

precipitation with acetone (4 x 100 mL), dispersing in hexanes in between washes. 

 

Synthesis of CTA 

Scheme 4.2 Synthesis of benzyl(3-trimethoxysilylpropyl)trithiocarbonate (CTA) 

 

Benzyl(3-trimethoxysilylpropyl)trithiocarbonate (CTA): A 250 mL round bottom flask 

was charged 3-mercaptopropyltrimethoxysilane (19.6 g, 100 mmol) and anhydrous methanol (30.0 

mL) under N2. The solution was cooled with an ice bath before the dropwise addition of sodium 

methoxide (18.0 g, 100 mmole, 1.0 equiv.), in a 25% solution in MeOH over 30 min at 0 ⁰C. The 

solution was stirred at room temperature for an additional 30 minutes before the dropwise addition 

of carbon disulfide (7.60 g, 100 mmol, 1.0 equiv.) which resulted in a color change from pink to 

yellow. The reaction was stirred for an additional 5 hours followed by the dropwise addition of 

benyl bromide (12.6 g, 100 mmol). Reaction was stirred overnight, then concentrated in vacuo. 

The remaining liquid was diluted with dichloromethane, filtered through a glass frit to remove 
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salts, and concentrated in vacuo. 1H NMR  (500 MHz, CDCl3): δ  7.41-7.32 (m, 5H), 4.67 (s, 2H), 

3.63 (s, 8H), 3.46 (t, J = 7.4 Hz, 2H), 1.92-1.86 (m, 2H), 0.85-0.81 (m, 2H) which is in agreement 

with literature reports.245 

 

Synthesis of CTA MNPs 

Oleic acid functionalized nanoparticles (25 mg) were suspended in toluene (5.0 mL) by 

ultrasonication for 15 minutes. To the nanoparticle solution, triethylamine (0.50 mL) and CTA (50 

mg) were added. The reaction was stirred for 48 hours under N2 atmosphere. The resulting 

nanoparticles were purified by concentrating in vacuo, followed by resuspending in 

dichloromethane, and precipitation with hexanes, and magnetic separation using a 2.54 cm3 

neodymium magnetic with a 54 kg pull force.  

 

Synthesis of BAAm MNPs 

CTA-MNPs (0.0626 g, 4.6 mmole CTA/g as determined by thermogravimetric analysis) 

were dispersed in DMF (120 mL) using ultrasonication. A Schlenk flask was charged with n-butyl 

acrylate (15.7642 g), acrylamide (3.7468 g), mesitylene (2.300 g, as internal standard), AIBN (9.6 

mg), and the CTA-MNPs dispersed in DMF (monomer:CTA = 600:1). The flask was sealed with 

copper wire and a septum. The side arm was used for deoxygenation via bubbling nitrogen for 1.5 

h. Prior to immersing in oil bath set at 57 ⁰C a 100 μL aliquot was taken out and the MNP are 

removed magnetically to allow for NMR analysis. The conversion and subsequent degree of 

polymerization was calculated with 1H NMR by comparing the integration of vinyl protons with 

respect to mesitylene protons.  Once desired percent conversion was obtained (all kept <50%), 4-

methoxyphenol was added as radical inhibitor. The polymer solution was precipitated by slow 
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addition to 1 L of methanol-water mixture, (1:1 v/v), followed centrifugation in 250 mL Nalgene 

tubes at 7,000 rcf. The supernatant was discarded, and the polymer was solubilized in methanol-

chloroform (1:1 v/v). The precipitation process was repeated 3 times. Polymer was then 

precipitated in 1 L hexanes (x2) followed by another two precipitations in methanol-water (1:1 

v/v). Polymers were then dried overnight at 100 ⁰C under vacuum and stored in a desiccator. Due 

to the magnetic nature of the nanoparticles NMR analysis of the resulting polymers could not be 

conducted. 

 

4.6.2 Characterization of small molecules and composites 

1H NMR Characterization of CTA 

Figure 4.4 1H NMR spectra of CTA in CDCl3. 

 

Differential Scanning Calorimetry of Iron-oleate Precursor  

H2O 

TMS 
CHCl3 
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Figure 4.5 Differential scanning calorimetry of iron-oleate precursor. The nucleation (N) and growth (G) 
phases of nanoparticle synthesis endotherms occur at 220 ºC and 320 ºC, respectively, which are in 
agreement with literature.242  

 

High Resolution Transmission Electron Micrograph of OA MNPs 

 

Figure 4.6 High resolution transmission electron micrograph, scale bar is 20 nm. Inset showing fast Fourier 
transform of the area outlined in the box showing lattice fringes indicative of crystallinity. 

Thermogravimetric Analysis of BAAM-MNP Composites 
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Figure 4.7 Thermogravimetric Analysis (TGA) was conducted on TA Instruments Q500 TGA. Samples 
were equilibrated at 100 ⁰C for 30 minutes under nitrogen, followed by a temperature ramp of 10 ⁰C/min to 
800 ⁰C.  

 

ATR FTIR Spectroscopy  

Figure 4.8 Full FTIR spectra of nanoparticles 

 

Mechanical Testing Procedure 

Samples were prepared by hot-pressing the composite into heated dog-bone Teflon molds 

at 100 ºC followed by cooling to room temperature while maintaining the pressure (cooling time 
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approximately 20 min). Average sample size was 13 mm  3 mm  1 mm (length, width, 

thickness). The mechanical properties of the composites were measured using an Instron 3365 

machine in standard stress/strain experiments. The specimen was extended at 100 mm/min at room 

temperature. Each measurement was repeated at least three times.  

 

Table 4.1 Mechanical and Thermal Properties of BAAm-MNP 

[a] Weight percent (wt %) of volatile organic material as determined by thermogravimetric analysis (TGA). 

[b] Youngs modulus (E) is determined by calculating the initial slope from the uniaxial mechanical testing. 

[c] Extensibility at break (ɛ) is reported at a mm/mm. [d] The maximum stress at break (σ) is reported in 

MPa. [e] The toughness (U) is calculated by taking the area under the curve for the stress-strain curve. [f] 

BAAm-control is a linear copolymer BAAm with no MNP as control synthesized with small molecule CTA 

analogue and has a Mw of 38 kDa as determined by gel permeation chromatography. [f] No ɛ or U reported 

because samples did not break.  

 

Mechanical Properties in Comparison to BAAm-control 

Sample wt % [a] E (MPa) [b] ɛ (mm/mm) 

[c] 

σ (MPa) [d] U (MJ/m3) 

[e] 

OA-MNP 7 N/A N/A N/A N/A 

CTA-MNP 25 N/A N/A N/A N/A 

BAAm-MNP-75 75 70 ± 10 5.4 ± 0.7 6.9 ± 0.8 28 ± 6 

BAAm-MNP-81 81 10 ± 4 10 ± 1 8 ± 1 38 ± 6 

BAAm-MNP-85 85 11 ± 4 11.3 ± 0.8 6 ± 1 40 ± 8 

BAAm-MNP-86 86 16 ± 4 11.8 ± .8 8.0 ± 0.8 52 ± 6 

BAAm-control[g] 100 12  ± 4 [f] 0.8 ± 0.1 [f] 
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Figure 4.9 Mechanical properties of BAAm-MNP and BAAm-control. Samples strained at 100 mm/min. 

 

Sample Damaging and Healing Tests 

For self-healing tests, samples were prepared by hot-pressing the composite into heated 

dog-bone Teflon molds at 100 ºC and cooling to room temperature while maintaining pressure 

(cooling time approximately 20 min). Average sample size was 13 mm  3 mm  1 mm (length, 

width, thickness). Samples were cleanly cut to 50% the width of the sample using a razor blade. 

The cut interfaces were gently pressed together for 1 minutes. Then samples were subject to 

different self-healing conditions. A pristine or uncut sample was subject to the same subsequent 

conditions and used for controls to determine self-healing efficiency. The samples were then 

allowed to cool down to room temperature (15 min) and were subjected to stress-strain tests at 

room temperature using an Instron 3365 machine in standard stress/strain experiments. Each 

experiment was repeated at least three times. 
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Strain-strain Curves BAAm-MNP-85 at 30 ⁰C for 2 h. 

Figure 4.10 Stress-strain curves for BAAM-MNP-85. Samples strained at 100 mm/min.  

Table 4.2 Mechanical Properties of Healed and Pristine BAAm-MNP-75 & 85 (ambient conditions). 

Sample 

Healing 

(h) 

Healing 

(⁰C) 

E (MPa) 

ɛ 

(mm/mm) 

σ (MPa) U (MJ/m3) 

BAAm-MNP-33 5 30 6 ± 1 7 ± 2 1.4 ± 0.2 7 ± 2 

BAAm-MNP-33- 

Pristine 

5 30 6 ± 1 16 ± 2 3.6 ± 0.6 29 ± 7 

BAAm-MNP-85 2 30 17 ± 5 4.4 ± 0.4 4.1 ± 0.6 11 ± 2 

BAAm-MNP-85-

Pristine 

2 30 13 ± 1 11 ± 3 7 ± 1 37 ± 14 

Mechanical properties calculated from stress-strain curves at 100 mm/min and average and standard 

deviation reported from minimum of three samples. Youngs modulus (E) is determined by taking the slope 

of the second to seventh data point from the uniaxial mechanical testing. Extensibility at break (ɛ) is reported 

at a mm/mm. The maximum stress at break (σ) is reported in MPa. The toughness (U) is calculated by 

taking the area under the curve for the stress-strain curve.  
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Table 4.3 Self-healing Efficiency BAAm-MNP-33 & 85 (ambient conditions) 

Samples Healing 

(h) 

Healing 

(⁰C) 

 Recovery % 

of E (MPa) 

Recovery 

% of ɛ 

(mm/mm) 

Recovery 

% of σ 

(MPa) 

Recovery 

% of U 

(MJ/m3) 

BAAm-MNP-33 5 30  90 ± 21 46 ± 13  39 ± 6 23 ± 6 

BAAm-MNP-85 2 30  123 ± 38 41 ± 4 55 ± 9 25 ± 5 

Youngs modulus (E) is determined by taking the slope of the second to seventh data point from the uniaxial 

mechanical testing run at 100 mm/min. Extensibility at break (ɛ) is reported at a mm/mm. The maximum 

stress at break (σ) is reported in MPa. The toughness (U) is calculated by taking the area under the curve 

for the stress-strain curve. The percentage is the percent of the property that was recovered of a damaged 

sample relative to an undamaged sample subject to the same environmental conditions.  

 

Strain-strain Curves BAAm-MNP-33 at 80 ⁰C for 5 h (under reduced pressure) 

Figure 4.11 Stress-strain curves BAAm-MNP-33 at 80 ⁰C for 5 h. Samples strained at 200 mm/min.  
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Table 4.4 Mechanical Properties of Healed and Pristine BAAm-MNP-33 (80 ⁰C, 5h) 

Sample Healing 

(h) 

Healing 

(⁰C) 

E (MPa) ɛ 

(mm/mm) 

σ (MPa) U (MJ/m3) 

BAAm-MNP-33 5 80 54 ± 10 6.0 ± 0.9 6.2 ± 0.1 2216 ± 333 

BAAm-MNP-33-

Pristine 

5 80 47 ± 19 8.6  ± 1.3 6.9 ± 0.3 3206 ± 1369 

Mechanical properties calculated from stress-strain curves at 200 mm/min and average and standard 

deviation reported from minimum of three samples. Youngs modulus (E) is determined by taking the slope 

of the second to seventh data point from the uniaxial mechanical testing. Extensibility at break (ɛ) is reported 

at a mm/mm. The maximum stress at break (σ) is reported in MPa. The toughness (U) is calculated by 

taking the area under the curve for the stress-strain curve. 

 

Table 4.5 Self-healing Efficiency BAAm-MNP-33 (80 ⁰C, 5h, reduced pressure) 

Samples Healing 

(h) 

Healing 

(⁰C) 

Recovery % of E 

(MPa) 

Recovery % of 

ɛ (mm/mm) 

Recovery % 

of σ (MPa) 

Recovery % of 

U (MJ/m3) 

BAAm-MNP-33 5 80 110 ± 22 74 ± 6 90 ± 1 75 ± 5 

Youngs modulus (E) is determined by taking the slope of the second to seventh data point from the uniaxial 

mechanical testing at 200 mm/min. Extensibility at break (ɛ) is reported at a mm/mm. The maximum stress 

at break (σ) is reported in MPa. The toughness (U) is calculated by taking the area under the curve for the 

stress-strain curve. 

 

Cleaving of BAAm Polymer from MNPs 

100 mg of the BAAm-MNP-86 composite was dissolved in 3.5 mL of toluene in a high-

density polyethylene bottle. Hydrofluoric acid (3.5 mL, 5%) was added and the solution was stirred 

at room temperature overnight. 4.0 mL of a saturated sodium bicarbonate solution was added and 

the resulting emulsion was precipitated in 200 mL of MeOH:H2O (1:1) solution. The resulting 
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solid was characterized by gel permeation chromatography and H NMR spectroscopy to determine 

molecular weight and percent incorporation of acrylamide.  

GPC of Cleaved BAAm Polymer from MNPs 

 

Figure 4.12 Gel permeation chromatogram of cleaved BAAm polymer. Gel permeation chromatogram 
(GPC) of cleaved BAAm polymer from MNPs. Mn=71.2 kDa Mw=115 kDa and polydispersity index of 1.62. 
The polymer corresponds to BAAm-MNP-86. 
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NMR of Cleaved BAAm Polymer from MNPs 

 

 

Figure 4.13 1H NMR spectra of BAAm-MNP-86 after cleaving from particles. NMR analysis of BAAm-MNP-
86 after cleaving from MNP using hydrofluoric acid. The calculation for percent incorporation of butyl 
acrylate is shown above. The percent incorporation of butyl acylate is 62% and for acrylamide it’s 38% 
given a feed ratio of 60% and 30% of butyl acrylate and acrylamide, respectively.  
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