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ABSTRACT

In nature, living organisms adjust to their surroundings by responding to
environmental cues, such as light, temperature or force. Stimuli-triggered processes,
such as the contraction of eyes in response to bright light or wound healing in skin after
a cut, motivate the design of “smart” materials which are designed to respond to
environmental stimuli. Responsive materials are used as self-healing materials, shape
memory polymers and responsive coatings; moreover, responsive materials may also be
employed as model systems, which enhance understanding of complex behavior.

The overall goal of this work is to design a material that offers self-healing
functionality, which will allow for self-repair following material fatigue or failure, and
increased strength in response to ballistic or puncture threats through the incorporation
of colloidal particles. The target application for this material is as a protective barrier
in extreme environments, such as outer space. Towards this end, the dissertation is
focused on the development and characterization of each component of the protective
material by (1) designing and testing novel light- and force-sensitive polymers for self-
healing applications and (2) examining and characterizing long-time behavior (i.e.,
aging) in model thermoreversible colloidal gels and glasses.

Towards the development of novel stimuli-responsive materials, a photo-
responsive polymer network is developed in which a dynamic bond is incorporated into
the network architecture to enable a light-triggered, secondary polymerization, which
increases the modulus by two orders of magnitude while strengthening the network by

over 100%. Unlike traditional two-stage polymerization systems, in which the
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secondary polymerization is triggered by a leachable photoinitiator, the dynamic nature
is imparted by the material itself via the dissociation of its own crosslinks to become
stronger in response to light. Several attributes of the photo-responsive network are
shown including: (1) photo-induced healing and strengthening of a specimen after it has
been severed, (2) photopatterning for effecting spatially confined property changes on
demand, and (3) locking in the film’s 3D geometry using light after reshaping. The
utility of the photo-responsive dynamic bond is enhanced by demonstrating that it is
also responsive to mechanical force. Force-responsive materials are activated by the
energy from the damage event itself, thereby enabling healing without human
intervention. Specifically, selective cleavage of a polymer containing a dynamic
trithiocarbonate group initiates a force-driven radical polymerization, thus enabling the
material to constructively respond to force via gelation on an experimentally relevant
timescale.

To enhance the stress response of the self-healing materials described above, a
protective material composed of colloidal particles is proposed. Toward this goal, the
second half of this dissertation investigates the microstructural basis of rheological
aging in colloidal gels and glasses using a model thermoreversible colloidal dispersion.
In this work, rheological aging is quantitatively related to microstructural aging in
glasses and gels by simultaneously measuring the bulk properties and sample
microstructure using rheometry and small angle neutron scattering (Rheo-SANS),
respectively. A one-to-one correspondence between the evolution in storage modulus
and microstructure as the sample ages is observed, which is investigated as a function
of thermal and shear history. The microstructural measurements are consistent with the

hypothesis of aging as a trajectory in a free energy landscape, which combined with
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analysis with mode coupling theory, support local particle rearrangements as the
mechanism of aging. Moreover, by using a system that is fully rejuvenated by thermal
cycling, the effectiveness of shear as a rejuvenation method is investigated by directly
comparing microstructure and bulk properties following thermal and mechanical
rejuvenation. The conclusions of this study may be industrially relevant to products that
age on commercial timescales, such as pharmaceuticals, applicable to other dynamically
arrested systems, such as metallic glasses, and provide pathways to advanced composite

materials such as those envisioned in this work.
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Chapter 1

INTRODUCTION

The overall goal of this work is to design an advanced material that offers self-
healing functionality, which will allow for self-repair following material fatigue or
failure, and increased strength in response to ballistic or puncture threats through the
incorporation of colloidal particles. The envisioned material is lightweight and flexible,
yet provides enhanced durability and increased strength in response to damage. The
target application for this material is as a protective barrier in extreme environments,
such as outer space, where material integrity translates into survival or death. Towards
this end, the dissertation is focused on the development and characterization of each
component of the protective material by (1) designing and testing novel light- and force-
sensitive polymers for self-healing applications and (2) examining and characterizing
long-time behavior (i.e., aging) in model thermoreversible colloidal gels and glasses.
The development of such a protective material has tremendous potential to improve

material safety and reliability.

1.1 Motivation for Healing Materials

Much of the work contained in this dissertation is inspired by nature. Living
organisms display a variety of incredible responses to environmental stimuli, such as
the contraction of pupils in response to bright light, wound healing of skin after a cut or
camouflaging when threatened. Unlike biological systems, most synthetic materials are

incapable of constructively responding to environmental stimuli. These examples from



nature motivate the design of stimuli-responsive materials, which are capable of
responding to environmental cues by altering their properties to meet the demands of a
changing environment.

Stimuli-responsive materials are designed to respond to one or more external
triggers, such as light, temperature, force or pH, which initiate a chemical or
conformational change in the material [1]. Responsive materials are used as shape
memory polymers, responsive coatings, and puncture-resistant protective garments as
well as in self-healing and controlled drug delivery applications. Due to the wide and
far-reaching impact of stimuli-responsive materials, there has been increasing interest
in this area and a ten-fold increase in publications within the last decade [2].

In particular, self-healing materials have the capacity to recover their
functionality after damage, reducing waste and improving the environmental
sustainability of the material [3]. For these reasons, self-healing materials were first
proposed three decades ago and have remained a significant research target for
investigation [4]. Generally, self-healing materials can be divided into two main groups
based on the healing strategy employed: (1) structural (e.g., capsule-based or vascular),
and (2) intrinsic. Within these categories, each particular approach has distinct
advantages and disadvantages with respect to healing efficacy, time, and ‘healing’

repeatability [5].

1.2 Structural-based Healing

Structural self-healing schemes involve composite material systems composed
of separate components, which subsequently react when combined as a result of
damage, constituting a ‘healing’ response. An early approach in 2001 involved a

microencapsulated healing agent (monomer) that was embedded in an epoxy matrix



containing an initiator. Once the microcapsules ruptured due to material damage, the
monomer would be exposed to the initiator, triggering a ‘healing’ polymerization
reaction [6]. Unfortunately, capsule-based structural healing schemes are typically
limited by the catalyst shelf-life and are susceptible to multiple damage events (i.e., a
ruptured capsule cannot undergo a second healing event). Further, these capsules are
defects, which add bulk and weight to the material while reducing its strength.
Biologically-inspired structural self-healing schemes based on vascular architectures
have also been reported. These vascular systems are composed of channels through
which healing agent (monomer) flows until a rupture event (material failure) activates
the release of healing agent that triggers healing. One of the most important
developments in this area involves construction of a three-dimensional microvascular
network capable of undergoing repeat healing events [7]. This strategy has similar
disadvantages as the previous approach; additionally, the healed region remains a

vulnerable area in the material.

1.3 Intrinsic Healing via Dynamic Covalent Bonds

In contrast to the structural approaches discussed above, intrinsic healing
leverages the inherent ability of the material to repair itself. To develop responsive
materials, dynamic bonds are built into the network architecture, which undergo bond
rearrangements that impart desirable macroscopic properties such as the ability to
relieve stress, reconfigure, reshape and heal [8, 9]. Often, these molecular
rearrangements are activated by an external stimulus such as light or heat. The
properties of the resultant network are highly dependent on the particular dynamic
linkages used and the network topology. A summary of the dynamic linkages discussed

in this chapter is shown in Figure 1.1.



Network rearrangement is dependent on the type of dynamic crosslink, which is
categorized as either reversible exchange reactions or reversible addition reactions [8].
These two types of dynamic crosslinks differ in the mechanism of molecular
rearrangement—reversible exchange reactions maintain the connectivity of the network
while reversible addition reactions temporarily disrupt the connectivity. One well-
studied example of reversible exchange reactions is the transesterification reaction
(Figure 1.1), which was successfully implemented into a covalent polymer network by
Montarnal and coworkers in 2011 to impart self-healing functionality [10]. Another
approach towards imparting dynamic nature to polymer networks utilizes cycloaddition
reactions, such as the [2+4] cycloaddition or Diels-Alder reaction, which is a widely-
used type of reversible addition reaction (Figure 1.1). For example, in 2002, Chen et al.
reported utilizing the Diels-Alder reaction to create a crosslinked polymer network,
which reformed after fracture via the retro Diels-Alder reaction at 120-150°C [11]. The

authors report an average mending efficiency of 50% at 150°C and 41% at 120°C.
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While the aforementioned studies applied heat to initiate network rearrangement
and healing, light has also been used to effectively trigger network reorganization. The
advantages of using light as a stimulus include simplicity, low-cost and spatiotemporal
control of the healing reaction [12]. Several research groups have successfully
employed reversible photo-crosslinking reactions for macroscopic self-healing by
utilizing photoreactive moieties such as cinnamoyl and coumarin, which are capable of
undergoing reversible dimerization via cycloaddition and dissociation under different
wavelengths of UV light [13, 14]. When damage occurs, the cyclic ring is preferentially
cleaved due to its low bond strength and irradiation heals the network via a
cycloaddition reaction. Alternatively, light can generate radicals in polymer systems
that contain dynamic covalent bonds in which damage is repaired through
recombination and rearrangement, provided that there is sufficient chain mobility in the
network [12]. One approach towards developing dynamic networks of this type
involves incorporating reversible-addition chain transfer (RAFT) units into the network
backbone. For instance, in 2011, Amamoto and coworkers introduced trithiocarbonate
units (Figure 1.1) into a covalently crosslinked polymer system and demonstrated
repeatable photo-triggered healing via the reshuffling of the trithiocarbonate groups
under light [15]. This approach required the healing to be conducted under a nitrogen
atmosphere to avoid the quenching of the carbon radical intermediates. A year later,
the same group reported healing in air by utilizing a different chemical moiety. In
particular, they demonstrated a self-healing scheme based on the reversible dissociation
of chemical bonds in thiuram disulfide (Figure 1.1) under visible light in air and at room
temperature [16].  Another approach towards developing radical-based dynamic

networks was introduced in 2005 by Scott and coworkers [17]. In this system, the



dynamic nature is imparted by an allyl sulfide group (Figure 1.1), which is incorporated
into a rubbery thiol-ene polymer network to impart photo-activated stress relaxation and
plasticity. Further, Kloxin et al. demonstrated mechanophotopatterning of a thiol-ene
elastomer containing allyl sulfide groups to enable changes in the network shape and
surface topography post-cure [18].

Importantly, not all intrinsic healing schemes rely on heat or light to activate the
healing response. An alternative approach utilizes mechanochemical reactions, which
comprise a class of reactions that are triggered by a mechanical deformation, which
subsequently initiates the healing response [19, 20]. In addition to its use in self-healing
schemes, mechanical energy has been shown to bias reaction pathways to produce
products not attainable using light or heat through incorporation of mechanically-
sensitive groups called mechanophores [21]. Some mechanically-sensitive groups, such
as spiropyran (Figure 1.1), change color when force is applied, which allowed the
mechanochemistry to be studied directly [22]. Recently, it has been shown that when
stress is applied to a mechanophore in a polymer chain, self-strengthening occurred via
nucleophilic displacement reactions [23]. Some mechanically-active systems have also
been shown to photo-heal. Urban and coworkers developed a system based on colorless
spironaphthoxazine which ring-opens to its red, merocyanine form when force is
applied [24]. After application of light or heat, the damaged sample returned to its
colorless form with a modulus similar to that of the original material. This approach, in
conjunction the methods outlined in this section, demonstrates the successful
implementation of force-responsive and photo-responsive chemistries into polymer

networks to trigger macroscopic healing.



1.4 Motivation for Studying Colloidal Suspensions

Colloidal dispersions are found in a wide variety of consumer products such as
paints, foods and pharmaceuticals. Despite their extensive use, the behavior of these
systems is often highly complex and further study of colloidal dispersions is vital to
optimize processing conditions as well as to determine and predict stability and shelf-
life, which enhances product efficacy and safety. Furthermore, colloidal particles can
be used to further the understanding of other systems. Specifically, due to their larger
size scale, which allows for direct measurement of bulk properties, and tunable
interactions, colloids can be used to study atomic and molecular systems [25, 26]. For
example, Nobel Laureate Jean Perrin calculated Avogadro’s number from
measurements of the motion of a colloidal particle to prove the atomic theory of matter.
Most importantly, colloidal particles may also be added to polymer networks, resulting
in composite materials with enhanced strength and reduced cost. Further, some
colloidal systems have been shown to offer superior protection to stab and puncture
threats, and such functionality will be incorporated in the material envisioned in this
work. Thus, the study of colloidal suspensions can further the understanding of complex

condensed matter systems and aid in the design of new materials.

1.5 Colloidal Systems with Attractive Interactions

Many consumer products and naturally-occurring systems, including certain
paints and blood, aggregate due to attractive interactions between the colloidal particles.
The attractive interaction can be represented mathematically by the square-well
potential, which consists of a hard sphere potential (in which there is no interaction
between the particles until they come into contact with each other at which point the

potential becomes completely repulsive) with an attractive well as shown in equation 1:
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where a is the particle radius and the attractive well has a well depth € and well width
2A. The square well potential simplifies to the sticky hard sphere potential in the limit
that A becomes infinitesimally thin, which is typically used to quantify the interactions
between particles with short-ranged attractions called “sticky” spheres or adhesive
spheres. The sticky hard sphere model (or Baxter model) is characterized by the Baxter
parameter, T8, Which quantifies the strength of attraction between particles. The Baxter

parameter can be calculated using parameters from the square-well potential as follows:

ot = 47 -1 (S22 @

a

Moreover, as the Baxter parameter quantifies the strength of interaction, it can be used
to generate a phase diagram [27]. Inthis representation, the Baxter parameter represents
an effective temperature, which is used to delineate phase behavior as a function of
volume fraction, as shown in Figure 1.2. In the limit as the Baxter parameter approaches
infinity, the hard sphere potential is recovered. Note that as the Baxter parameter
decreases, the strength of interaction increases as the suspension transitions from a
liquid to a gel or glass. These results were obtained using a model colloidal suspension
consisting of octadecyl-coated nanoparticles dispersed in tetradecane (which is
described fully in the next section), and therefore, describe transitions to form
homogeneous gels and glasses. In particular, the green triangles represent data points
from dispersions of different concentrations, where the Baxter parameter was extracted
from small angle neutron scattering (SANS) data. The Baxter parameter is related to
the volume fraction at the gel point by the following equation, which is shown as the

dashed line in Figure 1.2:
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Importantly, the dispersions studied in this dissertation all lay outside the two phase

region and are, therefore, homogeneous dispersions.
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Figure 1.2: Phase diagram for adhesive hard spheres (AHS). The green triangles
represent data points from AHS dispersions of octadecyl-coated silica
nanoparticles dispersed in tetradecane at different concentrations, where
the Baxter parameter was extracted from small angle neutron scattering
(SANS) data. All samples contained in the dissertation are above the
two-phase region. Reprinted with permission from reference [27].
Copyright 2012 American Chemical Society.

1.6 Thermoreversible Adhesive Hard Spheres

A common model system is the thermoreversible adhesive hard sphere (AHS)
system, which consists of silica nanoparticles grafted with an octadecyl brush dispersed
in an organic solvent [27-38] and is used to investigate aging behavior in this

dissertation. In this system, gelation is triggered either by altering the solvent quality
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or temperature. Specifically, switching from a solvent in which the particles are highly
soluble to one in which they are poorly soluble will hinder the stability of the grafted
brush layer and cause gelation. Alternatively, if certain solvents (such as tetradecane)
are used, adjusting the temperature will induce a phase change in the brush, which will
also result in gelation (Figure 1.3). Thus, by lowering the temperature, the octadecyl
brush undergoes a liquid-to-solid phase change, thereby conveniently allowing the

attractions between particles to be tuned by temperature [39].

Difference in shell thickness 1.3 A

Figure 1.3: The octadecyl brush undergoes a liquid-to-solid phase change as the
temperature is decreased. As the temperature is lowered, the brush
height and solvent (blue) quantity are increased, as indicated on the
figure by the straightening of the chains and the interdigitation of the
solvent between the chains. Reprinted with permission from
reference [39]. Copyright 2010 American Chemical Society.

Using neutron reflectometry and SANS, Eberle et al. measured the conformation change
of the octadecyl brush grafted to silicon wafer and silica nanoparticles,

respectively [39]. The experiments showed that as the temperature is decreased, the

12



chains transition from a fluidized state to a crystalline state as shown in Figure 1.3. In
particular, during the phase transition, the brush height and solvent quantity increased,
indicating the straightening of the chains and the interdigitation of the solvent between
the chains. These results are consistent with the liquid-like behavior observed at high
temperatures and gelation upon cooling. Importantly, this system can be thermally
rejuvenated; when sheared in the liquid state, the structural history is completely erased,

thus allowing a single sample to repeatedly tested and reused.

1.7 Aging Behavior and the Potential Energy Landscape

The properties of colloidal dispersions are known to change with gel age, yet the
process and mechanism by which aging occurs is not yet well understood. Colloidal
gels and glasses are in dynamically arrested states, and their limited mobility prevents
them from reaching thermodynamic equilibrium on an experimental timescale. This
results in aging behavior in which the bulk properties are a function of when the sample
was first quenched and change with gel age [40-42]. This time-dependent behavior
complicates the measurement and prediction of macroscopic behavior in these systems,
which can negatively impact the efficacy and reliability of colloidal-based products,
such as pharmaceuticals and food.

The mechanism that underlies aging phenomena is not known, yet it is proposed
that colloidal gels are governed by their free energy landscape [43]. From this
perspective, the thermodynamic equilibrium state is located in the deepest well but other
potential energy minima exist (Figure 1.4). The system can only sample local potential
energy minima via thermal motion and does not reach equilibrium on the timescale of
the experiment. The system continually samples lower and lower energy states as it

approaches thermodynamic equilibrium, which results in time-dependent bulk

13



properties. Aging in homogeneous gels is presumed to occur through small particle

rearrangements occurring throughout the sample.
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Figure 1.4: Cartoon depiction of a free energy landscape. From this perspective, the
thermodynamic equilibrium state is located in the deepest well but other
free energy minima exist. The system continually samples lower and
lower energy states as it approaches thermodynamic equilibrium.

Due to its fundamental significance and industrial applicability, the
microstructural basis of aging in homogenous gels and glasses is investigated in this
dissertation using a well-characterized, model adhesive hard sphere (AHS) system,
consisting of silica nanoparticles grafted with an octadecyl brush dispersed in
tetradecane as described above. It is important to distinguish this homogenous system
from phase-separating systems, such as the polymer-colloid system, which age due to

coarsening and sedimentation [44], as described in Chapter 4.
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1.8 Thesis Organization and Goals

This dissertation is focused on the development and characterization of stimuli-
responsive systems for performance materials by (1) designing and testing novel light-
and force-sensitive polymers for self-healing applications and (2) examining and
characterizing the aging process in thermoreversible colloidal gels and glasses. In
Chapter 2, we describe the design, synthesis and characterization of a novel photo-
initiated polymer network. In particular, we hypothesize that by incorporating a
dynamic bond into the network architecture, the material will be capable of undergoing
a light-triggered, secondary polymerization that increases the modulus by several orders
of magnitude while simultaneous strengthening the network. In contrast to conventional
two-tiered polymerization systems, which impart dynamic behavior to the network
through the use of a diffusible photoinitiator, the goal of this work is to develop a
polymer network where the dynamic nature is inherent to the network itself. Moreover,
we further hypothesize that such a network will be capable of undergoing photo-induced
healing, reforming and strengthening after the sample has been severed. As the network
is designed to respond to light, the properties of such a network can be controlled in
time and space. In Chapter 3, the utility of the dynamic bond is extended by developing
an experimental methodology to test whether the dynamic bond is also responsive to
mechanical force in addition to light.  Specifically, we incorporate a weak
trithiocarbonate group into the center of poly(n-butyl acrylate) and test its utility as a
mechanophore, or mechanically-active unit, via sonication experiments in solution. In
contrast to other mechanophores, which require extensive synthetic procedures, the
polymers described here can be synthesized in a single step via a reversible addition-
fragmentation chain-transfer (RAFT) polymerization. Moreover, we aim to show that

the proposed force-induced bond cleavage of the polymer chain at the mechanophore
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initiates a force-driven radical polymerization, thus enabling the material to
constructively respond to force on an experimentally relevant timescale.

In Chapters 4 and 5, we develop an experimental protocol to test whether aging
in homogeneous, thermoreversible gels and glasses can be directly and quantitatively
related to local, microstructural aging. Unlike phase-separated gels, which age due to
gel coarsening or sedimentation, this model system is homogeneous and does not phase-
separate or sediment, exhibiting a fundamentally distinct and previously unknown
mechanism of aging. By simultaneously measuring the bulk properties and gel
microstructure using rheometry and small angle neutron scattering (Rheo-SANS),
respectively, we investigate the relationship between the time-dependent storage
modulus and the underlying microstructure as the sample ages. The influence of the
thermal and shear history on the aging process is also examined. Moreover, by using a
thermally-responsive model system, we investigate the effects of shear on the aging
process, as the system is fully rejuvenated via thermal cycling, and these results are
directly compared to the effect of mechanical rejuvenation, which may appear to
rejuvenate mechanical properties, but not fully restore the gel structure. Overall, the
rheological and microstructural results for the colloidal gels and glasses examined in
this work are analyzed from the free energy landscape viewpoint of colloidal aging.
Finally, Chapter 6 summarizes the conclusions from the research contained in the

dissertation and provides suggestions for future work.
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Chapter 2
INCORPORATING DYNAMIC BONDS FOR LIGHT-RESPONSIVE,
HEALABLE POLYMER NETWORKS
This chapter contains results that were published in Advanced Materials in

2015 [45].

2.1 Introduction

The ability to respond to environmental cues is a shared feature of all living
organisms. As mentioned in the introductory chapter, there are many examples of
stimuli-triggered processes found in nature ranging from the contraction of our pupils
as a reaction to bright light to healing of wounds after a cut. These examples from the
natural world inspire the rational design of synthetic responsive materials as a type of
“smart material,” which responds to environmental cues such as light, temperature,
pressure and pH [1]. Such bioinspired engineered materials find application as self-
healing polymers [1, 3, 12, 46], responsive coatings [1, 47], and shape memory
materials [12, 48, 49].

To design for a macroscopic stimulus response, specific chemical units are
typically built into the material at the molecular level [8, 9, 50]. The stimulus disrupts
or alters the responsive chemical units incorporated in the material which causes a
change in its macroscopic properties such as stability, strength, and processability [8].
Using light as a stimulus is advantageous because it is simple, inexpensive, and provides
spatiotemporal control over the material’s response while permitting the response to be

triggered remotely [12, 46, 51]. As discussed in the introductory chapter, several groups
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have successfully demonstrated photoreactive moieties such as cinnamates, coumarins,
and anthracenes impart dynamic nature to the material because they are capable of
undergoing reversible dimerization via cycloaddition and subsequent retro-
cycloaddition under different wavelengths of UV light, which allow for light-triggered
macroscopic self-healing of the network [13, 14, 52-56].

One approach toward responsive polymers utilizes macroinitiators, which are
polymer chains that contain labile bonds that break upon application of a particular
stimulus, such as light or heat. The resultant radical fragments initiate further
polymerization to form distinct polymer architectures and morphologies [57]. Dynamic
polymer networks can be engineered by incorporating macro-iniferter groups into the
network architecture. Iniferters are chemical units that serve as an initiatior, transfer
agent and terminator in radical polymerizations [58]. As discussed more fully in the
introductory chapter, Matyjaszewski and coworkers demonstrated a self-healing
material based on the reversible dissociation of chemical bonds in thiuram disulfide
(TDS) under visible light in air and at room temperature [16]. Another novel use of
iniferter chemistry to create dynamic polymer networks was shown by Zhou and
Johnson, who incorporated trithiocarbonates (TTCs) to grow polymer chains via a
photo-controlled radical polymerization [59]. The photo-growth was quantified by gel
permeation chromatography (GPC) after selective cleavage of the TTC. These
examples demonstrate how the incorporation of iniferter units enables responsive
behavior in polymer networks through radical recombination and photo-growth.

In the work presented here, we introduce a novel class of materials that
incorporate a photo-active monomer containing a dithiocarbamate iniferter into a

polyurethane network to create a light-triggered dynamic network that can significantly
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heal and strengthen on demand [45]. In particular, we show the ability of this new
iniferter to function as a macroinitiator by initiating a light-triggered, radical-based
polymerization that increases the network modulus by at least two orders of magnitude
while simultaneously healing the material after damage. Unlike photoinitiators that
eventually terminate after irradiation, the radicals produced in our system reversibly
recombine, allowing radical generation within the network to be continuously triggered
using light. The novelty of our approach lies in our ability to incorporate a labile bond
with distinct chemical functionality into the crosslinks of a network such that it can
initiate a secondary polymerization via the light-triggered dissociation of its own
crosslinks, which is differs from conventional two-tiered polymerization systems which
rely on the presence of a leachable photoinitiator [60, 61]. Furthermore, this approach
enables spatiotemporal control over the bulk modulus, which is demonstrated by
photopatterning the material. Finally, the secondary polymerization is leveraged to

permanently effect a shape change in the network.
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2.2 Experimental Methods

2.2.1 Monomer Synthesis

The monomer shown in Figure 2.5 was required to impart dynamic nature to the
network and is referred to as the labile bond crosslinker (LBCL). The synthesis of the
LBCL is shown in Figure 2.1. The salt was first synthesized by analogy to an
established procedure [62]. In brief, 2-(ethylamino)ethanol (8.9 g, 0.1 mol) was
dissolved in acetone (100 mL) and stirred for 10 minutes at room temperature and then
submerged in an ice bath. Carbon disulfide (7.6 g, 0.1 mol) was added in a dropwise
fashion to ensure that the reaction maintained a temperature of 0°C. Addition of the
CS> caused the mixture to turn yellow. The solution reacted for an additional 10 minutes
after all of the CS, was added. An off-white precipitate was formed by quenching with
an aqueous sodium hydroxide solution (4.0 g NaOH in 7.95 mL water). The solvents
were evaporated, leaving behind an off-white salt. The salt was then dissolved in a
minimal volume of ethanol to which a solution of a,a’-dichloro-p-xylene (7.0 g, 0.04
mol) in 150 mL THF was carefully added. The reaction continued overnight at room
temperature. The solvents were removed by rotary evaporation and the resulting solid
was dissolved in dichloromethane and washed three times with water. The
dichloromethane was evaporated and the product was purified by column
chromatography (Silica gel, gradient elution of 1:4 to 4:1 ethyl acetate in hexane, v/v)
to afford an off-white liquid in 70% yield which solidified upon standing. Rf0.57 (4:1)
ethyl acetate in hexanes. *H NMR (400 MHz, CDCls, §): 7.33 (s, 4H, ArH), 4.50 (s,
4H; SCH2), 4.19 (m, 4H; NCH,), 4.04-3.76 (m, 8H; NCH2CHy>), 1.29 (t, 6H; CH3); *C
NMR (100 MHz, CDCls, 8): 198.4 (C=S), 135.5 (ArCCH,), 130.1 (ArC), 61.4
(NCH2CHy), 56.6 (NCH2CH>), 49.2 (NCH2CHs), 42.4 (SCH>), 12.6 (CHs) ; HRMS

20



(LIFDI) m/z [M]: calcd for C1sH28N202S4, 432.1034; found, 432.1046. NMR spectra

are shown in Appendix A (Figures A.2 and A.3).
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Figure 2.1: Synthetic procedure for the formation of the labile bond crosslinker
(LBCL).

2.2.2 Network Formation

LBCL (0.389 g, 0.9 mmol) was dissolved in DMF (2.1 g) and stirred with
triethanolamine (TEA, 0.276 g, 1.85 mmol) and ethylene glycol dimethacrylate
(EGDMA, 0.595 g, 3 mmol) in a 20 mL scintillation vial. The solution was heated to
50°C while stirring to reduce the solubility of gas in the solution and prevent bubble
formation in the films. The solution was cooled to 35 °C and two drops of dibutyltin
dilaurate (DBTDL) were carefully added. The solution was stirred and added to
hexamethylene diisocyanate (HDI, 0.505 g, 3 mmol) in a scintillation vial (Figure 2.2).
The solution was mixed and cast between two glass slides separated by a 1/32" or 1/16"
inch spacer held with binder clips. It polymerized overnight to yield a transparent, non-

tacky, rubbery network as shown in Figure 2.3.
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Figure 2.2: Formation of the polyurethane network. The network was formed with
LBCL, TEA, HDI, EGDMA in DMF with DBTDL. Scheme adapted
from Matyjaszewski and coworkers [16].

Figure 2.3: The resulting polymer film containing LBCL was transparent, rubbery
and non-tacky.

2.2.3 Measurements

2.2.3.1 UV-Vis Spectroscopy
UV-Vis measurements of the LBCL diol (1 mg/mL) were conducted using a

NanoDrop 2000 Spectrophotometer from Thermo Scientific. A 10 mm quartz cuvette
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was used for the measurement displayed in Figure A.1 (see Appendix). The UV-Vis
spectrum shows that the LBCL strongly absorbs 320-380 nm light. All experiments
were conducted under controllable conditions—8 mW cm™ of 365 nm UV light.
Polymer films containing the LBCL are stable to indoor ambient light. The monomer
can be stored at room temperature for months; however, storing the network for longer

than two days is not recommended as it results in solvent evaporation.

2.2.3.2 NMR Spectroscopy
NMR spectra were obtained from a Bruker AV 400 NMR Spectrometer. All

NMR spectra are provided in Appendix A.

2.2.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR experiments were conducted using a Nicolet iS50 FT-IR from Thermo
Scientific equipped with a box to horizontally place films and hold the light guide.
Series experiments were performed using a DTGS KBr detector and white light source.
Films were placed between glass slides and solutions for the model system study were
injected between two glass slides separated by a 1/32" inch spacer and held together
with binder clips. All samples were irradiated using a high pressure mercury lamp
(Exfo, Omnicure Series 2000) equipped with a 365 nm interference filter at 8 mW cm-
2, Data was analyzed with Omnic software (Nicolet). The peak between 6250-6100
cm corresponds to the first overtone of the carbon-hydrogen stretch (CH2=) on the
methacrylate and its disappearance was monitored to determine the conversion of the
dimethacrylate. Conversion was determined from peak areas at each time point
(conversion=1-(peak area/initial peak area)) for samples in which a flat baseline existed.

All samples went to nearly full conversion as shown in Figure A.4. The baseline in the
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spectra was corrected using the Omnic Software for the range shown in Figure A.4
(Appendix A). All conversion data was obtained using films that were formed the day

prior to measurement.

2.2.3.4 Dynamic Mechanical Analysis (DMA)

DMA measurements were performed on a Q800 dynamic mechanical analyzer
from TA Instruments equipped with an Air Chiller System 3 cooling accessory. All
experiments were conducted in tensile mode at room temperature. Samples were
measured at 0.15% strain at 1 Hz. Table 2.1 contains averaged data of dynamic modulus

values from three different samples, which were prepared separately.

2.2.4 Healing Experiments

Networks containing EGDMA (30 wt%) were cast between two glass slides
separated by a 1.6 mm spacer held with binder clips. The modulus and strain at break
were determined for each sample. The two separated pieces were then rejoined and
placed between two glass slides with four binder clips to ensure contact between
ruptured surfaces during irradiation. The samples were irradiated for two hours and

post-irradiation modulus and strain at break values were measured.

2.2.5 Shape Change

Networks containing EGDMA (30 wt%) were cast between two glass slides
separated by a 1.6 mm spacer held with binder clips. The network was held in a specific
shape using double-sided tape and irradiated for two hours. When the tape was

removed, the network remained in the desired configuration.
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2.3 Results and Discussion

The design of a network capable of light-triggered modulus enhancement is
achieved by incorporating a labile carbon-dithiocarbamate bond into the network
backbone (designated as LBCL and shown in Figure 2.4). It is hypothesized that this
bond will homolytically cleave under low intensity UV light, generating a radical that
will initiate a free radical polymerization reaction with dimethacrylate monomers
incorporated into the network prior to formation. This secondary polymerization
increases the crosslink density, thereby enhancing the modulus, and ultimately, the
strength of the material. The labile functionality of the carbon-sulfur bond is due to the
presence of the dithiocarbamate functional group, which is an iniferter unit (shown in
green in Figure 2.5). The dithiocarbamate is placed adjacent to a paraxylene group
(shown in blue in Figure 2.5) to promote the formation of an initiating carbon-centered
radical upon irradiation. Alcohol end groups (shown in purple in Figure 2.5) were
selected to form a polyurethane network via alcohol-isocyanate chemistry, which is
chemically orthogonal to the radical-based secondary polymerization. This orthogonal

strategy is a two-stage polymerization that implements a macroinitiator [60].

25



S

365 nm Light L ) .

= Y70

| R
S

sy

Figure 2.4: The overall strategy is shown. The LBCL is built into the network
architecture and initiates a photo-triggered methacrylate polymerization.
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Figure 2.5: The final monomer design for the labile bond crosslinker (LBCL) is
shown. The labile functionality of the carbon-sulfur bond is due to the
presence of the dithiocarbamate functional group, which is an iniferter
unit (green). The dithiocarbamate is placed adjacent to a paraxylene
group (blue) to promote the formation of an initiating carbon-centered
radical upon irradiation. Alcohol end groups (purple) were selected to
form a polyurethane network via alcohol-isocyanate chemistry, which is
chemically orthogonal to the radical-based secondary polymerization.
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A model system was examined to verify that the labile carbon-dithiocarbamate
bond photocleaves under weak UV light and initiates a polymerization in solution. The
LBCL (10 wt%) was dissolved in DMF and ethylene glycol dimethacrylate (EGDMA,
15 wt%) and exposed to 8 mW cm of 365 nm light. Polymerization commenced
immediately upon irradiation (light on at 10 minutes) and continued to near full
conversion (Figure 2.6A) as monitored with Fourier transform infrared spectroscopy
(FTIR). The same study was repeated without (1) LBCL and (2) light as controls,
revealing no significant conversion (Figure 2.6A). This model study demonstrates that
LBCL and light are both required to initiate polymerization under low intensity UV

light.
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Figure 2.6: The labile bond crosslinker (LBCL) initiates a radical polymerization in
both a solution-based model system and when incorporated into a
polyurethane network. A. Conversion of dimethacrylate in a solution-
based model system containing the dimethacrylate and DMF as measured
by FTIR. Control 1 does not include LBCL while Control 2 does not use
light. B. Light initiates a secondary polymerization in a polyurethane
network. Control 1 replaces LBCL with PEG 400 to retain the molecular
weight between crosslinks while Control 2 uses no light. In both
conversion studies, the samples were irradiated beginning at 10 minutes
using 365 nm light at an intensity of 8 mW cm.
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As described in section 2.2.2, the photo-triggered strengthening networks were
formed with LBCL, triethanolamine (TEA) as a trifunctional crosslinker, and
hexamethylene diisocyanate (HDI) in DMF with dibutyltin dilaurate (DBTDL) as the
catalyst and in the presence of ethylene glycol dimethacrylate (EGDMA)—a network
design adapted from Matyjaszewski and coworkers [21]. The polymerization proceeded
overnight to yield a transparent, non-tacky, rubbery crosslinked network. The
secondary photopolymerization within the network was triggered by light and
quantified using FTIR. Immediately after irradiation (365 nm at an intensity of 8 mwW
cm2), the materials undergo polymerization and proceed to nearly full conversion
(Figure 2.6B, also see Appendix A). Furthermore, two control experiments were
performed where LBCL was replaced with PEG 400 which retains the molecular weight
between crosslinks and where the LBCL films were not irradiated. These experiments
demonstrate that both LBCL and light must be present for the materials to exhibit a
photochemical response. While these samples were continuously irradiated, the
conversion of the secondary polymerization plateaus when the light is turned off and
proceeds when the light is turned on, thus enabling temporal control of the secondary

polymerization in the network (Figure 2.7).
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Figure 2.7: Temporal control of secondary polymerization. The sample was exposed
to 8 mW cm of 365 nm light in five minute intervals.

As displayed in Table 2.1, the modulus can increase by orders of magnitude after
two hours of irradiation. These bulk property changes are attributed to an increase in
crosslink density. All films have similar initial moduli before irradiation, but exhibit
significant increases owing to secondary crosslinking, which are directly related to the
initial EGDMA concentration. Therefore, the final modulus can be precisely tuned for

a particular application through the selection of the initial EGDMA concentration.
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Table 2.1:  Crosslinked networks with varying amounts of EGDMA and the
corresponding changes in storage modulus before and after two hours of
irradiation (365 nm at 8 mW cm). The total weight of each formulation
was kept constant by adjusting the amount of DMF in the sample.

EGDMA Before Irradiation After Irradiation Ratio:
[wt %] Modulus Modulus Final Modulus/
[MPa] [MPa] Initial Modulus
75 0.13+0.06 0.410.1 3.5+0.6
15 0.440.1 4+1 11+3
22.5 0.3+0.2 16+1 60+30
30 0.3+0.1 50+10 180450

One such application of this material is light-triggered healing. To our
knowledge, the material presented here was the first demonstration of a polymer
network that uses a macroinitiator for simultaneous photo-healing and photo-
strengthening. A specimen was severed, as shown in Figure 2.8A, and then held in
contact using glass slides with binder clips under 365 nm light at 8 mW cm for two
hours, to yield a single, reformed material, as displayed in Figure 2.8B. The healing is
quantified by measuring the modulus and strain at break before and after irradiation
(Table 2.2). Not only does the secondary polymerization result in healing, but also a
two orders of magnitude increase in modulus. While the healed samples exhibit lower
failure strains, their strength can increase by over 100%. Furthermore, after the
methacrylates are depleted, the network repeatedly photo-heals via iniferter
rearrangement, thus highlighting the added functionality imparted by iniferter unit built

into the network backbone (Figure 2.9).
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Figure 2.8: Demonstrations using the photo-activated strengthening network. A. The

damaged material prior to irradiation. The original sample was
approximately 20 mm long, 4.3 mm wide and 1.2 mm thick. B. The
material undergoes light-triggered self-repair while strengthening after
damage. The sample can be reformed as a single piece. The arrow
points to rejoined region after healing. C. Our approach allows us to
exert spatial control over bulk properties changes by overlaying a
photomask with concentric circles (inset). Patterning is due to polymer
shrinkage and, likely, refractive index changes. The photomask is 2 cm
across. D. The material’s modulus increases drastically during irradation,
thus locking it into a specific configuration post-irradiation. The original
film dimensions were approximately 5.7 cm long, 2 cm wide and 1.2 mm
thick. All demonstrations were conducted using 30 wt% EGDMA
samples and irradiated with 8 mW cm of 365 nm light.
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Table 2.2:  Moduli, strain at break and strength measurements before and after light-
triggered healing.

Before Irradiation After Irradiation
EGDMA Modulus Strainat Strength ~ Modulus  Strainat  Strength
[wt %] [MPa] Break [MPa] [MPa] Break [MPa]

[%] [%]
15 0.3+1 2010 0.06+0.03 2.0+0.3  10+10  0.10£0.05
30 0.5+.4 28+9  0.10+0.03 50420  1.3+0.6  0.4+03

Figure 2.9: Repeated photo-healing of the same sample after full photo-
polymerization of the methacrylate groups. A. The damaged sample prior
to irradiation. B. UV light (8 mW cm of 365 nm light for 1.5 hours)
heals the previously severed sample and the healed specimen is held as a
single unit. C. The sample is severed along the original incision. D. UV
light (same conditions as above) remends the sample. This highlights
the ability of our system to photo-heal using two distinct mechanisms: (1)
a radical-based methacrylate polymerization and (2) rearrangement via
iniferter reshuffling.
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Since the secondary healing and strengthening polymerization reaction is photo-
triggered, bulk property changes can be photopatterned. By overlaying a photomask
prior to irradiation (365 nm light at 8 mW cm), areas of the film that are subsequently
exposed to light undergo modulus enhancement while the covered areas remain
unchanged. Figure 2.8C shows that the concentric pattern from the photomask was
transferred directly onto the film with excellent fidelity, thus enabling spatial control
over the bulk properties. Furthermore, the spatial control exhibited by photopatterning
can be leveraged to confine healing to a specific region.

Finally, we exploit the significant mechanical property changes evident upon
photopolymerization to permanently alter the material’s shape using light. A 30 wt%
EGDMA sample was held in a specific configuration and exposed to 8 mW cm of 365
nm light for two hours. The light triggers the secondary methacrylate polymerization,
thus increasing the number of crosslinks and ‘locking’ the material in the desired
configuration post-irradiation, as displayed in Figure 2.8D. This result enables the
creation of 3D materials which can be additionally photo-welded (i.e., photo-healed) to

fabricate complex objects.

2.4 Summary and Conclusions

In summary, we have developed a light-triggered dynamic network that
significantly strengthens on demand. By incorporating a new photo-active monomer
containing a dithiocarbamate iniferter unit with a dimethacrylate monomer within a
polyurethane network, the material’s modulus can increase by over two orders of
magnitude after long-wavelength UV irradiation. We show that the acquired increase
in modulus is controlled by the initial concentration of EGDMA, thus allowing the final

modulus of the material to be tuned a priori for a particular application. We show the
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first demonstration of a polymer network capable of simultaneously strengthening and
healing after damage using a macroinitiator. Furthermore, our approach allows us to
spatially control where these changes take place and permanently alter the shape of the
material. In addition to its use as a strengthening and healable material, the formulation
may be modified for other applications that require a secondary polymerization, such as

wrinkling [61] and surface functionalization.
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Chapter 3

FORCE-INDUCED CLEAVAGE OFA LABILE BOND FOR
MECHANOCHEMICAL CROSSLINKING

3.1 Introduction

Biological systems display a wide range of remarkable responses to mechanical
stimuli, including hearing, muscle contraction, wound healing and bone
strengthening [63-65]. However, to date, most synthetic polymers are incapable of
constructively responding to mechanical stimuli. Stress typically leads to material
fatigue and failure, which reduces the efficacy of the product and/or compromises user
safety. Examples from nature motivate the design of force-responsive materials, which
constructively respond to mechanical stimuli by adjusting their properties to meet the
demands of a changing environment.

One approach for designing such a force-responsive material incorporates
mechanophores, or mechanically-sensitive chemical groups, into polymer chains [19,
20]. The unselective cleavage of polymers in response to forces generated during
sonication was first reported in the 1930s [66], but only recently have polymers been
designed for selective scission at a specific unit in the polymer chain (i.e., using a
mechanophore) [67]. Mechanophores are typically embedded in the center of polymer
chains to propagate enough force along the polymer backbone to activate the
mechanophore (Figure 3.1). To date, several cyclic molecules have been identified as
mechanophores including B-lactam [68], 1,2-dioxetane [69], dicyano-substituted

cyclobutane [70], bicyclo[4.2.0]octane [71], 1,2-disubstituted benzocyclobutene [72]
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and gem-difluorocyclopropane [73], thus demonstrating the successful implementation
of mechanophores into polymer chains to actively and selectively respond to a

traditionally degradative stimulus.

S

Force -\)/\SASW- Force

Figure 3.1: The mechanophore (trithiocarbonate moiety) is located in the center of
the polymer chain. In the presence of sonicating energy, force
propagates along the backbone and activates the trithiocarbonate
mechanophore.

Of particular interest to this work is leveraging mechanically-induced chemical
transformations to impart additional capability to the material. For example,
mechanophores, such as spiropyran, change color when force is applied, providing a
visual warning that the material may fail [22]. Moreover, Ramirez et al. coupled the
mechanical activation of dibromocyclopropane mechanophores with nucleophilic
displacement crosslinking reactions to impart enhanced strength to the polymer,
resulting in a crosslinked gel sixteen hours after force was applied [23]. These
significant advances in mechanochemistry demonstrate the broad utility of force-
sensitive materials while highlighting the importance of determining novel
mechanophores for designing advanced, responsive materials.

Towards the design of new mechanophores, Lee and coworkers quantified the
mechanical strength of polymers containing known weak bonds. In particular, the

carbon-sulfur bond of a thioester was determined to be 71-74 kcal mol™ by conducting
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pulsed sonication studies [74]. These results complement our previous work in which
a labile carbon-sulfur bond of a dithiocarbamate was incorporated into the crosslinks of
a polymer network and selectively cleaved in response to light, thus enabling
macroscopic healing and strengthening of the material [45]. Based on these studies, we
hypothesized that the labile carbon-sulfur bond of a thiocarbonylthio group would
selectively cleave in response to force.

In the work presented here, we demonstrate the dual functionality of a
thiocarbonylthio group, serving as (1) a chain transfer agent, which is used to synthesize
the initial polymer, and (2) a mechanophore, which can initiate a force-driven radical
polymerization. The introduction of this mechanophore enables the material to respond
to force on an experimentally relevant timescale. In contrast to other mechanophores,
which require extensive synthetic procedures, these polymers are synthesized in a single
step via a reversible addition-fragmentation chain-transfer (RAFT) polymerization.
Moreover, the cleavage of this mechanophore is coupled to a subsequent radical
polymerization, which initiates within minutes of the initial application of force.
Furthermore, the utility and versatility of this force-responsive polymer is illustrated by

demonstrating its stress-induced scission initiates various crosslinking chemistries.

3.2 Experimental Methods

Sonication Experiments: All solutions (10 mL) were prepared using BHT-free
THF. The tetraethylene glycol diacrylate was passed through a basic alumina plug to
remove inhibitor. The solutions were kept in an ice bath and continuously sonicated
using a 13 mm diameter probe and Model W-225R sonicator from Heating Systems
Ultrasonics, Inc operating at 20 kHz.  Nitrogen was bubbled through the solution

throughout the duration of the experiment.
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Radical Trap Experiments: Solutions (10 mL) containing a TEMPO radical trap
and the mechanically-sensitive polymer were prepared using BHT-free THF. The
solutions were kept in an ice bath and continuously sonicated using the same sonicator
and probe as described above. Solutions were pulsed for 15 minutes (5 seconds on, 5
seconds off) and then sonicated continuously for 15 minutes. Nitrogen was bubbled
through the solution throughout the duration of the experiment.

Polymer Synthesis: Dibenzyl trithiocarbonate was purchased from Sigma
Aldrich and used as received. N-butyl acrylate was also purchased from Sigma Aldrich
and passed through a basic alumina column to remove the inhibitor. AIBN was
purchased from Sigma Aldrich and recrystallized twice from methanol before use. N-
butyl acrylate, AIBN and dibenzyl trithiocarbonate were dissolved in an anisole solution
containing 5 wt% DMF at the concentrations given in Table 3.1. The mixture was
poured into a Schlenk tube equipped with a stir bar and stopcock, which was degassed
by three freeze-thaw-pump cycles. The Schlenk tube was filled with argon (3-4 psig)
and heated in an oil bath at 72°C for the time indicated in the table. The reaction mixture
was diluted with THF (2 fold dilution) and precipitated in a methanol/water (60/40, v/v)
mixture (10 fold dilution). The upper clear layer of solution was decanted and the
polymer was collected and dried under vacuum for 2 days. The molecular weights of
the polymers were determined by gel permeation chromatography (GPC) in THF using

polystyrene standards.
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Table 3.1:  Concentrations and reaction conditions for RAFT polymerization with
corresponding polymer properties. (M: monomer, CTA: chain transfer
agent, S: solvent; Mn, caic: molecular weight calculated based on
conversion (determined by NMR), D: dispersity)

Polyme [M]o/[CTA)/ [S}/[M]o Time Conv. Mncac Mnse Mwsec b
r [AIBN]o (wt/wt) (h) (kDa) c (kDa)
(mol/mol/mol) (kDa)
54 kDa 506/1/0.12 0.5/1 5 95% 62.0 54.1 62.0 1.15
107 kDa  1086/1/0.11 0.5/1 4.5 89% 1238 107.3 1194 111
132 kDa  1696/1/0.10 1/1 9 89%  193.8 131.8 1679 127

3.3 Results and Discussion

The mechanically-active polymer containing a trithiocarbonate mechanophore
was synthesized by a one-step RAFT polymerization (described above). As a result of
the polymerization with a difunctional trithiocarbonate RAFT agent (i.e., dibenzyl
trithiocarbonate), the mechanophore is located at the center of the polymer chain (see
Figure 3.1). A molecular weight of approximately 130 kDa was targeted so that the
polymer is able to propagate sufficient force along the backbone and activate the
trithiocarbonate mechanophore. It is hypothesized that this bond will homolytically
cleave when activated by force, generating polymerization-initiating radicals

(Figure 3.2.).
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Figure 3.2: The trithiocarbonate mechanophore is incorporated into the center of
poly(n-butyl acrylate). During sonication, the polymer is expected to
cleave, generating radicals which will subsequently react with the radical
trap (i.e., TEMPO), as shown. Note that the polymer is symmetric and
the polymer may cleave at either carbon-trithiocarbonate bond.

The selective scission of the polymer in response to force was determined via
radical trapping experiments (Figure 3.2). In the presence of sonicating energy, the
polymer is expected to cleave homolytically at the carbon-trithiocarbonate bond and
thereby produce radicals, which can then be trapped. In particular, a TEMPO radical
trap was dissolved in a BHT-free THF solution containing n-poly(butyl acrylate) with
trithiocarbonate functionality (0.5 wt%). A control solution containing a TEMPO
radical trap in BHT-free THF was prepared containing 0.5 wt% n-poly(butyl acrylate)
standard (without a trithiocarbonate mechanophore) of similar molecular weight
(Mw =168 kDa). Polymer solutions were sonicated in an ice bath, a process typically

used in mechanochemical studies in which sonic energy is used to produce small
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bubbles that subsequently collapse, to generate large enough forces to cleave the
polymer chains. Gel permeation chromatography (GPC) traces of the resulting
solutions are shown in Figure 3.3A and Figure 3.3B, respectively. In particular, Figure
3.3A displays the GPC trace of synthesized polymer containing trithiocarbonate
functionality (black line) in addition to the GPC traces of polymer solutions exposed to
light (purple line) and sonication (blue, dashed line). As expected (see Chapter 2),
applying light to the polymer led to the cleavage of the trithiocarbonate group, as
indicated by the decrease in molecular weight shown in Figure 3.3A. Importantly, the
resultant GPC trace of the polymer following sonication also shows a similar decrease
in the molecular weight, signifying that the trithiocarbonate moiety functions as a
mechanophore. Given the large molecular weight of the polymer, some unselective
cleavage of a polymer not containing the mechanophore is expected, as shown in Figure
3.3B; however, the cleavage of the polymer containing the mechanophore was notably

enhanced.
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Figure 3.3: A. GPC traces for the polymer containing the trithiocarbonate
mechanophore after exposure to no stimulus, light and sonication in the
presence of a radical trap. B. GPC traces for the control poly(n-butyl
acrylate) without the mechanophore after exposure to no stimulus and
after sonication in the presence of a radical tap. A comparison of the
results in A and B indicate enhanced, selective cleavage at the
trithiocarbonate mechanophore.
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Further experiments demonstrate that a molecular weight of approximately
100 kDa was necessary for sonication-induced cleavage. The GPC trace of the
mechanophore-containing polymer (107 kDa) showed force-induced cleavage
following 30 minutes of sonication (Figure 3.6A), yet the control polymer of similar
molecular weight (101 kDa) showed little to no significant changes in response to the
same sonication conditions (Figure 3.6B). Interestingly, a mechanophore-containing
polymer of lower molecular weight (54 kDa) showed little to no force-induced cleavage
under the same sonication conditions (Figure 3.5), placing a lower bound on the
molecular weight required to activate the trithiocarbonate mechanophore.

The time evolution of the force-induced cleavage in the 107 kDa polymer is
shown in Figure 3.6. The evolution in molecular weight in response to sonication forces
was evaluated by fitting a Gaussian function to each GPC trace. Following this analysis,
the molecular weight after two hours of sonication was exactly one half of the starting
molecular weight, indicating that two hours of sonication is sufficient to fully cleave the
chains at the mechanophore. Applying force to the cleaved polymer chains in excess of
two hours of sonication led to continued breakage of the chains (likely higher molecular
weight chains at the high end of the distribution). Overall, these results suggest that a
molecular weight of approximately 100 kDa is required to activate the thiocarbonylthio

mechanophore, which cleaves within two hours in response to continuous sonication.
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Figure 3.4: A. The GPC trace of the mechanophore-containing polymer (107 kDa)
showed force-induced cleavage following sonication. B. Under the same

conditions, the control polymer of similar molecular weight (101 kDa)
showed little to no significant changes in response to sonication.
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Figure 3.5: A mechanophore-containing polymer of lower molecular weight (54
kDa) showed little to no force-induced cleavage, suggesting that a
molecular weight of approximately 100 kDa is required to activate the
trithiocarbonate mechanophore.
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Figure 3.6: Time-evolution of the force-induced cleavage of the mechanophore-
containing polymer.
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To engineer a healing, responsive material system, the cleavage of the
mechanophore is coupled to a subsequent polymerization reaction to significantly alter
the bulk properties of the material. This was accomplished by incorporating diacrylates
into the polymer solution, which are capable of reacting with the resultant radicals to
form a crosslinked network. Polymer solutions containing tetraethylene glycol
diacrylate (TEGDA, 20 wt%) were sonicated on ice under continuous nitrogen flow,
which triggered gel formation within ten minutes following the initial application of
stress (Figure 3.7). Moreover, it should be noted that since this mechanophore responds
by generating radicals, it can potentially initiate any radical-based polymerization
reaction. For example, incorporating the stress-responsive polymer in solution with
divinyl ether (triethylene glycol divinyl ether, TEGDVE) and tetra-thiol (pentaerythritol
tetra (3-mercaptopropionate), PETMP) monomers, results in gelation via a thiol-ene
polymerization after sonication. Overall, these experiments demonstrate the ability of
the trithiocarbonate mechanophore to respond constructively to force on an

experimentally relevant timescale and using varied radical-based chemistries.
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Figure 3.7: The force-induced cleavage of the mechanophore-containing polymer
was coupled to a radical polymerization by incorporating tetraethylene
glycol diacrylate (20 wt%) in a 10 mL solution of THF containing the
polymer (0.5 wt%). Gel formation occurred within 10 minutes from the
onset of sonication.

3.4 Summary and Conclusions

In conclusion, we have introduced a novel class of force-responsive polymers
containing thiocarbonylthio-based mechanophores. Under the conditions studied here,
a molecular weight of 100 kDa is required to cleave the mechanophore. These force-
sensitive polymers are capable of initiating a crosslinking, healing polymerization upon
application of force on an experimentally relevant timescale. The design of the
mechanophore allows for the initiation of any radical-based polymerization reaction,
including acrylate and thiol-ene polymerizations. Due to its ease of preparation, this
polymer system is readily translated to a variety of self-healing applications, leading to

more durable materials.
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Chapter 4
THE RHEOLOGY AND MICROSTRUCTURE OF AN AGING
THERMOREVERSIBLE COLLOIDAL GEL
This chapter contains results that were accepted for publication in the January

2017 issue of Journal of Rheology [75].

4.1 Introduction

Understanding the molecular mechanisms underlying macroscopic bulk
property changes in colloidal systems provides fundamental insights that transcend
many material systems. While this understanding can be exploited to design new
advanced materials, it has direct implications on the stability of a wide variety of
colloidal-based consumer products, such as pharmaceuticals, food and personal care
items. Macroscopic property changes in non-reacting systems result from external
triggers to the system (e.g., stress, temperature, gravity) or from the internal dynamical
evolution of the system (e.g., aging). Colloidal gels, in particular, exhibit highly
complex behavior arising from their fundamentally disordered microscopic structure.
These systems are dynamically arrested and have significantly reduced mobility, which
prevent the gel from reaching thermodynamic equilibrium on an experimental
timescale [40-42]. This non-equilibrium state often gives rise to aging behavior in
which the bulk properties are a function of when the material was first quenched (e.g.,
via temperature or concentration) and change with gel age [40-42]. As a result,
macroscopic properties in aging systems are challenging to measure and predict, but are

necessary to determine product shelf-life as well as long-term efficacy and safety.

49



The process and mechanism by which aging occurs is not well understood,
however, it is generally accepted that the aging of colloidal gels is governed by their
free energy landscape [43, 76]. The free energy landscape directly corresponds to the
microstructure of the system such that measurements of structural evolution during
aging can be used to validate simulations [77]. From this perspective, the
thermodynamic equilibrium state is located in the deepest well, but other free energy
minima do exist. The system samples a reduced set of the available configurational
space via thermal motion on the timescale of the experiment, which results in time-
dependent bulk properties. As the system continues to evolve, it samples lower and
lower free energy minima, approaching the global thermodynamic equilibrium. Here,
we explore this view of gel aging as a trajectory in a free energy landscape by examining
gel microstructure simultaneous with rheology using advanced Rheo-SANS
methods [78].

The phenomenon of aging is of both fundamental importance and industrial
relevance. As such, it has been investigated in numerous model systems yet, based on
this work, it is important to differentiate between aging in homogeneous gels versus
phase-separated gels [35]. (For a comprehensive review of colloidal gels, see
reference [79].) One such homogeneous model system is the well-studied adhesive
hard sphere (AHS) system, which is employed in this study, and consists of silica
nanoparticles grafted with an octadecyl brush dispersed in an organic solvent [27-38].
In this system, particle interactions associated with the steric repulsion of the octadecyl
brush are tuned by temperature [39]. This system can be fully rejuvenated by thermal
cycling; the gel is heated to its liquid state and sheared using a well-established pre-

shear protocol to completely erase its structural history. Indeed, Negi et al. studied the

50



gelation of similar systems after shear fluidization and shear cessation, but did not
measure microstructural evolution [80]. Eberle et al. observed rheological aging in a
homogenous AHS gel consisting of octadecyl-coated silica nanoparticles dispersed in
tetradecane; the authors reported a steady increase in the storage modulus in time during
a constant frequency, small amplitude oscillatory shear (SAQOS) experiment and
postulated that this may be due to the interdigitation of the octadecyl chains [27].
Similarly, Guo and co-workers observed rheological aging and dynamical heterogeneity
in a system composed of octadecyl-grafted silica nanoparticles suspended in
decalin [41]. They described late stages of aging with a power law relationship between
the storage modulus and waiting time, tw, (G'~tw>4). Importantly, they observed a time-
evolving microstructure as measured by x-ray scattering while the gel formed and
subsequently aged, but did not quantitatively connect the structural aging to that of the
bulk rheological properties.

A fundamentally distinct model system often employed in aging studies is the
colloid-polymer depletion gel. In depletion gels, polymer colloids (e.g.,
polymethylmethacrylate) are dispersed in an organic solvent and a non-adsorbing
polymer is added (e.g., polystyrene), which promotes interparticle attraction through
depletion forces [81]. Experimental and simulation work suggest that these phase-
separated gels coarsen over time, thereby resulting in colloid-rich regions and colloid-
poor voids [44, 82-84]. The phase separation results in time-dependent phenomena,
such as the ‘delayed sedimentation’ that Poon and coworkers observed using dark-field
imaging of gels composed of PMMA particles and polystyrene [82]. Similarly, delayed
collapse due to continuous coarsening was further quantified in the work of Buscall et

al. [83]. Verhaegh et al. argued through small angle light scattering measurements and

51



optical microscopy that the gelation was driven by spinodal decomposition of the
gel [85]. However, the gel continues to restructure over all lengths scales, which leads
to continued phase separation that eventually causes the collapse of the gel.
Additionally, Zhang and co-workers investigated the dynamics during phase separation
and define two regimes of behavior—classical and viscoelastic—which depend on the
polymer concentration and interaction length (i.e., polymer-colloid size ratio) [86]. It
is important to note that this model system is highly complex, and one such complication
arises from the use of shear to homogenize and rejuvenate these gels. Recently, it has
been shown that the shear rate influences the resultant structure and mechanical
properties of gels composed of PMMA and polystyrene [87]. Currently, the effect of
shear on colloidal gels is not well understood [42] and we provide additional insight on
this effect by examining the evolution of gel microstructure under shear in a
thermoreversible system. Because this system can be fully rejuvenated via thermal
cycling, we can compare thermal cycling to the effect of shear, which may appear to
rejuvenate mechanical properties, but not fully restore the gel structure.

In the work presented here, we connect rheological aging with structural aging
by concurrently measuring the mechanical properties and microstructure of the gel using
rheometry and small angle neutron scattering (Rheo-SANS). In particular, we are
especially interested in determining if the aging behavior in an AHS colloidal system is
consistent with local particle rearrangements or larger, collective rearrangements within
the gel by examining the role of shear history and thermal history on gel formation and
aging. For this study, an AHS system consisting of 30 nm silica spheres (volume
fraction, $=0.28) with an octadecyl grafted brush dispersed in tetradecane was

synthesized. We quench the system just slightly below the gel transition temperature
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SO we can examine aging on an experimentally accessible time scale. At the selected
volume fraction, the system is a single-phase, homogeneous gel [27] that does not
sediment (Pey [gravitational Péclet number] << 1, [88]), avoiding aging behavior
associated with gel coarsening or sedimentation that is observed in phase-separated
gels [82-84, 89]. The Rheo-SANS data are analyzed to extract quantitative measures of
the evolving microstructure during aging and this is shown to be connected to the
evolution of the gel’s elasticity. The methods and results presented here should be of
industrial relevance for studying a wide range of colloidal systems, including paints,
concretes, coatings, inks, and pharmaceuticals, which may exhibit aging behavior on

commercially-relevant timescales.

4.2 Experimental Methods

4.2.1 Particle Synthesis

The adhesive hard spheres were synthesized by grafting an octadecyl brush onto
30 nm colloidal silica nanoparticles (Ludox TM-50, Sigma Aldrich) according to the
procedure developed by van Helden et al. [28] and further developed by Eberle and co-
workers [39]. In brief, the silica suspension was treated with sulfuric acid and then
mixed and heated in the presence of 1-octadecanol. The mixture was dissolved in
ethanol to graft the brush onto the particle surface via a condensation reaction. The
particles were purified by washing three times in a 60/40 mixture of chloroform and
cyclohexane using a Sorvall RC 6 Plus centrifuge before drying the particles under a
nitrogen stream and finally in a vacuum oven overnight. The particles (p=1.80 g/mL)
were then dispersed in tetradecane (Fisher, p(25°C) =0.7670 g/mL, w(25°C) = 2.078

mPas, [90]) at a mass fraction of 0.48, which corresponds to a volume fraction of 0.28,
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to form a thermoreversible gel. The particles have been characterized extensively using
transmission electron microscopy, densitometry, light scattering, rheometry and

SANS [27, 39].

4.2.2 Rheometry

Rheological measurements were performed on a stress-controlled Discovery
Hybrid Rheometer (DHR) from TA Instruments using cone and plate geometry (40 mm
cone diameter, 2° cone angle) equipped with a solvent trap and cover. The temperature
was controlled using a Peltier plate with a ramp rate of approximately 7°C/min. The
sample was fully rejuvenated between tests by applying a pre-shear protocol, where the
sample was sheared at a rate of 10 s in its liquid state at 40°C for 2 minutes, and then
the sample was held quiescently at 40°C for 2 minutes. Full rejuvenation was confirmed
by monitoring the viscosity at the conclusion of the pre-shear protocol. All aging
experiments were performed at 28.6°C where the sample is a soft gel capable of flowing
homogeneously (i.e., without phase separation or shear banding). Two distinct
temperature profiles were used to approach this temperature: 1) quenching from 40°C
to 28.6°C (the cooling direction) and 2) quenching from 40°C to 25°C, and then
immediately ramping to 28.6°C (the heating direction). Aging experiments were
performed within the linear viscoelastic region for the gel at 0.1% strain and 1 Hz. Prior
work on this system showed no evidence of shear banding or wall slip [36]. With a
solvent trap, the material was stable for approximately 10 days. We note that the
gravitational Péclet number, which compares the time scale of diffusion to the time scale
associated with sedimentation, is of order 107, such that gravitational sedimentation can

be neglected [88]. The Péclet number for the small amplitude oscillatory shear
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experiments is of order 10 while the maximum Péclet number during the shearing at

40°C is also of order 10, such that inertial effects are negligible.

4.2.3 Rheo-SANS

Simultaneous rheology and small angle neutron scattering (Rheo-SANS)
measurements were conducted at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR) in Gaithersburg, MD using the Rheo-
SANS sample environment [91]. The sample was loaded in a titanium concentric
cylinder geometry with an inner bob diameter of 29 mm and a 0.5 mm gap on an Anton
Paar MCR-501 stress-controlled rheometer placed into the NG7 30 m beamline. Time-
resolved SANS data was collected in the 1, 3-plane at a detector distance of 13 m with
a 15 mlens. The total sample path-length was 1 mm. Transmissions ranged from 0.304
to 0.306 throughout the experiments. Temperature control in this system was imperfect
due to slow response (ramp rate of approximately 1°C/min) and overshoot, and therefore
cannot be directly compared to temperature ramp data collected on the DHR. As a
result, the pre-shear protocol was lengthened; samples were sheared at 10 s in its liquid
state at 40°C for 10 minutes and then held quiescently at 40°C for 2 minutes. When the
heating profile was used, samples were quenched from 40°C to 25°C (for a total of 15
minutes, including the quench) before conducting aging experiments at 28.6°C, 0.1%
strain and 1 rad/s. The scattering data was analyzed using the SANS reduction software
package available from the NCNR in IGOR Pro [92]. Data were fitted to the sticky hard
sphere model using the “SmearedPolyCore_ SHS” function from the SANS reduction
package. Fitting parameters for octadecyl-coated particles are available from the
literature [39].  The scattering length density of tetradecane (SLD solvent

=-4.4e-07 A?) was determined from the online NIST scattering length density
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calculator. The scattering length density of the shell (SLD shell = -3.9e-07 A?) was
determined by fitting the reference state data. The perturbation parameter, which

determines the depth of the square-well potential, was set at € = 0.001 for all cases.

4.3 Results and Discussion

Concurrent rheometry and time-resolved small angle neutron scattering in an
aging gel enables the direct connection between its mechanical property evolution and
corresponding microstructure. To obtain mechanistic insight into the causes of the
aging behavior, the system was probed by applying varied thermal and shear profiles.
In sections 4.3.1 and 4.3.2, we investigated the mechanical property evolution
associated with the formation and aging of a thermoreversible colloidal gel.
Specifically, a reproducible reference state (comprised of a temperature and time) was
established in the continuously aging gel. Stress was applied to the sample 1) once it
has aged to the reference state and 2) before it has reached the reference state (i.e., during
its formation). In section 4.3.3, we support our interpretation of the rheological
properties with microstructural measurements and establish a quantitative relationship

between the underlying microstructure and the bulk properties during aging.

4.3.1 Rheology of an Aging Thermoreversible Gel

In an octadecyl-functionalized colloidal silica system, the interparticle
attractions are tuned by temperature. The temporal evolution of the storage (G') and loss
(G") moduli are monitored in response to a temperature change as shown in Figure 4.1A.
Initially, both moduli are comparable to the instrument’s resolution under these test
conditions. As the sample is quenched from its liquid state at 40°C to 28.6°C, both

moduli increase by several orders of magnitude, which is associated with the formation
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of an interacting colloidal gel [27, 35]. Note that the critical gel temperature,
corresponding to rigidity percolation, is 28.8°C [93, 94]. After the gel fully forms and
the temperature remains constant, the storage and loss moduli continue to increase with
time under small amplitude oscillatory shear (SAOS). The continual stiffening of the
gel over the experimental timescale is characteristic of rheological aging in these
systems [41]. During the gel formation and aging process shown in Figure 4.1A, the
storage modulus dominates the loss modulus and undergoes the greatest change. This
time evolution was empirically fitted to an error function as follows:

logG' = A+ B erf(C(logt — D)) (4.1)
where t is time in seconds, as displayed in Figure 4.1B. The error function was selected
as it typically describes such diffusive processes. The induction time from this empirical
fit (parameter D) defines a characteristic time for gel formation and is approximately
=270 seconds. This characteristic time is a convolution of the time associated with the
temperature quench and gel formation. This characteristic time quantifies the time scale
of gel formation following the temperature quench to 28.6°C and demonstrates that
significant gel aging occurs long after initial gel formation. Prior work suggested that
this characteristic time can be used to scale gelation kinetics in a similar system [80].
We note that this timescale is observational—i.e., it is not fundamental and provides a

physical timescale for the process based on the observation method (SAQS).
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Figure 4.1: The temperature dependence of the storage and loss moduli. A. After the
gel forms and the temperature remains constant, the sample exhibits
rheological aging. B. The storage moduli were fit to an error function:
log G'= A+ B*erf(C*(log time-D)) where A= 0.97, B=2.33, C=1.91 and
D= 2.43. From the fitted D parameter, a characteristic time for gel
formation was calculated as approximately 270 seconds.
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Small amplitude frequency sweeps for samples quenched from 40°C and
subsequently soaked at the desired temperature for 10 min are reported in Figure 2. The
experiments were conducted over a period of approximately 4 minutes at 0.1% strain.
The thermoreversible gel is very sensitive to temperature and the critical gel temperature
is observed to be 28.8°C using the condition established by Winter and Chambon, in
which both moduli have identical frequency dependence [93], which is in good
agreement with the temperature of 28.7°C reported previously for this system [27]. The
data in Figure 4.2 shows that, at this critical gel temperature, G’ and G" are equal and
scale with the ®° over several decades of frequency. Based on this data, all subsequent
gel aging studies were conducted at 28.6°C, where the sample is a soft gel capable of
flowing homogeneously.

From this SAOS data at the reference temperature of 28.6°C, the relaxation
dynamics were quantified by fitting to a model based on mode coupling theory (MCT).
This theory describes the behavior exhibited in hard sphere colloidal glasses in which a
particle is trapped by neighboring particles, forming a ‘cage’ which hampers its
mobility [95]. This theory is associated with a fast relaxation corresponding to diffusive
motion within its cage (P relaxation) and a slower relaxation corresponding to particles
escaping from the cage (a relaxation). From MCT, the following expression for the
storage and loss moduli were developed [96] and adapted for soft particles [97]:

G'(w) = Gy + G, [F(1 = a") cos (= )(a)tg) — BI (1 + b") cos (=~ )(wtﬁ) ] (4.2)

6" (w) = [r(1 —-a) sm( ) (wtﬁ) +Br(1+b )sm( ) (wtg) ] +nLo  (4.3)
where Gp is the plateau modulus, G is the viscoelastic amplitude, tg is the B relaxation
time and ny, is the high-frequency viscosity. In the absence of a more appropriate theory

for adhesive hard spheres, equations 1 and 2 were fitted to the linear viscoelastic
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spectrum at 28.6°C using mode coupling parameters a'=0.301, b’=0.545 and B=0.963,
which are recommended for ideal hard spheres [98] (see Figure 4.2). Following this
procedure, the beta relaxation time was determined to be 1.1 s. The beta relaxation time
corresponds to diffusive motion within the cage, and is representative of the time
required for local bond rearrangement between neighboring particles. Meanwhile, the
alpha time is the time required for the gel to flow microscopically and is extrapolated

from the model to be of order ~100 s at 28.6°C.
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Figure 4.2: Frequency sweeps at 0.1% strain as a function of temperature. Following
the Winter and Chambon criteria, the gel transition temperature is at
28.8°C. All tests were conducted at 28.6°C where the gel is capable of
flowing homogeneously. The MCT model fit of G’ (solid line) and G”
(dashed line) reveals a B relaxation time of 1.1 s.

By investigating two different thermal profiles, a reproducible reference state
for studying aging in this thermoreversible gel was established. The thermal profiles

described earlier briefly consist of 1) directly quenching from the liquid state at 40°C to
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28.6°C (i.e., the cooling direction) or 2) quenching from 40°C to 25°C to 28.6°C (i.e.,
the heating direction). The two different thermal profiles and the corresponding
mechanical properties are shown in Figure 4.3A. The G’ cooling and heating direction
curves converge after 4250 seconds, where the storage moduli are within 2% of each
other. Therefore, 4250 seconds and 28.6°C was established as the reference state for
both quenching protocols. This reference state is approximately 15 times longer than
the characteristic time of gel formation described above. At longer times (from the
reference state to the conclusion of the two hour experiment), G’ scales with t%4, which
agrees with the results for a similar system as reported by Guo et al. [41]. Our results
indicate that this scaling is independent of the thermal history during gel formation.
Importantly, the approach to the reference state is highly reproducible, as shown in
Figure 4.3B. This data set represents one sample, which was fully rejuvenated by
heating to a liquid state and shearing at 40°C between trials; however, slight variability

is observed owing to batch-to-batch variation and sample loading.
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Figure 4.3: Determination and reproducibility of a reference state during gel aging.
A. Temperature profiles and corresponding evolution of the storage and
loss moduli. The reference state is denoted by a yellow star and
represents the convergence point of the storage moduli from both the
heating and cooling directions. At long times, G'~t®#, which agrees with
the results reported by Guo et al. and is independent of the thermal
history during gel formation [41]. B. The approach to the reference state
is reproducible. The sample was thermally recycled between trials.
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4.3.2 Nonlinear Rheology of an Aging Thermoreversible Gel

4.3.2.1 Application of Stress to an Aged Gel

The nonlinear rheological response of gels elicited by applying increased levels
of shear stress provides insight into the underlying structural dynamics during the gel
formation and aging process. Rheological measurements were performed after the
sample was aged to its reference state of 28.6°C. After the reference state was reached,
creep tests were performed by immediately applying stress to the specimen. The
response of the material to different stresses of 25 Pa, 40 Pa, 50 Pa, and 65 Pa was
evaluated, where the specimen was rejuvenated and aged before each stress was
implemented. The gel responses are displayed in Figure 4.4A. In all experiments, creep
ringing is observed. These short-time oscillations in strain are observed due to the
rheometer inertia, and are therefore expected for a viscoelastic gel tested on a stress-
controlled rheometer [99]. At 65 Pa, the sample yields during the experiment. There is
a delay of approximately 2 minutes before the onset of flow where stress-driven
rearrangements may occur prior to yielding. Identical experiments were performed
using the same specimen that was thermally recycled and reformed from the heating
direction (Figure 4.4B). Similar responses were observed for both heating and cooling
directions, further confirming that the behavior under stress in the aged gel is

independent of its thermal history.
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Figure 4.4: Effect of shear stress on aged gels formed from (A) the cooling profile
(from 40°C to 28.6°C) and (B) from the heating profile (from 25°C to
28.6°C). Creep ringing is observed for all tests, and yielding occurred
after 65 Pa was applied. The delay before yielding may indicate stress-
induced structural rearrangements in the gel microstructure. Together,
these results indicate that the gel response to shear stress in the aged state
is independent of its thermal history during gel formation. All data sets
were collected from the same specimen that was thermally rejuvenated at
40°C between trials.

Aging in these colloidal gels was further evaluated by interrupting an aging

specimen via an applied stress and assessing the impact on the modulus. The specimen
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was initially thermally rejuvenated and then G' was monitored using SAOS while the
sample aged to the reference state of 4250 seconds at 28.6°C (from the cooling protocol,
similar to Figure 4.3B). A 20 minute creep test was then immediately performed by
applying a stress of 0, 25, 40, 50, and 65 Pa. The samples were permitted to recover for
20 additional minutes and the modulus was subsequently monitored using SAOS. No
substantial changes in G’ are observed at stress values of 50 Pa and lower. However,
for the experiment at 65 Pa, yielding was noted (Figure 4.4A) and the aging trajectory
was considerably altered. In particular, using G’ values to quantify gel “age,” the results
presented in Figure 4.5 indicate that the age was reduced by approximately one half
after applying 65 Pa. To analyze the post-stress aging further, longer aging studies are
presented and interpreted in conjunction with the results of the next study, which are

discussed at the end of section 4.3.2.2 (see Figure 4.7).

20 min creep &
20 min recovery

O 0Pa, X 25Pa,
A 40Pa, v 50Pa,
O 65Pa

0 3000 6000 9000
Time (s)

Figure 4.5: The aging trajectory of one sample that was thermally recycled between
tests. In each test, the sample was aged to the reference state of 4250
seconds and shear stresses of 0 Pa, 25 Pa, 40 Pa, 50 Pa and 65 Pa were
applied for 20 minutes. The samples recovered for 20 minutes, and aging
was monitored for an additional 20 minutes.
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4.3.2.2 Application of Stress during Gel Formation

To further explore the stress response of the colloidal gel, stress was applied
during gel formation (whereas in the previous section, stress was applied after gel
formation). Specifically, oscillatory shear stresses of 25 Pa or 40 Pa were applied at 1
Hz until the reference state was reached (at 4250 seconds), followed by SAOS
measurements at 0.1% strain and 1 Hz to monitor subsequent structure formation. Gel
formation was hindered or suppressed for oscillatory stresses of both 25 and 40 Pa,
respectively, as shown in Figure 4.6 (the 0 Pa continuous SAOS measurement is shown
for comparison). While these lower stresses (i.e., < 65 Pa) were insufficient to affect
the modulus after gel formation (i.e., see Figure 4.5), the presence of these stresses
during gel formation significantly affects the formation evolution. In the 40 Pa case,
where bulk property measurements indicate that macroscopic gel formation is
suppressed under the applied stress, a very rapid rate of G’ evolution is observed when
the stress was released. This suggests that some structure was formed in the sample
under the applied flow as gel formation occurs more rapidly when the stress was

removed.
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Figure 4.6: Oscillatory stress applied during gel formation. In each test, the sample
was aged to 4250 s, which corresponds to the reference state of the
unstressed gels, under oscillatory stresses of 25 Pa and 40 Pa. (The
corresponding strain amplitude values under oscillation ranged from
1033% to 1.84% for the 25 Pa experiment and from 1638% to 64.8% for
the 40 Pa experiment.) The stress was then released and gel formation
was monitored. All measurements were performed at 1 Hz. In the 40 Pa
case, bulk property measurements indicate that gel formation was
prevented, yet there is a substantial increase in the rate of G’ evolution
when compared to the 0 Pa reference case (i.e., 0.1% stain, 1 Hz
frequency SAQOS experiment), suggesting that the gel microstructure
evolved under shear.

The relatively rapid increase in G’ upon cessation of stress as compared to the
trial where no stress was applied suggests that the gel microstructure evolved with time
under the applied stress, yet we note the same long-term aging behavior in these
samples. This effect is evident in Figure 4.7 where the 40 Pa oscillatory stress data set
has been translated in time only to overlay on the 0 Pa curve. Moreover, longer aging

experiments following the application of 65 Pa creep test at the reference state were
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conducted, which show the same long-time behavior (Figure 4.7). Specifically, for all
three data sets, after the reference state is reached at 4250 seconds, G’ scales with t%4,
which is consistent with the aging behavior in Figure 4.3 and in the work of Guo et al.
Consequently, these results show that the gel microstructure evolved under shear and
the gel eventually ages following similar mechanism of aging as unstressed gels. Thus,
gels prepared under different shear conditions in this study will converge to the same
long-term behavior. This is further corroborated by microstructural measurements,

which are discussed in the following section.
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Figure 4.7: Long-time aging experiments. Data sets shown are (1) “no stress” case
where the sample ages under SAOS, (2) “after creep test” case where the
gel was subjected to a 20 minute 65 Pa creep tests followed by a 20
minute recovery period prior to aging under SAOS and (3) “after stress
released” case where 40 Pa stress was applied to the gel during its
formation, and subsequent aging was measured under SAOS after the
stress was removed. Time was shifted backwards by 4985 s and 3150 s
for the “after creep test” and “after stress released” experiments,
respectively to show the same behavior.
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4.3.3 Microstructural Measurements

Time-resolved Rheo-SANS experiments were conducted to track the evolution
of gel microstructure in samples subjected to varied thermal and stress histories. The
aging of the specimens was first evaluated in the absence of shear from the cooling and
heating direction (Figures 4.8A and 4.8B, respectively). In the cooling direction, the
sample initially had a liquid-like microstructure that evolved to a microstructure
expected for a homogeneous gel [27, 35]. In contrast, gel-like microstructure was
initially observed in the heating direction and rapidly evolved to a state consistent with
awarmer gel upon heating. The scattering data from the cooling direction are consistent
with the particles gradually sampling lower energy states as the gel forms and ages.
Moreover, the scattering data collected from the gel formed from the heating direction
indicate that the particles sample fewer states as compared to the gel formed from the
cooling direction. This observation is consistent with particles attempting to escape
from a deeper energy well achieved by undercooling, and is consistent with the free

energy viewpoint of colloidal gel aging.
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Figure 4.8: Time-resolved small angle neutron scattering (SANS) data during a two-
hour aging experiment. Samples were quenched from the (A) cooling
direction and (B) heating direction. The data were fit to the sticky hard
sphere model for the (C) cooling direction and (D) heating direction.
Each subsequent set of intensities was doubled (multiplied by the
constant a) from the previous data set to clearly show the fits. Note: the
time-resolved data are binned every six minutes and shown on
logarithmic scales.

To provide a single parameter quantifying the structure, the scattering data were
successfully fitted to a liquid state theory model based on the sticky hard sphere (SHS)
model (or Baxter model), which is first introduced in Chapter 1. The Baxter parameter
so obtained provides a single parameter (t, which quantifies the strength of attraction
between particles) that can be used to track how the gel forms and ages, which can be

further used to develop a relationship between the microstructure in the gel and
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corresponding bulk properties. Note that the structures formed from quenching into the
gel state are not equilibrium states and instead, represent states along an aging trajectory.
As such, the Baxter parameters derived from these fits are ‘effective’ parameters and
will converge to the true Baxter parameter for a given temperature as the structure ages.
The fitted results are displayed in Figure 4.8C and 4.8D for the cooling and heating data,
respectively. Note that scattering curves are displaced in intensity by doubling the
intensity sequentially for clarity. Except for the Baxter fit parameter, all other model
parameters for octadecyl-coated particles are available from the literature [39] and these
parameters are described in the materials and methods section.

To quantify the evolving microstructure in the gel, we introduce A as the order

parameter of the aging structure, which is defined as follows:

A =% (4.4)

where T, is the value of the Baxter parameter in the liquid state at 40°C, t°f is the
value of Baxter fit parameter at each time point and T, is the long-time equilibrium

Baxter parameter in the gel. By fitting the SHS model to time-resolved SANS data as
described above, t;¢= 0.623 and T, ~0.245.

The evolution of A in time is displayed in Figures 4.9A and 4.9B along with the
corresponding storage modulus at the specified time intervals for both the cooling and
heating profiles, respectively. Importantly, the monotonic increase in G' is matched by
a monotonic increase in A (i.e., aging toward equilibrium). Further, this quantitative
analysis demonstrates that a specific elastic modulus corresponds to a specific

microstructure, which is independent of the sample’s thermal history (Figure 4.9C). By
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plotting log G’ vs. A for each aging trajectory and, observing an approximately

quadratic relationship, we obtain the empirical expression:
logG' = —90.99 A% + 188.16 1 — 94.17 (4.5)

which was fit to both quenching profiles, as shown in Figure 4.9C. Thus, aging due to
local rearrangements leads to microstructures monotonically evolving along a trajectory
of ever stronger interactions. This analysis, which is the first of its kind for aging
colloidal gels, is consistent with the viewpoint of aging as a trajectory in the free energy
landscape, where the microstructure is observed to evolve smoothly towards an
equilibrium state with time. Note that aging in polymers is often characterized by a
‘fictive’ temperature, while previous work on colloids has suggested that aging can
result from a time-dependent pair potential (see Guo et al. for a discussion [41]). Our
analysis does not support a time-dependent potential, but rather, is a consequence of
sampling ever lower free energy states as the sample evolves towards its equilibrium
microstructure at a given quench temperature. The structure order parameter is
therefore more analogous to the fictive temperature concept invoked for homogenous
aging in polymer and colloidal glasses [100]. Moreover, the overshoot of the order
parameter in Figure 4.9B is similar to Kovacs memory effect, which is observed in aging
glasses subjected to non-monotonic temperature profiles, and strengthens the case for a

connection between A and the fictive temperature [101].
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Figure 4.9: Time-resolved Rheo-SANs measurements. The evolution of the
structural parameter A and G’ as a function of time are shown from the
(A) cooling direction and (B) heating direction. The structural parameter
A was determined from Equation 3 after fitting the sticky hard sphere
model to the scattering data at each time point. The plotted value of G’ is
an average value of the storage modulus determined from SAOS
measurements during the indicated six minute interval. (C) The
microstructure and storage modulus show a one-to-one correspondence,
which is independent of the thermal profile during gel formation. The
storage modulus and particle interactions are related by equation 4.5 over
the range of approximately 0.88 to 1.
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Microstructural measurements also confirm the choice of reference state, which
Is consistent with the one-to-one relationship between G’ and microstructure discussed
previously. As shown in Figure 4.10, the scattering data at the reference state for gels
quenched from the heating and cooling direction are nearly identical. Both structures
are successfully fit to the liquid state theory for a homogeneous AHS colloidal
suspension. The A values of 0.964 and 0.996 for the cooling and heating direction
respectively are well above the critical value for phase separation. Thus, this result
shows that the gel is homogeneous on the particle length scale and the particle
interactions are very short-ranged.

To better understand the mechanism by which the system reaches the
homogeneous reference state and continues to age, we analyze the mechanical response
using mode coupling theory (MCT) to determine the nature of the local particle motion.
Within the context of mode coupling theory, the characteristic localization length is the
mean-squared displacement associated with local particle motion. Mode coupling
theory provides a scaling for homogeneous gels as follows:

I,3 2
£ _ 02928 (4.6)

kgT oc

where rioc is the localization length and a is the particle radius [102]. Using the G’ value
corresponding to the reference state of 4250 seconds at 1 Hz reported in Figure 4.3, rioc
was calculated as 3.3 nm. This localization length is on the order of the brush size
(reported to be 2.76 nm by Eberle et al. [39]). Thus, particles are bound by contact
forces and the elasticity arises from thermal motion on the length scale of the coating
responsible for this attraction.  This result is consistent with local particle
rearrangements as the mechanism of aging. We note that prior researchers studying a

similar thermoreversible system observed quantitatively similar localization
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lengths [37]. The localization length is much larger in repulsive glasses and in depletion
gels [79], where the localization length is on the order of the size of the dense, phase-
separating clusters [103]. This result strongly supports local particle rearrangements

occurring throughout the homogeneous gel as the mechanism of aging.
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Figure 4.10: At the reference state, the microstructures of the gels are nearly identical
and are independent of the temperature profile during formation. Both

data sets are fit to liquid state theory with A values of 0.964 and 0.996 for

the cooling and heating direction, respectively. Data are shown on
logarithmic scales.

Importantly, this analysis suggests that local particle rearrangements and motion
are responsible for the mechanical and structural aging under thermal quench. This is
clearly distinct from the mechanisms identified in phase separating colloidal gels, where
a sequence of particle surface migration, caging, and sequestration in a dense glassy
solid have been proposed based on large-scale simulations (see, for example, Zia,

Landrum and Russel [27]). Questions remain, however, if this mechanism of local
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rearrangement extends to aging under an applied shear stress. We extend the study of
the gel’s stress response by obtaining time-resolved microstructural and rheological
measurements while applying oscillatory stress during gel formation by quenching from
40°C. The time-resolved scattering data were binned into 3.5 minute intervals; the first
bin and last bin (corresponding to the first 3.5 minutes and the last 3.5 minutes of the
4250 second experiment, respectively) are displayed in Figure 4.11A with open and
closed symbols, respectively. The initial structures are similar and liquid-like, with a
correspondingly lower A values. The microstructures after quenching under stress are
characteristic of that of a gel and qualitatively very similar to that observed for purely
thermal quenching. Gel formation was observed under oscillatory stresses of 0 Pa, 10
Pa, and 40 Pa. After the stress was released at 4250 s, the initial G’ values in these gels
were lower than the initial G’ value in the unstressed gel (0 Pa), yet the bulk properties
in these stressed gels evolved at a faster rate (Figure 4.11B). Using the relationship
developed above quantitatively connecting G’ to A, similar initial mechanical properties
were predicted (x markers in Figure 4.11B) based on A values from microstructural
measurements collected during the final 3.5 minutes of the experiment. The discrepancy
between the predicted and measured G’ values may be due to both measurement noise
from the SANS data collected over short times and expected run-to-run variability.
Similarly, from the measured G’ values in Figure 4.11B, corresponding values of A were
calculated, and these predicted fits are indistinguishable from the fit data plotted in
Figure 4.11A. Note that this data are slightly different from that reported in Figure 4.6
because of differences in the thermal properties of the Rheo-SANS gas-cooled Couette
sample environment as compared to the performance of the DHR rheometer with a cone

and plate geometry and Peltier. Nevertheless, this sequence of experiments shows that
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the gel structure evolves under shear in a manner similar to thermal quenching for these
homogeneous gels. In this work, we have not tested very large values of the inverse
Bingham number, M’, such that shear would fundamentally disrupt the gel, as done
previously for this system [104]. In other systems where there are substantial
heterogeneities in structure and/or dynamics, and where shear may densify the structure,
the complex shear history dependence of the microstructure could be expected to lead
to a shear history dependence of the mechanical properties that is not equivalent to
thermal rejuvenation [105]. We do not observe such effects in our system under the

conditions explored.
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Figure 4.11: Microstructure and rheology corresponding to a gel quenched under
stress. A. Time-resolved SANS data were binned into 3.5 minute
intervals; the first and last bin corresponds to open and closed symbols,
respectively. The microstructure evolved under stress. (The values for
the structural parameter A are as follows: Ainitial, 0 Pa = 0, Afinal, 0 pa =0.976,
Ainitial, 10 Pa = 0, Afinal, 10 Pa=0.937, Ainitial, 40 pa = 0 and Afinal, 40 pa =0.942.)
Data are shown on logarithmic scales. B. Immediately after the stress
was released, the initial G’ values were lower in the stressed gels when
compared to the unstressed gel (0 Pa), yet the bulk properties in the
stressed gels evolved at a faster rate, thereby demonstrating that shear
influences how the gel ages.
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4.4 Summary and Conclusions

In conclusion, we quantitatively relate the bulk rheological properties to the
underlying microstructure in an aging, homogeneous, thermoreversible AHS colloidal
gel and find a unique, quantitative relationship irrespective of thermal or shear history
over the range of parameters explored. By combining rheology and time-resolved small
angle neutron scattering, a reproducible reference state in the continuously aging
colloidal gel is established from which stress is applied to probe the gel’s response. The
rheological behavior after application of stress 1) during gel formation and 2) during gel
aging led us to hypothesize that the gel’s microstructure develops while under shear
during thermal quenching, which is further confirmed by direct microstructural
measurements.

The modeling and analysis of concurrent rheological and microstructural
measurements provide insight about the colloidal-level motions and interactions
responsible for aging. An empirical relationship is developed between an order
parameter, which characterizes the distance from equilibrium as determined from
scattering measurements of the structure, and the macroscopic property of elastic
modulus during gel aging. This empirical relationship enables predicting properties of
other rheological experiments from microstructure measurements. For example, we
demonstrate that a specific elastic modulus corresponds to a given microstructure, such
that the rheological state for a given microstructure is independent of the thermal and
shear history of the gel that yielded the given microstructure. Moreover, while the
specific microstructure at a given time is dependent on the sample’s history, once at a
particular microstructure, the sample will quiescently age along the same trajectory

regardless of history.
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Analysis of the elastic modulus at the reference state with mode coupling theory
yields a characteristic localization length of 3.3 nm in the gel, which is comparable to
the interaction length between particles in the homogeneous gel. This result is
consistent with local particle rearrangements as the mechanism of rheological aging.
Indeed SANS measurements of the gel structure confirm that the sample ages
homogeneously, and therefore, ages by a mechanism distinct from that observed for
phase-separating colloidal gels (e.g., see [44]).

Overall, this work expands our understanding of colloidal gel aging by
establishing a quantitative, predictive relationship between the underlying
microstructure and bulk mechanical properties, and is consistent with local particle
rearrangements as the mechanism of rheological aging. The measurements and analysis
support that aging is a trajectory in the free energy landscape, and can ultimately be
used to further test and confirm this viewpoint through computational studies. The
results of this study may be industrially relevant to products that age on commercially-
relevant timescales, such as foods, paints and pharmaceuticals. The approach may also
be applicable to other arrested systems, such as metallic glasses, which have been
observed to age rheologically in a manner similar to colloidal systems in some
respects [106, 107]. Moreover, it is has been suggested that colloids can serve as
surrogates for atomic and molecular systems [25, 26]. In particular, the larger size scale
of colloidal systems and tunable particle interactions allow for direct measurement of
local microstructure and manipulation, respectively, thereby furthering the
understanding of complex condensed matter systems and aiding in the design of

advanced materials.
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Chapter 5

STRUCTURAL AND RHEOLOGICAL AGING IN MODEL ATTRACTION-
DRIVEN GLASSES

5.1 Introduction

The study of out-of-equilibrium systems is of fundamental scientific interest and
industrial applicability, and, as such, characterizing and controlling these systems is
considered by the Department of Energy as one of the five grand challenges facing
scientists today [108]. Colloidal dispersions are usually out-of-equilibrium systems that
are of particular relevance as they are found in a wide variety of natural and synthetic
consumer products, such as foods, pharmaceuticals, paints and cosmetics [109].
Moreover, colloidal dispersions are often employed as model systems to probe and
understand non-equilibrium behavior in other systems of interest, such as atomic or
molecular systems, because colloidal dispersions have more experimentally accessible
length scales and time scales [110]. In particular, the size scale of colloidal particles
allows for the tracking of their motion using microscopy. Additionally, the use of
colloidal glasses to understand behavior in structural glasses is particularly
advantageous as the volume fraction can be easily altered in colloidal glasses, while the
effects of density and temperature are coupled in molecular glasses [111]. Furthermore,
the tunable interactions between colloidal particles and ability to purchase or synthesize
particles of varying shapes and sizes also contribute to their utility as models to

understand other condensed matter systems.
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Aging phenomena are observed in many types of glassy colloidal
dispersions [109, 112]. Specifically, colloidal dispersions are typically in dynamically
arrested states with significantly hindered mobility, which prevents the system from
reaching thermodynamic equilibrium on experimental time scales [40-42, 109].
However, sufficient thermal mobility is preserved such that system continues evolving
toward thermodynamic equilibrium. As a direct consequence, aging phenomenon is
observed in many types of colloidal gels and glasses as time-dependent properties. For
example, experiments and simulations probe aging behavior in model colloidal glass
systems such as Laponite [111, 113-116], star polymers [117, 118] and colloid-polymer
mixtures [119-121]. In this context, the “age” of the sample refers to the time elapsed
since the material was rejuvenated. Rejuvenation is a mechanical or thermal process
that erases the structural history of the sample before a new test is conducted. Typically,
as the sample ages, the rate of aging decreases and the relaxation time of the material
increases [112]. This time-dependent behavior complicates the characterization of these
aging systems, which is required to accurately report, control and predict product
stability, shelf-life and safety.

Importantly, the molecular mechanism underlying the aging process is specific
to the evolution of microstructure in the system. Stiakakis et al. used multispeckle
dynamic light scattering (MSDLS) and small angle neutron scattering (SANS) to
determine that multi-arm star polymer glasses age via crystallization, which resulted in
an increased rate of the short-time diffusion [122]. Pham and coworkers mapped the
transition from a repulsive to attractive glass in a depletion glass and noted aging effects
in all non-crystallizing samples; static light scattering was used to probe the underlying

structure yet, within the attractive glasses samples of varied attraction strength,
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structural changes could not be resolved [119]. To correlate the dynamics to structure
during aging, Cianci et al. use a glassy system composed of poly(methyl methacrylate)
(PMMA) colloids in a mixture of decalin and cyclohexylbromide and monitored the
real-time motion using confocal microscopy [123]. While they did not determine a
mechanism, their results suggest a correlation between structure and dynamics during
aging; tetrahedra that were categorized as “looser”” and more “irregular” led to enhanced
mobility that facilitated the aging process. Moreover, computer simulations of aging
attractive colloidal glasses conducted by the Cates group showed that the number of
bonds per particle increased as the system aged, resulting in a stiffer network that
relaxed more slowly [124]. Overall, these results highlight the complex behavior
associated with aging in colloidal glasses, and emphasize the utility in uncovering its
mechanistic origin and exploring its structural evolution.

Applied stress may alter the aging process, and these results are typically
interpreted in the context of the free energy landscape viewpoint of colloidal aging.
Briefly, this viewpoint describes a complex landscape of free energy states in which the
system continuously evolves toward lower free energy states via thermal motion as the
system ages and approaches thermodynamic equilibrium [43, 76, 125]. Viasnoff et al.
experimentally demonstrated the nontrivial effect of shear in a colloidal glass [126].
Specifically, their experiments measuring the relaxation dynamics in a glassy
suspension of polybeads indicated that high shear and low shear led to rejuvenation and
“overaging,” respectively, where “overaging” refers to accelerated aging. On a
microscopic level, they proposed that high strains destabilized the system, while
moderate strains enabled the sample to explore more stable configurations. Lacks and

Osborne corroborated the experimental results of Viasnoff et al. through molecular
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simulations [77]. Using an energy landscape framework, they reported that a cycle of
large strain rejuvenated the glass while a small strain overaged it; shear “shuffled” the
system to shallower or deeper energy minima, respectively. Here, we examine the
structural basis of this phenomenon by directly measuring the effect of shear on the
glass microstructure via time-resolved SANS techniques [78]. Moreover, by using a
system that is fully rejuvenated by thermal cycling, we thoroughly investigate the use
of shear as a rejuvenation method, which may fully regenerate the original mechanical
properties, but incompletely rejuvenate the microstructure [127].

In the work presented here, we investigate colloidal glass aging by relating the
bulk macroscopic properties to the underlying microstructure through concurrent
rheological and small angle neutron scattering (Rheo-SANS) measurements,
respectively. We employ a model thermoreversible adhesive hard sphere (AHS) system
composed of octadecyl-functionalized nanoparticles dispersed in tetradecane [27, 35,
36, 88]. At the volume fraction selected for this study (¢=0.46), the system forms an
attractive driven glass (ADG). In this model system, the attractions are controlled by
temperature, which induces a phase transition of the brush [39]. At 40°C, the sample
melts and is subsequently subjected to a pre-shear protocol that fully erases the
structural history. Rheological aging in the gel state was first observed in this system
by Eberle et al. who proposed aging occurred via the interdigitation of the brush [27].
In the same colloidal gel system, our most recent work develops a quantitative and
predictive relationship between the macroscopic properties and the underlying
microstructure during gel aging, which is independent of the thermal and shear history
of the gel [75]. Here, we extend this work by connecting rheological and structural

aging in a colloidal glass through simultaneous bulk property and microstructural
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measurements. Moreover, we examine the effects of thermal and shear history on the
glass structure and properties. Under these experimental conditions, this
thermoreversible system forms a homogeneous glass and thus exhibits a fundamentally
distinct and previously unexplored aging mechanism compared to the model systems

described above.

5.2 Experimental Methods

5.2.1 Preparation of the Thermoreversible AHS System

The octadecyl-coated silica nanoparticles were functionalized using an
established protocol [28, 39]. Briefly, Ludox TM-50 silica nanoparticles (30 nm in
diameter) were purchased from Sigma Aldrich and reacted with 1-octadecanol (Alfa
Aesar). The particles were purified by centrifugation in a Sorvall RC 6 Plus centrifuge
and dried under a nitrogen stream and then in a vacuum oven for at least 24 hours. Full
characterization of the functionalized nanoparticles was reported elsewhere [27, 39].
The dried particles were dispersed in tetradecane at a volume fraction of 0.46 which

forms a glassy, thermoreversible adhesive hard sphere (AHS) system.

5.2.2 Concurrent Rheological and Structural Measurements (Rheo-SANS)
Simultaneous rheological and small angle neutron scattering (Rheo-SANS) were
conducted at the National Institute of Standards and Technology (NIST) Center for
Neutron Research (NCNR) in Gaithersburg, MD. Time-resolved SANS experiments
were performed on the NGB 30m beamline in the 1,3 plane at a detector distance of
13 m with a focusing lens. An Anton Paar MCR-501 stress-controlled rheometer was
placed into the beamline and the AHS sample was contained within titanium concentric

cylinder geometry with an inner bob diameter of 28 mm and a 0.5 mm gap. The total
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sample path-length was 1 mm and sample transmissions ranged from 0.301 to 0.304.
Between experiments, the sample was rejuvenated using a two-step pre-shear protocol
in which the sample was (1) sheared in its liquid state at 10 s for 10 minutes at 40°C
and (2) held quiescently at 40°C for 2 minutes. Aging experiments were conducted at
29.4°C at 0.1% strain and a frequency of 1 rad/s. Two thermal histories were
investigated: (1) the cooling direction in which the sample was quenched from its liquid
state at 40°C to 29.4°C and (2) the heating direction in which the sample was quenched
from 40°C to 25°C and then to 29.4°C. The gas-cooled Rheo-SANS Couette sample
environment exhibited imperfect temperature control, which resulted in overshoots
from the set point temperature during the quench. The shear history dependence was
evaluated by shearing the aged sample at rates of 5 s, 100 s, 500 s and 1000 s2. A
reference time of 4250 seconds was selected for consistency with results acquired for

our earlier study investigating aging in the gel state ($=0.28) [75].

5.2.3 Small-Angle Neutron Scattering (SANS)

Static SANS measurements were also conducted at the NIST NCNR on the NCB
30 m beamline. Detector distances of 1 m, 4 m, 13 m (with and without a focusing lens)
were used. Samples were carefully loaded into cells containing a 0.01 inch aluminum
spacers such that sample transmissions were approximately 0.80. The cells were loaded
into a 10 position sample holder (10CB) equipped with a fluid bath to maintain the set
temperature throughout the experiment. Samples were equilibrated at the desired

temperature for at least 20 minutes prior to measurement.
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5.2.4 Rheo-SANS Data Analysis

The SANS scattering data was analyzed using the SANS Data Reduction Macros
in Igor Pro available from NIST [92]. Time-resolved scattering results were binned
using event mode processing in Igor Pro. 1-D scattering patterns were fit to the sticky
hard sphere (SHS) model (or Baxter model) to extract the Baxter parameter (1) in SAS
View. Fitting parameters are described elsewhere [39, 75]. We note that because the
hard sphere structure factor calculated using the Percus-Yevick closure approximation
deviates from experimental and computational results at high volume fraction, we fit
the scattering length density (SLD) of the shell (SLD shell = -1.989e-06 A) to data.

The perturbation parameter was fixed as € = 0.01 for all cases.

5.3 Results and Discussion

This work quantitatively connects rheological aging to structural aging in a
colloidal glass using rheometry and time-resolved small angle neutron scattering. First,
in section 5.3.1, the microstructure of the thermoreversible colloidal system in the liquid
state at 40°C and the glass state at 25°C are measured, which are plotted on the AHS
phase diagram developed for this system. Then, in section 5.3.2, small amplitude
frequency sweeps are conducted to find an appropriate temperature to perform
subsequent aging experiments. In section 5.3.3, concurrent rheometry and SANS
experiments are performed to connect the macroscopic bulk property changes to the
evolution in the underlying microstructure during glass aging. Moreover, to evaluate
the influence of thermal and shear history on the aging process, samples are formed
using two different thermal profiles and varied rates of shear are applied to the aged

sample.
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5.3.1 Static Microstructural Measurements

Figure 5.1 shows SANS data for the AHS system at 40°C and 25°C. The length
scales probed by these measurements (i.e., 2n/q ~ L) range from the nanometer to ~0.5
microns. The lines show fitted SHS model predictions with the parameters indicated,
showing that high temperature state is a liquid while the quenched sample is an AHS
glass, as shown on the phase diagram (Figure 5.2). At the scattering vector (q) ranges
investigated in subsequent Rheo-SANS (0.008 A~<q<0.5 A1), we do not observe steep
power law behavior, indicating that the material is homogenous on the length scales
investigated in this study. At largest length scales probed, the data deviates from model
predictions. At present, these deviations are under investigation as artifacts due to the
specifics of the neutron optics of the lens configuration coupled with some multiple
scattering, as these samples have relatively low transmissions. Further, these deviations
are independent of thermal history and shear rate, unlike the rest of the patterns. From
here forward, the low-q data is removed. However, in contrast to the above results,
other glassy systems exhibit strong upturns in scattering intensity that indicate large
voids characterized by colloid-poor regions in the material, which was not observed for

this system.
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Figure 5.1: Small angle neutron scattering (SANS) data at 40°C (A) and 25°C (B).
Note that the high temperature state is a liquid while the quenched
sample shows much stronger scattering characteristic of an AHS glass.
Fitted Baxter parameters shown on the plot are 0.367 and 0.234 at 40°C
and 25°C, respectively. (Note “B” is the background, which was
subtracted from the overall intensity.)
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For reference, the phase diagram for the AHS system is presented in Figure 5.2.
The phase diagram plots the Baxter parameter (tp) as a function of volume fraction (¢).
The Baxter parameter was obtained from fitting liquid state theory to scattering data, as
discussed below. A lower Baxter parameter corresponds to increased interaction
strength and can be thought of as an effective temperature. The purple arrow on the
diagram points to the location of two points of interest at working volume fraction for
this study (¢=0.46). As described explicitly later, to examine the aging process, the
sample was pre-sheared in its liquid state at 40°C and quenched to its glass state at
29.4°C where rheological and structural aging was monitored. On the phase diagram in
Figure 5.2, the green triangles represent the experimentally determined dynamic arrest
transition for this system [35]. The open red circular marker designates the liquid state
at 40°C and the blue square marker labels the state of the soft glass for this work. To
analyze our data, as discussed in the methods section, we fitted a single parameter (SLD
of the shell) to the reference state data to more carefully capture the structural changes
associated with aging in the glass state. As a result, the fitted Baxter parameter
corresponding to the liquid state data obtained from the analysis conducted here appears
to fall below the percolation line determined by Eberle and co-workers. However, the
two results are consistent; when the SLD of the shell reported by Eberle and coworkers
is used to fit the data in the above figure, we obtain a Baxter parameter of 1.25 (filled
red circle on the phase diagram), which is above the experimentally determined dynamic
arrest transition. Moreover, as the results presented here on glass aging are compared to
our previous work on gel aging, two additional points corresponding to a gel sample

(6=0.28) are also plotted on the phase diagram. Similarly, the red circular marker
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indicates the liquid state at 40°C and blue square marker corresponds to the gel state at

28.6°C, which was studied in Chapter 4.
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Figure 5.2: The phase diagram for the AHS system is presented. Relevant locations
are clearly marked. The red circular marker designates the liquid state at
40°C and the blue square marker labels the equilibrium state of the soft
glass at the working volume fraction (¢=0.46). In this work, a single
fitting parameter was adjusted to more carefully capture the structural
changes associated with aging, which led to a lower Baxter parameter
(red, open circle) that fell below the percolation line determined by
Eberle and co-workers (experimental data shown by green triangles).
The results are consistent; applying the same fitting parameters as Eberle
and co-workers, a Baxter parameter, which is above the dynamic arrest
line, was obtained (filled, red circle) for the structural data reported here.
As we interpret the results presented here in terms of previous work on
gel aging, the red circular marker indicates the liquid state at 40°C and
blue square marker corresponds to the equilibrium state of the aged gel

(¢=0.28). Figure is produced from data in reference [35].
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5.3.2 Rheological Measurements

Small amplitude frequency sweeps were conducted to determine the glass
transition temperature and select an appropriate temperature to conduct aging
experiments (Figure 5.3). The sample (¢=0.46) was quenched from its liquid state at
40°C to the temperature indicated in Figure 5.3. Rheological measurements began 45
minutes after setting the rheometer to the desired temperature to allow the sample to
cool and equilibrate at the set temperature. All tests were conducted at 0.1% strain.
The sweeps in Figure 5.3 indicate that the sample is highly sensitive to temperature
changes as small as 0.1°C over the temperatures ranging from 29.4°C to 29.7°C. Based
on this data, we observe that the transition temperature occurs between 29.5°C and
29.6°C. Eberle et al. previously reported a transition temperature for the same sample
(¢=0.46) at 30.0°C [27], and we attribute this temperature discrepancy to a slight
temperature difference between the TA Instruments AR-G2 with a Peltier plate and the
gas-cooled Rheo-SANS environment used in this measurement. From the frequency
sweeps displayed in Figure 3, we elected to conduct all subsequent aging experiments

at 29.4°C, where a soft attraction-driven glass is observed.
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Figure 5.3: Small angle frequency sweeps for temperatures ranging from 29.4°C to
29.7°C. All tests were conducted at 0.1% strain. The critical temperature
occurs between 29.5°C and 29.6°C. All subsequent aging experiments
were conducted at 29.4°C; at this temperature, a soft attractive-driven
glass formed.

Aging phenomena was observed in the attraction-driven glass. In the model
system selected for this study, short-range attractions are controlled by temperature via
a liquid-to-solid transition of the octadecyl brush grafted to the surface of the silica
nanoparticle. Specifically, the sample was immediately quenched from the liquid state
at 40°C to a soft attraction-driven glass at 29.4°C and small amplitude oscillatory shear
experiments revealed that the storage modulus (G') evolved in time after the temperature
equilibrated, as shown in Figure 5.4. There was a temperature overshoot due to
imperfect temperature control on the Rheo-SANS equipment, which paired with the
high sensitivity of sample to 0.1°C temperature changes (Figure 5.3), resulted in the

non-monotonic changes in storage modulus early in the experiment. The overshoots in
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storage modulus directly correspond with the fluctuations in temperature; as expected,
peaks and troughs in temperature correspond to troughs and peaks in storage modulus,
respectively. However, after the temperature equilibrated, the specimen continued to
stiffen throughout the two hour aging experiment. This continual increase in storage
modulus in time is characteristic of rheological aging, which we further investigated via

structural measurements in the following section.
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Figure 5.4: The attractive-driven glasses ages. The sample was immediately
quenched from its liquid state at 40°C to a soft attractive-driven glass at
29.4°C. The temperature overshoots from the imperfect temperature
control on the Rheo-SANS equipment, paired with the high sensitivity of
sample to small temperature changes, resulted in the non-monotonic
changes in storage modulus early in the experiment. However, after the
temperature equilibrated, the specimen continued to stiffen throughout

the two hour aging experiment.
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5.3.3 Concurrent Rheological and Structural Measurements

Time-resolved SANS data were collected to monitor the structural evolution of
the glass during aging. Samples were immediately quenched from 40°C to the glass
state at 29.4°C. Using event mode processing in lgor Pro, the scattering data were
binned into 20 intervals, each 6 minutes in duration, and shown in Figure 5.5A. Small
structural changes are observed in which the greatest changes occur at the longest length
scales probed (i.e., lowest ). As shown in the figure, the microstructure evolves to a
pattern that would be expected for a concentrated glass. As the sample forms and ages,
the evolution in microstructure is consistent with particles sampling progressively lower
energy states, in concurrence with the free energy viewpoint of aging. Moreover, as
expected, the nearest neighbor peak at q=0.02 A corresponds to a length scale of
approximately 30 nm, which is the diameter of the particles used in this study. These
structural measurements correspond to the rheological experiment conducted above

(Figure 5.4), and are analyzed jointly below.
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Figure 5.5: Time-resolved small angle neutron scattering (SANS) data during a two
hour aging experiment are shown. Samples were quenched from the
liquid state at 40°C to 29.4°C. A. Scattering data during the two hour
aging experiment was binned into 20 intervals. B. The data was fitted to
the sticky hard sphere model. The intensity was doubled from the
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previous data set to more clearly display the fits.
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Using a structural parameter A, we directly related rheological aging to structural
aging in the thermoreversible model glass. First, to assess structural changes during
aging, the scattering data was fit to the SHS model, which is commonly used to model
attractive systems [27, 75]. In this work, only one parameter, the Baxter parameter (7),
was fit to data at each time point. This effective T, or Teff, was used to track the evolution
of the microstructure. All other fitting parameters were described in the methods
section. The data and the fitted models are displayed in Figure 5.5B. Note that the
intensities at each time point are offset by a factor of two from the previous data set for
clarity. For each bin of data, a fitted parameter T was obtained, and the evolution of this
parameter in time tracks the effective strength of attraction between the particles in the
glass as it ages. As explained in Chapter 4, the Baxter parameters obtained from this
analysis represent points along an aging trajectory and are not equilibrium states. To
quantify structural changes toward equilibrium, we calculated a structural parameter A

as follows:
A= (5.1)

where T4 is the value of the Baxter parameter in the liquid state at 40°C, t* is the
value of Baxter fit parameter during each time interval and t., is the equilibrium Baxter
parameter for this temperature. By fitting the SHS model to time-resolved SANS data,
rjg =0.367 and T, =~ 0.281. (Baxter parameters at temperatures of interest are shown
in Table 5.1.)

The evolutions in microstructure and bulk properties are shown in Figure 5.6A.
The reported G’ values correspond to averaged values of the storage modulus during

each 6-minute interval. To relate particle interactions to resultant mechanical

properties, we first reduce noise from SANS measurements and/or nonlinear model

98



fitting by using linear regression to obtain an empirical expression for the Baxter
parameter as a function of the aging time:

A=0.1191Int + 0.393 (5.2)
where the units of t are minutes. As the glass ages (t > 30 minutes), there is a monotonic
increase in both G’ and A as the sample evolves towards its equilibrium state. Moreover,
Figure 5.6B, which displays G’ as a function of A, indicates that there is a one-to-one
relationship between storage modulus and microstructure that evolves in time as the
sample ages, similar to the colloidal gels [75].

We analyze our results within an Avrami framework to develop an empirical
equation that quantitatively captures the relationship between log G’ and A as the glass
ages. The Avrami equation, which is a kinetic model that describes the process of
crystallization by nucleation and growth, was previously used to relate the mechanical
properties to a space filling parameter, ¢, during crystallization of a fatty acid model
system [128]. In this spirit, we adapt the Avrami analysis to relate the mechanical
properties (G') to the underlying microstructure (A) as the glass ages:

log G' = 3.40 (1 — exp(—7.64 11092) (5.3)
where 0.80<A<0.96. Figure 5.6B shows this empirical equation represents the data well.
However, based on this analysis, there is no clear interpretation for the Avrami
parameters in the above equation. Further work is required to interpret the results within
the Avrami framework and extract a physical meaning. Importantly, however, this is
the first approach toward developing a phenomenological relationship between colloidal
glass microstructure and rheological properties during glass aging. Moreover, the

monotonic increase in both the bulk properties and structural parameter is consistent
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with the free energy landscape viewpoint of aging, in which a sample evolves toward

equilibrium by sampling progressively lower energy states.

Table 5.1: Table of Baxter parameters used in this work.

Temperature (°C) T value
40°C Tq4o = 0.367
25°C 1,5 = 0.234
29.4°C T =~ 0.281
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Figure 5.6: A quantitative relationship between the bulk property changes (G') and
the underlying microstructure (1) during colloidal glass aging is
developed. A. The evolution in G’ and A is shown. Noise from SANS
measurements and/or nonlinear model fitting was reduced by using linear
regression to obtain expressions for the effective 1 as a function of the
aging time: A= 0.119 Int + 0.393 where t is given in minutes. As the
glass ages (t > 30 minutes), there is a monotonic increase in both G’ and A
as the sample evolves towards its equilibrium state. B. G’ is plotted as a
function of A. A specific storage modulus corresponds to a specific
microstructure, which evolve in time as the sample ages. The Avrami
equation (solid line, eqn 5.3) captures the relationship between log G’ and
A as the glass ages.
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While the above analysis enabled the development of an empirical, but
quantitative relationship between structural and rheological aging in colloidal glasses,
the mechanistic origin of the aging process remains unclear. To understand this process,
we calculated a localization length based on predictions from mode coupling theory
(MCT). As discussed in the previous chapter, the localization length is the mean
squared displacement of particle motion when trapped within a cage of nearest

neighbors. The prediction from MCT is shown below:

G’ _ 2088 5.4
keT 2. 4)

where a is the particle radius and rioc is the localization length [102]. Using the final G
value measured after two hours of aging during the small amplitude oscillatory shear
measurement shown in Figure 5.4, a localization length of 3.8 nm was calculated. This
localization length is very close to the localization length of 3.3 nm calculated for the
AHS gel [75]. Moreover, the calculated localization length is on the order of the brush
size, which was reported as 2.76 nm by Eberle and coworkers [39], who proposed
interdigitation of the brush layer as the aging mechanism in the system [27]. This result
suggests local particle motion as the mechanism of aging in this system, which is similar
to the results observed in colloidal gels. Overall, the localization length calculated from
MCT suggests that local particle rearrangements persistently occurring within the glass

are responsible for the observed structural and rheological aging.

5.3.3.1 Effect of Thermal History

To evaluate the effect of thermal history on the evolution of bulk properties and
microstructure, the glass was formed using two distinct thermal profiles. As described
in the methods section, samples were formed by: (1) quenching from 40°C to 29.4°C

(the cooling direction) or (2) quenching from 40°C to 25°C to 29.4°C (the heating
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direction). Thus far, all samples were formed following application of the cooling
profile. Here, we evaluate the microstructure and bulk properties from an alternative
thermal path, designated here as the heating direction, and compare them to the results
presented earlier for samples quenched from the cooling profile. To track the structural
evolution of the glass, time-resolved SANS data were collected. Specifically, samples
were rejuvenated by following the pre-shear protocol at 40°C and quenched to 25°C for
45 minutes. The temperature was raised from 25°C to 29.4°C and Figure 5.7 displays
the corresponding evolution in microstructure as the AHS colloidal glass forms and ages
from the heating direction. Similar to the earlier experiment for samples quenched from
the cooling profile, the data was analyzed using event mode processing in Igor Pro, in
which the scattering data was binned into 20 intervals, each 6 minutes in duration. The
scattering data corresponding to samples formed and aged from the heating profile are
consistent with a more deeply quenched glass that transitions to a less attractive glass
and evolves towards an equilibrium state. In contrast to the cooling data, the glasses
formed and aged from the heating direction appear to sample fewer energy states, which
is consistent with particles attempting to escape from deep energy wells in favor of
lower free energy states via thermal motion. These results qualitatively mirror the
behavior observed for AHS colloidal gels [75] and support aging as a trajectory in the
free energy landscape where the microstructure evolves towards an equilibrium state

characterized by increasing particle attractions.
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Figure 5.7: Time-resolved small angle neutron scattering (SANS) data during a two
hour aging experiment are shown. Aging was examined from the
“heating direction”; the temperature was reduced from 40°C to 25°C
prior to aging at 29.4°C. A. Scattering data during the two hour aging
experiment was binned into 20 intervals. B. The data was fit to the
sticky hard sphere (SHS) model to obtain a single structural parameter, A,
to quantify the structural aging in the glass. The intensity was doubled
from the previous data set to more clearly display the fits.
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The influence of the thermal history on the mechanical properties and
microstructure is shown in Figure 5.8A. While the path towards the equilibrium state
of the glass is highly dependent on the quenching profile, samples formed and aged
from both quenched profiles appear to approach the same equilibrium state. For this
analysis, once again, we reduce noise from SANS measurements and/or nonlinear
model fitting via linear regression as shown by the solid lines on the plot. Importantly,
for both thermal histories, a monotonic increase in bulk properties, which correspond to
amonotonic evolution in microstructure, was observed during aging. In samples formed
from both thermal profiles, the data suggests a one-to-one correspondence between
rheological aging and structural aging, which is consistent with aging as a trajectory in
the free energy landscape, in which the glass evolves towards lower energy states as it
approaches its equilibrium state. To evaluate how thermal history impacts the aging
trajectory, the mechanical properties are shown as function of the structural parameter
in Figure 5.8B. The error bars represent the 95% confidence interval on the regressed
structural parameter. Using this analysis for an aging AHS gel (Chapter 4), we observed
a one-to-one correspondence between mechanical properties (G') and gel microstructure
(M) during aging, which was independent of the thermal pathway [75]. Interestingly, for
AHS colloidal glasses, it appears that the relationship between G’ and A during aging
may be influenced by the thermal profile. It is important to note that both gel and glass
aging were monitored over a two hour period, yet particle rearrangements were likely
slower in the concentrated sample due to the reduced mobility. In the aging gel sample,
the convergence of G’ from the heating and cooling direction occurred after
approximately an hour, after which the thermal history did not affect the relationship

between G’ and A; meanwhile, the convergence of the storage moduli in the glass sample
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occurred near the very end of the two hour experiment as displayed in Figure 5.8A. It
is at these later time points that values begin to converge as shown in Figure 5.8B. Based
on these results, we hypothesize that the influence of the thermal profile during
formation may weaken as the sample ages, and a longer aging experiment may reveal a

convergence of two thermal profiles shown in Figure 5.8B.
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Figure 5.8: The influence of thermal history on the microstructure and bulk
properties during aging is displayed. A. The evolution of the structural
parameter A and storage modulus, reported every six minutes, over a two
hour aging experiment is shown for a $=0.46 colloidal glass. Glasses
were formed and aged from two distinct thermal profiles: (1) the cooling
profile in which the temperature was dropped from 40°C to 29.4°C and
(2) the heating profile where the temperature was increased from 25°C to
29.4°C following a pre-shear protocol at 40°C. B. The storage modulus
is plotted as a function of its microstructure, captured by the structural
parameter A, which indicates that the relationship between G’ and A
during aging may be influenced by the thermal profile.
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5.3.3.2 Effect of Shear History

To assess how processing conditions influence the aging process, we probe the
aged glass by applying shear. In these experiments, glasses were formed from the
cooling profile and aged to a reference state of 4250 s, which was selected for
consistency to prior work [75]. The aged sample was then immediately sheared at rates
of 55,100 s, 500 st or 1000 s* for 20 minutes. The same sample was used for this
set of experiments, and was fully rejuvenated via thermal cycling between tests, as
described in the methods section. The microstructure and corresponding viscosity
during shear are displayed in Figure 5.9A and Figure 5.9B, respectively. Similar to the
previous analysis described above, the microstructural measurements were fit to the
SHS model, from which A values were calculated. For shear rates of 5 s, 100 s, 500
st and 1000 s, structural parameters of 1.03, 1.27, 1.08 and 0.94 were calculated,
respectively. The increase and subsequent decrease in A is consistent with the shear-
induced building and destruction of the sample microstructure, respectively. These
results are similar to the experimental results of Eberle and co-workers, which showed
that large strains (comparable to or exceeding the interparticle force) destroyed the
sample microstructure while weak flow led to additional structuring of the sample [104].
Under the conditions studied in this work, the pronounced shear-induced anisotropy
measured by Eberle et al. was not observed. Thus, the changes in A observed here are
due to shear-induced structure, which do not persist following the cessation of shear, as

discussed below.
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Figure 5.9: A. Microstructural measurements of 0.46 volume fraction colloidal glass
under shear rates of 5 s, 100 s, 500 s* and 1000 s for 20 minutes are
shown. The corresponding A values are: Ass*=1.03, A 100s=1.27,

Asoos =1.08 and A 1000s1=0.94. B. The corresponding viscosity
measurements during shear are also displayed.
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Following the application of shear, the aging process was tracked for an
additional 4250 s to further assess the influence of shear on the aging trajectory.
Specifically, the continued aging of the specimen was monitored using small amplitude
oscillatory shear measurements. The evolution of the microstructure is displayed in
Figure 5.10A after shearing at 1000 s. An initial, intermediate and final structure is
shown and the corresponding A values increase from 0.64 to 0.96 by the conclusion of
the 4250 s aging experiment. The increasing A values signify the rebuilding of structure
as the sample ages. Figure 5.10B displays the corresponding mechanical property
changes following shearing at the specified rate. Immediately following shear, G’
values decrease to below the detection limit on the rheometer following shearing at 500
st and 1000 s, indicating the higher shear rates rejuvenated the sample’s mechanical
properties. The mechanical properties following shearing at 100 s show an order of
magnitude decrease of G’, yet does not appear to fully restore the mechanical properties,
while the bulk properties following shearing at 5 s show only a slight decrease in
mechanical properties immediately following shear compared to the samples sheared at
higher rates. At the lowest shear rate tested (5 s), we do not observe clear evidence of
overaging. We note that the sample sheared at 5 s evolved to a slightly higher storage
modulus at the conclusion of the experiment when compared to samples that were
sheared at higher rates. However, this difference may also be due to slight variability
inaging (inset in Figure 5.10B). Future work testing the sample’s mechanical properties
and microstructure following the application of oscillatory strains (1 s™) are proposed
in Chapter 6 to investigate this phenomenon further. At the higher shear rates tested,
the rejuvenation of mechanical properties indicates that shear destroys the

microstructure, decreasing the glass “age”. However, despite rejuvenation of bulk
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properties following shear, the underlying microstructure may only partially rejuvenate,
as discussed further below. Regardless of shear history, however, the samples

eventually evolve along a similar trajectory as the sample ages (Figure 5.10B).
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Figure 5.10: A. Time-resolved microstructural measurements following 20 minutes of
shearing at a rate of 1000 s™ (A 4255=0.64, A 850s=0.74, A 4250s=0.96) are
displayed. B. The evolution of mechanical properties under SAQOS after
shearing for 20 minutes at the specified shear rate is shown.
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The effectiveness of mechanical rejuvenation to restore the original
microstructure in colloidal glasses has not been extensively investigated. By using a
system that is fully rejuvenated by thermal cycling, we investigate the use of shear as a
rejuvenation method, which may restore the original mechanical properties, but
incompletely rejuvenate the microstructure. Figures 5.11A and B compare the effects
of thermal rejuvenation and mechanical rejuvenation on the evolution of mechanical
properties and microstructure, respectively. Thermal rejuvenation consisted of shearing
the sample at 10 s in its liquid state at 40°C for 10 minutes followed by holding the
sample quiescently at 40°C for 2 minutes. Mechanical rejuvenation consisted of
shearing the sample at isothermally (at 29.4°C) at 1000 s for 20 minutes. Following
the cessation of shear, an immediate rise in the mechanical properties was observed,
whereas the sample that was thermally rejuvenated evolved more slowly. This indicates
that either the glass structure was not completely erased by shearing, or that the
microstructure continued to evolve under shear. Figure 5.11B confirms the former
perspective as the sheared sample starts with a much larger value of A. However, despite
differences in the trajectory during formation and early aging, the samples appear to
tend toward a similar equilibrium state regardless of shear history. Figure 5.12 clearly
shows similar aging trajectories; note that the cooling data was shifted in time only (by
24 minutes) to directly compare thermal rejuvenation to mechanical rejuvenation. This
long-time behavior is qualitatively similar to the results obtained for colloidal gels [75].
Indeed, the same empirical relationship between G’ and A that was developed for glass
aging following a thermal quench (equation 5.3) applies to glass aging following shear
at the rates tested in this work (Figure 5.13). We note that at short times immediately

following shear (corresponding to low A values in the figure), the data deviates from the
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relationship, which indicates that immediately following shear, A may not fully
characterize the microstructure. However, during long-time aging, this result indicates
that there is a one-to-one correspondence between the mechanical properties and

underlying microstructure under these experimental conditions.
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Figure 5.11: The effects of thermal and mechanical rejuvenation on gel mechanical
properties (G') and microstructure (A) are shown. Thermal rejuvenation
consisted of shearing the sample at 10 s in its liquid state at 40°C for 10
minutes followed by holding the sample quiescently at 40°C for 2
minutes. Mechanical rejuvenation consisted of shearing the sample at
isothermally (at 29.4°C) at 1000 s* for 20 minutes. A. Evolution of
storage modulus following thermal cycling and shear. B. Evolution of
microstructure following thermal cycling and shear.
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Figure 5.12: Data from Figure 5.11 replotted to directly compare thermal rejuvenation
to shear rejuvenation. Cooling data was shifted in time only (by 24
minutes) to overlay the aging trajectory following shear rejuvenation.
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Figure 5.13: The storage modulus is plotted as a function of its microstructure, which
is described by the structural parameter A, to directly relate the bulk
properties to the underlying microstructure following shear. The same
relationship between G’ and A that was developed for glass aging
following a thermal quench (egn 5.3, dashed black line) applies to glass
aging following shearing the sample at 5 s, 100 s, 500 s* and 1000 s,
indicating that there is a one-to-one correspondence between the
mechanical properties and underlying microstructure under these
experimental conditions. We note that at short times immediately
following shear (corresponding to low A values in the figure), the data
deviates from the relationship, which indicates that immediately
following shear, A may not fully characterize the microstructure.

117



5.4 Summary and Conclusions

In this work, we quantitatively relate rheological aging to structural aging in a
thermoreversible colloidal glass ($=0.46) using concurrent rheometry and time-resolved
small angle neutron scattering (Rheo-SANS) measurements. Time-resolved SANS
measurements were fit to the SHS model to obtain a Baxter parameter at each time-
point, from which a structural parameter A was calculated to quantify the evolution in
microstructure as the system ages. A monotonic increase in both the bulk properties
and structural parameter during aging was observed, from which an empirical
relationship between G’ and A was established. To our knowledge, this is the first
approach toward developing a phenomenological relationship between colloidal glass
microstructure and rheological properties during aging. Mode coupling theory predicts
a localization length of 3.8 nm for this AHS glass, which is on the order of the brush
size, indicating that local particle rearrangements may be responsible for the observed
rheological aging.

Moreover, by probing the system with different thermal profiles and shear rates,
the effects of thermal and shear history on glass mechanical properties and
microstructure during aging were investigated. At the shear rates tested, shear destroys
the glass microstructure, decreasing the glass “age” and either incompletely or fully
rejuvenating the mechanical properties at lower (5 s and 100 s%) and higher (500 s
and 1000 s!) shear rates, respectively. However, despite rejuvenation of bulk properties
following shear, the underlying microstructure may only partially rejuvenate. As the
model system employed in this study is fully rejuvenated by thermal cycling, we directly
compared thermal rejuvenation to mechanical rejuvenation.  After mechanical
rejuvenation, the evolution of the storage modulus and A progressed more rapidly

compared to the thermal rejuvenation, indicating that either the glass structure may not
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be completely erased by shear or that the microstructure continues to evolve under shear.
While the glass formation and aging trajectory is significantly affected immediately
following a temperature quench or the application of stress, the samples appear to
eventually evolve along a similar aging trajectory, independent of the thermal and shear
history for long times. Thus, despite differences in processing conditions tested here,
all samples eventually age similarly.

In conclusion, this work extends the understanding of aging behavior in colloidal
glasses by quantitatively linking the macroscopic bulk property changes to the
underlying microstructural rearrangements. The results and analysis contained herein
may be applied to further understand the molecular mechanism underlying the aging
process in other model colloidal systems or colloidal-based consumer products.
Moreover, our measurements and approach may be employed to validate or improve
simulations, and extended to examine and interpret non-equilibrium behavior in atomic

or molecular systems.
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Chapter 6

SUMMARY, CONCLUSIONS AND FUTURE WORK

In conclusion, significant progress has been made towards the development of
an advanced, protective material that offers self-healing functionality, which allows for
self-repair following material fatigue or failure, and increased strength in response to
ballistic or puncture threats via the incorporation of colloidal particles. In particular,
this thesis focused on the development and characterization of each component of the
envisioned material through (1) the design and testing of light- and force-activated
polymers for self-healing applications and (2) the characterization of the long-time
behavior in a model colloidal gel and glass. In Chapter 2, a new class of photo-active
materials was introduced that incorporated an iniferter group into the network
architecture, which initiated a photo-triggered secondary polymerization, increasing the
modulus by two orders of magnitude while strengthening the network by over 100%.
The final modulus was tuned a priori by adjusting the concentration of the
polymerizable group in the initial formulation. Moreover, the versatility of this new
approach was demonstrated in three ways: (1) fully healing, reforming, and
strengthening a sample after it had been severed, (2) photopatterning via spatial
confinement of the light-induced property changes, and (3) cold-working a polymer film
into a 3D configuration and then "locking-in" the film's shape using light. Previous
radical-based methods that use a separate photoinitiator eventually terminate,
eliminating the possibility of multiple healing events and making it challenging to tune

bulk properties changes; however, the radicals produced in the system described here
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are produced by a long-lived radical species that reversibly recombine, thereby allowing
radical generation within the network to be continuously triggered using light. The
utility of this dynamic bond is explored further in Chapter 3 by demonstrating that it is
triggered by mechanical force in addition to light. While most synthetic polymers fail
in response to sustained or increased levels of force, these force-responsive 'smart'
polymers were designed to cleave selectively under stress, which triggers a crosslinking
reaction and results in a significant macroscopic bulk property change (i.e., gelation)
within minutes. These polymers are engineered to contain reversible addition-
fragmentation chain-transfer (RAFT) units, or thiocarbonylthio functional groups, in the
polymer backbone that function as mechanophores (i.e., mechanically-responsive
chemical units). In contrast to other mechanophores, which require extensive synthetic
procedures, these polymers were synthesized in a single step via a RAFT
polymerization. = These new, force-sensitive polymer systems that respond
constructively to force are an important step towards developing responsive materials
that heal without human intervention.

In Chapters 4 and 5, a temperature-responsive model colloidal system was
examined to quantitatively relate rheological aging to structural aging by
simultaneously measuring the bulk properties and gel microstructure using rheometry
and small angle neutron scattering (Rheo-SANS), respectively. These studies enabled
an empirical relationship to be established between the time-dependent storage modulus
and the underlying microstructure as the sample aged. The effects of thermal and shear
history on the aging behavior of this thermally-responsive model system were
investigated in combination with the effectiveness of mechanical rejuvenation, which

appears to rejuvenate mechanical properties but does not fully restore the gel structure.
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Overall, the rheological and microstructural results for the colloidal gels and glasses
examined in this work were consistent with local particle rearrangements as the
mechanism of aging, which led to monotonically increasing interaction strengths in a
continuously evolving system, and supported the hypothesis that aging is governed by
the system’s trajectory in the free energy landscape.

In the work shown here, a photo-active ‘healing’ network and a mechanically-
active ‘healing’ polymer system were demonstrated; however, combining the two
concepts into a mechanically-active ‘healing” network, remains a challenge. The photo-
active network developed in Chapter 2 could not withstand force-based testing as the
material was highly solvated and weak prior to the secondary polymerization. By
altering the network chemistry (incorporating rigid isocyanate groups), a stronger
network was developed, but it did not allow for enough molecular mobility for the
second-stage polymerization on an experimentally accessible timescale, even when
tested under light. Towards the development of such a force-responsive crosslinked
network, a double network strategy incorporating “sacrificial” bonds should be
investigated [129]. The double network approach described by Durcot and co-workers
in 2014 resulted in an elastomer with increased stiffness and toughness due to sacrificial
bonds, which selectively broke before material failure occurred [129]. Here, such a
double network strategy would incorporate a rigid network (network 1) that can
withstand mechanical deformation while allowing the sacrificial bonds, such as the
trithiocarbonyl groups used in this work, to be incorporated in the crosslinks of another
network (network 2), that can cleave and initiate a healing polymerization. Preliminary
data indicate that the double network approach appears to be a viable path towards the

development of a mechanically-active polymer network.
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Additionally, further studies focusing on the aging behavior of the colloidal gels
and glasses are recommended. In particular, future work may further investigate
“overaging” behavior in the thermoreversible colloidal systems studied here. AS
described in Chapter 5, experimental and computational studies have shown that
application of low to moderate strain to colloidal systems led to overaging, or
accelerated aging. It is hypothesized that low or moderate shear enables the systems to
explore lower free energy states, thus promoting aging. Under the conditions studied in
this dissertation (i.e., steady shear), overaging behavior was not observed. However,
application of oscillatory shear at low shear rates may lead to overaging behavior and
future studies may investigate the structural and rheological response of the system
under these conditions using Rheo-SANS. Moreover, continued study of a weak
(¢=0.12) gel are envisioned. (Preliminary data for this sample are shown in Appendix
D.) In particular, it is hypothesized that a deeper (and more controlled) temperature
quench of the weak gel may lead to phase separation. By monitoring the rheological
changes and underlying microstructure during gel formation and aging following a deep
quench, a distinct mechanism of aging that was not observed for the gel and glass
samples studied in the dissertation may be revealed.

The results from this dissertation lay the foundation for the development of the
protective material described in the introduction. Such a material will offer self-healing
functionality, which will initiate self-repair in response to material fatigue or failure,
while simultaneously providing increased strength in response to ballistic or puncture
threats through the incorporation of colloidal particles. As future work, a self-healing
composite material composed of colloidal particles is proposed. In particular, colloidal

particles may be added as filler material to polymer networks containing a photo- or
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mechanically-responsive crosslinker, resulting in composite materials with enhanced
strength and reduced cost. To accomplish this, a solution-based model system
consisting of the mechanically-active polymer in solution with diacrylate monomer and
colloidal particles can be tested to evaluate the response of the system to applied force.
As described in in Chapter 4, the mechanically-active polymer initiated a radical
polymerization during sonication. In the work proposed here, the polymer system will
be tested using stress-controlled rheometry, which will provide a more precise measure
of the shear force required to cleave the polymer to aid in the formulation of the
composite material. Moreover, silica nanoparticles could be added to the formulation
to enhance the stress response. Future Rheo-SANS experiments could focus on
studying the microstructure during a force-induced crosslinking polymerization. An
alternative approach is to functionalize the silica nanoparticles with the labile bond
crosslinker described in Chapter 2. The particles can be formulated using a similar
synthetic strategy as the octadecyl coated-nanoparticles studied here.  These
functionalized particles may be used in formulations, such as those for shear thickening
fluids, which have been shown to exhibit significant puncture resistance, to enable a
secondary mechanism of stress response in these systems. Overall, the development of
such a composite, protective material has tremendous potential to enhance material

safety and dependability.
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Appendix A

SUPPORTING INFORMATION FOR PHOTO-ACTIVE HEALING
NETWORK

A.1 UV-Vis Spectrum for LBCL
As stated in Chapter 2, UV-Vis measurements of the LBCL diol (1 mg/mL) were
conducted using a NanoDrop 2000 Spectrophotometer from Thermo Scientific. The

UV-Vis spectrum shows that the LBCL strongly absorbs 320-380 nm light as shown in

Figure A.1.
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Figure A.1 UV-Vis spectrum of LBCL diol. The monomer absorbs 365 nm UV
light.

137



A.2 NMR Spectra for LCBL
NMR spectra were obtained from a Bruker AV 400 NMR Spectrometer as
shown in Figure A.2 and Figure A.3.
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Figure A.2: H NMR of LBCL.
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Figure A.3: 3C NMR of LBCL.

A.3 FTIR Spectra
All samples went to nearly full conversion as shown in Figure A.4. The baseline
in the spectra was corrected using the automatic correction in the Omnic Software for

the range shown in Figure A.4.
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Figure A.4: FTIR spectra before (solid line) and after (dashed line) two hours of

irradiation.
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Appendix B

NORBORNENE-BASED PHOTO-ACTIVE HEALING MATERIAL

B.1 Introduction and Objectives
This chapter describes prior work that led to the development photo-active
network presented in Chapter 2. The objective of this project was to develop a novel,
light-active polymer system by employing a molecular-level design based on the
incorporation of xanthate units which allow for rearrangement. We hypothesized that
the dixanthogen unit would dissociate under UV light, leading to formation of S-based
radicals, to enable bond rearrangement, stress relaxation and macroscopic healing. A

schematic is shown in Figure B.1.
S S S S
\’COJ\S—SJ\O/Y - \(\o)j\s' 5 'sJ\o/jr’

Figure B.1: We hypothesized that sulfur radicals would form under UV light causing
bond rearrangement, stress relaxation and healing.

To accomplish this, the project was divided into 4 main stages: 1) monomer
design, 2) monomer synthesis and purification, 3) polymerization and 4) material testing

and characterization.
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B.2 Monomer Design

The photo-active monomer structure contains a dixanthogen group (colored
green in Figure B.2). These units are commonly used as chain transfer agents in
reversible addition-fragmentation chain transfer (RAFT) polymerizations, which are
capable of undergoing reversible chain transfer reactions. When incorporated into a
polymer network, we hypothesize this group will allow for photo-activated bond
rearrangements and healing. Norbornene rings (colored purple in Figure B.2) were
chosen as the polymerizable end group since their reaction mechanism is chemically

orthogonal to the radical-based rearrangement.

S S
v I
Qo= o)
Figure B.2:  Monomer design for photo-active healing network.

For more information on the decision to synthesize this monomer, see Attempt

#1 through #4.

B.3 Monomer Synthesis and Purification

The synthesis steps are shown in Figure B.3.

NaBH4
MeOH
o e Qe
} ~ + sodlum tetrathionate @/\ /\@

Figure B.3: Synthetic steps for the formation of the photo-active monomer described
above.
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To synthesize the norbornene alcohol, 7 g NaBH4 (0.19 mol) was added to a
solution of 6.64 g of NaOH (0.17 mol) in 80 mL water at 0°C under argon. A solution
of norbornene-1-carboxaldehyde (47 g, 0.385 mol) in 232 mL methanol was added
dropwise to the NaBH4 suspension at 0°C. The reaction was warmed to room
temperature as it reacted overnight. The solution was neutralized at 0°C with 30%
H2S0O4 before the methanol was removed. The remainder was dissolved in diethyl ether
and washed with NaHCOs (3x) and brine (3x). The organic layer was dried with
magnesium sulfate, filtered and concentrated resulting in a 72% yield of purified
norbornene alcohol as a clear liquid. This procedure was from reference [130].

To synthesize the anion, NaH in mineral oil (8.00 g, 0.20 mol) was carefully
transferred to a round bottom, dissolved in 300 mL n-hexane and mixed for several
minutes to remove the mineral oil. After mixing, the pure NaH precipitated from the
solution which was removed. This process was repeated twice. The pure NaH was then
dissolved in 260 mL THF and 12.4 g of norbornene alcohol (0.10 mol) was subsequently
added. The solution was put on ice and 12.09 mL of CS; (0.20 mol) was added dropwise
and reacted for 4.5 hours. After this time, the solution became orange (pH=9). The
solution was neutralized with 1M HCI, yielding a red solution and deep red precipitate,
which was removed by filtration. The THF in the filtrate was subsequently evaporated
resulting in a yellow-orange solid anion. The anion was dissolved in 50 mL of water.
Sodium tetrathionate (15 g, 0.05 mol) was dissolved in 50 mL water and added dropwise
to the aqueous anion solution. A yellow-orange precipitate immediately formed and the
reaction continued for three hours. The precipitate was isolated, dissolved in DCM and
washed with water (3x). The organic phase was dried with magnesium sulfate, filtered

and concentrated to yield a yellow liquid product. The product was purified by column
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chromatography (gradient from 0-5% ethyl acetate in hexanes) to afford the purified
disulfide as a yellow liquid (44% yield). The liquid solidified within two days as the
small amounts of solvent evaporated (mass spectrometry results: expected=398.05,
observed=398.05).

For more information about the development of this procedure, see Attempt #2

through #7.

B.4 Polymerization and Network Formation

The network was formed using ring-opening metathesis polymerization
(ROMP), which is driven by the relief of strain in ring structures and is chemically
orthogonal to the radical-based rearrangement. (For more information about why a
chemically orthogonal polymerization scheme was required, see Previous Attempt #1
where an orthogonal polymerization scheme was not used). The reaction was catalyzed
using Grubbs second generation catalyst. To form the network, the disulfide was
polymerized with cyclooctene, which also served as the solvent. (For more information
regarding the incorporation of cyclooctene, see Attempt #8.)

First, 0.005 g Grubbs catalyst was dissolved in 5 mL cyclooctene. Then, 2 mL
of this solution was rapidly mixed with the corresponding amount of disulfide (see Table
B.1). The solution was quickly transferred by pipette and cast between two glass slides
separated by a 1/16™ inch shim held by binder clips. The reaction continued overnight

to yield films ranging in composition from 0 to 15 wt % disulfide (see Figure B.4).
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Table B.1:  Films ranging in disulfide composition produced.

Disulfide Amount of Disulfide Observation
[wt %] [a]

0 0 Purple, opaque, very hard film
2 0.04 Opaque, dark tan film, very rigid
5 0.1 Transparent, yellow film
8 0.15 Transparent, yellow film
10 0.2 Transparent, yellow film
15 0.3 Yellow, ridges in film, pockets of liquid

Figure B.4: Picture of the films ranging in composition from 0 to 15 wt % disulfide
(top row, I-r: 0 wt%, 2 wt%, 5 wt%,; bottom row, I-r: 8 wt%, 10 wt%, 15
wt%)

Fourier transform infrared spectroscopy (FTIR) was used to monitor the
polymerization of a 5 wt% disulfide solution. A 5 wt% sample was prepared as
described above and rapidly injected between two NaCl disks. The spectra before and

after 450 minutes of polymerization are shown in Figure B.5 in addition to the
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conversions calculated from peaks corresponding to alkene C-H and C=C stretches. The
disappearance of these peaks in conjunction with the appearance of the peak at 967 cm’
! corresponding to C-H stretch on a disubstituted alkene indicate the opening of the ring
and successful, yet incomplete polymerization. However, it was not clear from the
spectra if the norbornene on the disulfide was polymerizing with the cyclooctene. To
test this, the 0 wt% disulfide film was dissolved in toluene and heated until it dissolved
completely indicating that it was not crosslinked. When subjected to the same
conditions, the 5 wt% film did not dissolve suggesting that a crosslinked network was

formed.
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Figure B.5: FTIR spectra before and after (t=450 min) ROMP polymerization.
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Figure B.6: Conversion plot calculated from peaks corresponding to alkene C-H and
C=C stretches

B.5 Testing and Characterization

These materials were designed to heal under light. The films were sliced in half
using a razor blade; the two halves were subsequently held together under 365 nm light
(Exfo, Omnicure Series 2000 UV lamp). However, none of the films healed under UV
light (see Table B.2).

Since the material did not heal, it was tested to determine if it could photopattern.
A photomask with vertical lines was placed on top of the film and irradiated with 365
nm light. Results are shown in Table B.2. We hypothesized that the rearrangement of

the photo-active disulfide caused the patterning.
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Table B.2:  None of the samples heal. The 5 wt% disulfide film photopatterns.

Disulfide Healing Photopatterning
[wt %0]
0 Did not heal Did not photopattern
2 Did not heal Did not photopattern

5 Did not heal Photopatterns

8 Did not heal Slight pattern detected
10 Did not heal Did not photopattern
15 Did not heal Did not photopattern

Photo-induced stress relaxation experiments were conducted using a dynamic
mechanical analyzer (TA Q800 DMA) and a UV lamp with a 365 nm filter. The
material was strained to 5%, and stress was measured. Since the 5 wt% film
photopatterned, it was selected for these experiments.

The stress-relaxation experiments revealed large changes in the material over
time. For instance, when the material was strained at 5%, the initial stress measured
was approximately an order of magnitude higher for a sample aged two weeks (Figure
B.8) when compared to the initial properties of the same film (Figure B.7). Furthermore,
the material became visibly cloudy and significantly stiffer over time. In the area where
the sample was irradiated, it returned to its original, transparent state while the area
under the clamps remained stiff and opaque. The material appeared to relax when
irradiated in both cases, which we hypothesized was due to light-triggered disulfide

rearrangement, yet the aging behavior described above was further investigated.
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Figure B.7: Stress relaxation of a new sample and the same sample one week later
(Figure B.8). The initial stress is approximately an order of magnitude
higher in the older sample.
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Figure B.8: Stress relaxation of the sample shown in Figure B.7 one week later. The
initial stress is approximately an order of magnitude higher in the older
sample.

The disulfide-containing cyclooctene films did not age consistently. For
example, two separate samples were aged to one week and are shown in Figure B.9 and
B.10. These are 5 wt% disulfide monomer samples, prepared identically and left in the

same location for one week. However, the initial modulus of each sample differs by
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more than an order of magnitude, which indicates that the aging process was not

controlled or was extremely sensitive to environmental conditions.

Figure B.9:

Figure B.10:
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Stress relaxation of a 5 wt% disulfide sample tested one week after
polymerization. It was prepared identically and aged in the same location
as the sample shown in Figure B.10. There is more than an order of
magnitude difference between the two samples indicating that the aging
process was not controlled.
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Stress relaxation of a 5 wt% disulfide sample tested one week after
polymerization. It was prepared identically and aged in the same location
as the sample shown in Figure B.9. There is more than an order of
magnitude difference between the two samples indicating that the aging
process was not controlled.
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To determine if the discrepancy arose due to inconsistencies while making or
measuring the films, three different films were made independently from each other on
the same day; two to three samples from each film were tested (Figure B.11). Within
the same film, there was little to no variation between samples. Additionally, the three
different films exhibited only slight variation between them, thus indicating that
inconsistencies while making or measuring the films could not explain the large
discrepancies between the films shown in Figure B.9 and Figure B.10. Therefore, it

appears that the materials start with similar properties, which age differently over time.
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Figure B.11: Three different films (shown in a-c) were made independently from each

other on the same day; 2 to 3 samples from each film were tested. Time
axis was adjusted such that the light is turned on at the same time point.

152



The effect of temperature on the storage modulus and tan delta is shown in
Figure B.12. At 50°C, the storage modulus becomes constant indicating no structure
remains in the material. To eliminate the structure, an aged sample was heated in an
oven overnight at 60°C. After heating, the aged material returned to its initial
appearance; it became transparent and less stiff. The material was tested (Figure B.13)

and is similar to the fresh sample shown in Figure B.7.
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Figure B.12: Storage modulus (dashed line) and tan delta (solid line) as a function of
temperature.
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Figure B.13: Heated sample shows similar behavior to the fresh sample.
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Based on these results, we hypothesized that the material was crystallizing.
Diffraction patterns measured by wide angle x-ray scattering (Bruker D8 XRD)
confirmed the presence of crystallinity in aged samples (Figure B.14). The five day old
sample had sharp peaks, indicating that it had crystallized in contrast to the one day old

film, which was amorphous.
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Figure B.14: Material crystallizes over time.

Since the material becomes crystalline, it is very likely that when the sample was
irradiated, it transitioned from a crystalline to non-crystalline state, which resulted in
the relaxation behavior measured above. This is consistent with the material becoming
transparent in the irradiated areas and matching the behavior of samples that were heated
in the oven. Further, under less intense light (30 mW/cm?), no relaxation was observed
suggesting that it was the heat from the lamp that was changing the material’s properties
rather than the light itself. Moreover, the same relaxation experiment was conducted
using 470 nm light, which is not absorbed by the disulfide according to its UV-Vis
spectrum. The same relaxation behavior occurred, further suggesting that the relaxation
was temperature-driven as the material transitioned from a crystalline to non-crystalline

state and that the disulfide played little to no role.
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Figure B.15: No response under less intense light (30 mW/cm?) is measured.
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Figure B.16: Relaxation measured using 470 nm light, which is not absorbed by the
disulfide.

To ensure no chemical changes were occurring during irradiation, FTIR spectra
were obtained before and after 60 minutes of irradiation. No changes were observed,
as shown in Figure B.17, which suggests that no reactions occurred during irradiation,
although it is possible that the change is below the detection limit given the low

concentration of disulfide in the films.
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Figure B.17: FTIR spectra (a) before and (b) after 60 minutes of irradiation. No
changes were observed.

B.6 Conclusions
In conclusion, the desired dixanthogen monomer with norbornene end groups
was successfully synthesized and polymerized via ROMP, which is orthogonal to the
radical-based rearrangements. The dixanthogen monomer was not completely
polymerized as determined by FTIR and the material crystallized over time as measured
by wide angle x-ray scattering. The resultant material did not heal when exposed to 365
nm UV light though the materials did exhibit stress relaxation and were capable of

photopatterning. However, this behavior was likely temperature-driven as the material
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transitioned from a crystalline to non-crystalline state since relaxation was observed
using 470 nm light which is not absorbed by the disulfide according to its UV-Vis
spectrum. Additionally, materials that were heated to a temperature sufficient to remove
structure from the material prior to testing at room temperature did not significantly
relax. Thus, the disulfide played little to no role in promoting healing, stress relaxation
and photopatterning in the network.

From this work, it was apparent that a new network design was required. ROMP
served as an orthogonal polymerization scheme, but the network polymerization did not
go to full conversion, which led to undesired reactions as the unreacted norbornene and
cyclooctene can interfere with the radical-based disulfide recombination. Additionally,
the material crystallized over time. More importantly, incomplete polymerization was
observed even after hours of irradiation, further reinforcing the need for an orthogonal
polymerization strategy to the radical-based rearrangement. A new polymerization
strategy was limited by the norbornene end group and this prompted the redesign of the
monomer. The knowledge gained in this study was applied to the photoactive system
described in Chapter 2, which differs from the disulfide monomer structure discussed
here by the incorporation of a xylene group in the center of the molecule. Successful
light-active, radical chemistry and mechanochemistry have been demonstrated in
polyurethane networks [16, 131]. Based on these results, the best option moving
forward was to redesign the mechano-monomer for incorporation into polyurethane
networks, and the reactions used to make the monomer for the light-active system of

Matyjaszewski were adapted to do so.
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Attempt #1: Incomplete radical-based polymerization

One of the earliest systems tested involved synthesizing a new monomer that
was capable of light-activated rearrangements when incorporated into a thiol-ene
network. The synthesis steps are shown below and the synthetic procedure for the first

step was adapted from reference [132].
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Figure B.18: Synthesis for light-active crosslinker in thiol-ene network

Synthesis procedure: Approximately 65 mL of allyl alcohol was mixed with 10.0 g of
KOH. Following this, 13 mL (0.22 mol) of carbon disulfide was added slowly under
argon and there was an instant change from green to yellow. The reaction proceeded
for one hour until 60 mL of diethyl ether was added to reaction to precipitate the allyl
alcohol anion. The product was washed in hexanes and isolated via filtration to yield a
yellow solid (62% yield). Allyl bromide (1.5 mL, 0.178 mol) was mixed with 3.43 g
(0.02 mol) of anion in 100 mL of methanol overnight. The methanol was then
evaporated and the remainder was dissolved in chloroform and washed three times with
water. The organic phased was dried with Na.SO4 and the solvent was evaporated to
yield a yellow oil (20% yield). An allyl bromide impurity remained.

A control monomer with a similar molecular weight was developed for the

system and the synthesis step is shown below:
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Figure B.19: Synthesis of the control monomer

Synthesis procedure: Under argon, 5.8 mL of trimethylamine was dissolved in
70 mL of DCM. To this solution 3.5 mL of allyl bromide was added and mixed on ice.
A solution containing 50 mL DCM and 1.8 mL ethanedithiol was added dropwise. The
ice bath was removed when both solutions had mixed and the reaction proceeded for
four hours. The product was washed with water three times and the DCM was
evaporated. A white product remained; it was inconclusive if the desired product had
formed and it was never separated from the remaining unreacted starting materials.

A radical thiol-ene polymerization was attempted with the synthesized
monomer, TMPMP, a trithiol, and 1-185, a photoinitiator. However, regardless of the
light intensity, a network did not form. A network was formed when 50% of the
synthesized monomer was replaced with tri(ethylene glycol) divinyl ether. The
resultant network was sticky regardless of the irradiation time and dosage. Since the
synthesized monomer was developed to enable rearrangement under light, the network
was tested via photopatterning. The film successfully patterned when irradiated,
although this may be due to a combination of continued polymerization and
rearrangement. Likely, the films never fully polymerized; the film was simultaneously
reorganizing and polymerizing throughout testing. This result underscored the need for

a polymerization strategy that is chemically orthogonal to the rearrangement reaction.

159



Attempt #2-#4: Unsuccessful attachment of carbon disulfide

After Attempt #1, it was apparent that an orthogonal polymerization scheme was
necessary and a norbornene ring was chosen for ROMP. The successful addition of
carbon disulfide to a starting material with a norbornene ring was a major challenge.
Furthermore, detection of this attachment was an additional challenge. Figure B.20

summarizes the starting materials to which carbon disulfide addition was attempted.

o o] OH
Q J/
OH
NH N/ N
(o] le) @ (o]

5-norbornene-2,3- N-hydroxy-5- Hydroxyethyl-tetrahydro-
dicarboximide norbornene-2,3- expoxyisoindoledione
dicarboximide

Figure B.20: Starting materials to which carbon disulfide addition was attempted.

Combination tables testing different starting materials, solvents and bases at
varied temperature and times over a range of concentrations were developed. Examples
are shown in Table B.3 and B.4. Ultimately, various experimental conditions were
tested by modifying the solvent (e.g., DMSO, DMF, ethanol, CSy), base (e.g., NaOH,
KOH, NaH) and time, but formation of the desired product was unfavorable under the
conditions we tested as determined by *H NMR. Typical results included only starting
materials present at the conclusion of the reaction. Using the third starting material
shown in Figure B.20, carbon disulfide successfully attached, but yields were less than
2%. However, 'H NMR is not ideal for determining CS, incorporation and future

studies with norbornene alcohol as the starting material used *C NMR and mass
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spectrometry. A secondary reaction involving dibromoxylene addition was also tested

by varying concentrations of dibromoxylene for a related project.

Table B.3: Example synthesis table testing different solvents

Starting CS2 NaH Solvent Temperature Time
Material
1 eqv. 2 eqv. 2 eqv. DMSO 0°C 4 hr
1eqv. 2 eqv. 2 eqv. DMF 0°C 4 hr
1 eqv. 2 eqv. 2 eqv. Ethanol 0°C 4 hr
1 eqv. -- 2 eqv. CS 0°C 4 hr

Table B.4: Example synthesis table testing different reaction times

Starting CS2 NaH Solvent Temperature Time
Material
1eqv. 2 eqv. 2 eqv. Anhydrous 0°C 1hr
THF
1eqv. 2 eqv. 2 eqv. Anhydrous 0°C 2 hr
THF
1eqv. 2 eqv. 2 eqv. Anhydrous 0°C 6 hr
THF
1 eqv. 2 eqv. 2 eqv. Anhydrous 0°C overnight
THF

Attempt #5-#7: Formation of disulfide bond
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Disulfide formation was not successful using the reactions shown below. In all
reactions, water was used as the solvent since it readily dissolved the anion and, ideally,
the disulfide would precipitate out of solution. In the first reaction scheme, oxygen was
bubbled through the sample for several days to promote disulfide formation, however
no reaction took place. The anion was then acidified and the same reaction was re-
attempted, yet disulfide formation was not favored. In the third reaction scheme shown,
an excess of iodine was reacted with the anion; unfortunately the iodine reacted with

the norbornene group instead and again no disulfide was formed.

A AHEY
2 a — 1
S
)j\ HCl )]\
o« oxygen
R @/\O - Na+ - 5 @/\o S H . NaCl o @/\

Figure B.21: Disulfide bond not formed using these schemes.
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Attempt #8: Non-ideal film for testing

A solution of 10 wt% monomer (25% disulfide, 75% 2-norbornene) in DCM
was polymerized in a scintillation vial to form a gel which could provide enough
mobility to allow for rearrangement and healing. Specifically, a stock solution of 0.03 g
of Grubbs catalyst was added to 5 mL anhydrous DCM. A solution consisting of 0.14
g of 2-norbornene in 0.5 mL anhydrous DCM was mixed with a solution consisting 0.2
g of the disulfide monomer in 0.5 mL anhydrous DCM. Argon was bubbled through
the catalyst stock solution and the monomer solution prior to injecting 1.2 mL of the
stock solution into the monomer solution. The solution was vigorously mixed in a
scintillation vial for several minutes, the stir bar was removed and the solution was left
to polymerize. The resultant gel was dark yellow and after washing it in DCM, became
lighter yellow yet remained sticky. The gel was sliced in half, then joined together and
held under 365 nm light. After a few minutes, the sample adhered to itself and could be
held from one end without falling apart. As a control, no light was used and the material
could not be held from one end without falling apart despite being sticky. However, the
sample could not heal in the same place twice, indicating that the sulfur radical may be
attacking unreacted norbornene rather than recombining with itself. To ensure that the
catalyst was not continuing to react, the same procedure was followed but the gel was
swelled in ethyl vinyl ether to inactivate the catalyst. The gel was sliced, held together
under 365 nm light and healed.

The next challenge was casting the material into a film so it could be tested via
DMA. The same solution was formed and instead of polymerizing in a scintillation vial,
it was cast between two glass slides separated by a spacer. The DCM evaporated
significantly during the polymerization, causing the film to form bubbles and

significantly shrink. To prevent evaporation, the film was polymerized in DCM
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chamber filled with DCM and towels soaked in DCM. This prevented some of the
evaporation, but DCM was replaced with DMF since it would evaporate less.
Unfortunately, the DMF caused phase separation during polymerization. DMF was
replaced by toluene as the solvent; for this procedure, 0.005 g Grubbs catalyst was
dissolved in 5 mL of toluene. A solution of 0.14 g of 2-norbornene in 0.5 mL anhydrous
toluene and a solution of 0.2 g of the disulfide monomer in 0.5 mL anhydrous toluene
was mixed together yielding transparent, clear films. Evaporation was significantly
decreased compared to earlier formulations and no bubbles were formed. However,
these gels did not heal and shriveled over time. The material did photopattern, yet
significant evaporation occurred during the patterning under the heat of the lamp, which
caused changes in the material’s shape. Additionally, the material was very slippery
and therefore could not be adequately stretched and held in place due to the high
concentration of solvent. During stress relaxation experiments conducted using DMA,
the material continually evaporated and never reached constant value. For these

reasons, the solvent and 2-norbornene were replaced with cyclooctene.
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Appendix C

COLLOIDAL GEL AGING DATA

This appendix provides the raw data set for the AHS thermoreversible gel
(6=0.28) shown in Figure 4.1. The temporal evolution of G" and G" are shown for a
sample quenched from the liquid state at 40°C to the gel state at 28.6°C. The small
amplitude oscillatory shear experiment (1 rad/s, 0.1% strain) was collected on the DHR

rheometer. The data set can be obtained by following the link below:

https://drive.google.com/open?id=0B4FEVWFQZuzWUE9JSGFwbzlYQWSs
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Appendix D

MICROSTRUCTURAL BASIS OF AGING IN WEAK (¢=0.12)
THERMOREVERSIBLE COLLOIDAL GELS

D.1 Introduction
This work investigates aging behavior in a low concentration (¢=0.12)

thermoreversible colloidal gel.

D.2 Experimental Methods

Particle Synthesis and Gel Formation: Silica nanoparticles were functionalized with an
octadecyl brush by following an established procedure [28, 39]. Specifically, 30 nm
silica nanoparticles (Ludox TM-50, Sigma Aldrich) and reacted with 1-octadecanol
(Alfa Aesar), as discussed in Chapters 4 and 5. The particles were purified by washing
three times in a 60:40 cyclohexane/chloroform mixture in a Sorvall RC 6 Plus
centrifuge. Solvent was removed from the particles by placing them under a nitrogen
stream and then in a vacuum oven overnight. The particles were dispersed in
tetradecane to form a 0.12 volume fraction colloidal gel.

Rheo-SANS Measurements: Concurrent rheological and small angle neutron scattering
(Rheo-SANS) measurements were performed at the National Institute of Standards and
Technology (NIST) Center for Neutron Research (NCNR) in Gaithersburg, MD. An
Anton Paar MCR-501 stress-controlled rheometer was placed into the NGB30
beamline. The AHS sample was placed within titanium concentric cylinder geometry

with an inner bob diameter of 28 mm and a 0.5 mm gap. Time-resolved SANS
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experiments were conducted in the 1,3 plane at a detector distance of 13 m with a lens.
The same sample was used for all tests; between tests the sample was fully rejuvenated
by thermal cycling. The pre-shear protocol consisted of (1) shearing the sample in its
liquid state at 10 s™ for 10 minutes at 40°C and (2) holding the sample quiescently at
40°C for 2 minutes. Aging experiments were conducted at 28.4°C at 0.1% strain and a
frequency of 1 Hz. SANS data was reduced using the SANS Data Reduction Macros
in Igor Pro available from NIST [92]. Time-resolved scattering results were binned
using event mode processing in Igor Pro. 1-D scattering patterns were fit to the sticky
hard sphere (SHS) model to extract the Baxter parameter (1) in SAS View. Fitting
parameters are described elsewhere [39, 75]. The same scattering length density (SLD)
of the shell reported in Chapter 4 was used (SLD shell =-3.9e-07 A?) to data. The

perturbation parameter was fixed as € = 0.01 for all cases.

D.3 Results and Discussion
A frequency sweep at 28.4°C was conducted to determine that a soft gel capable
of flowing homogeneously formed. The sweep shown in Figure D.1 was conducted at
0.1% strain at 28.4°C in the Couette geometry on the Anton Paar MCR-501 rheometer.
The system was equilibrated at this temperature for 45 minutes before initiating the
frequency sweep. All aging experiments were subsequently conducted at this

temperature.
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Figure D.1: Frequency sweep at 28.4°C. The sample forms a soft gel at this
temperature.

Rheological aging of the colloidal gel at 28.4°C is shown in Figure D.2. Gel
formation was induced by two distinct thermal pathways: (1) the cooling direction in
which the sample was quenched from its liquid state at 40°C to 28.4°C and (2) the
heating direction in which the sample was quenched from 40°C to 25°C and then to
28.4°C. Note that the gas-cooled Rheo-SANS Couette sample environment displayed
imperfect temperature control, which caused overshoots in temperature during the
quench. The temperature was steady during the aging shown in the figure. As expected,
the ¢=0.12 evolved to lower final storage modulus after the two hour aging experiment

when compared with the $=0.28 colloidal gel and the $=0.46 colloidal glass.
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Figure D.2: Evolution of the storage moduli (G’) when the gel was quenched from the
heating and cooling direction.

Time-resolved SANS experiments were conducted simultaneously with the
aging experiment described above and the time-resolved data are shown in Figure D.3
and Figure D.4 for the cooling and heating profile, respectively. Specifically, two
thermal profiles were investigated: (1) quenching from 40°C to 28.4°C (the cooling
direction) or (2) quenching from 40°C to 25°C to 28.4°C (the heating direction).
Samples were fully rejuvenated between aging experiments following the pre-shear
protocol described in the methods section. The time-resolved measurements were
divided into 20 bins, each 6 minutes in duration. The evolution in microstructure for
samples formed from the heating direction are consistent with a more deeply quenched
gel, in which the gel samples a reduced number of energy states as it evolves toward
equilibrium compared to gels formed from the cooling direction. Gels quenched from

the cooling direction show greater changes in microstructure during aging, which is
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consistent with particles sampling lower energy states via thermal motion. These results
are qualitatively similar to the structural evolution observed for AHS colloidal gels [75]
and colloidal glasses in Chapter 4 and Chapter 5, respectively, where the thermal profile
during gel and glass formation was also investigated. As expected, the nearest neighbor
peak at q=~0.02 A for gels and glasses discussed earlier, which corresponds to a length
scale of approximately 30 nm (diameter of the AHS), is not observed in the scattering
data for the ¢=0.12 gel. Furthermore, due to its enhanced mobility, the ¢=0.12 gel
exhibits greater changes during its structural evolution compared to the more
concentrated suspensions over the two hour aging experiment. Overall, the
microstructural measurements are consistent with the free energy landscape viewpoint
of gel aging, where the gel ages by sampling lower energy states as it evolves toward

the global minimum, or the equilibrium state.
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Figure D.3: A. Time-resolved small angle neutron scattering (SANS) data during a
two-hour aging experiment. The gel was quenched from the cooling
direction. B. The data was fit to the sticky hard sphere model for the
cooling direction. All fitting parameters are fully described in the gel
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Figure D.4: A. Time-resolved small angle neutron scattering (SANS) data during a
two-hour aging experiment. The gel was quenched from the heating
direction. B. The data was fit to the sticky hard sphere model for the
cooling direction. All fitting parameters are fully described in the gel
aging chapter. The intensity was doubled from the previous data set to
clearly show the fits.
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To develop a relationship between the macroscopic bulk property changes and
the evolving microstructure, the structural parameter A was used to quantify the evolving
microstructure, in accordance with the methods described in Chapter 4 and Chapter 5.
In brief, the time-resolved microstructural data was first fit to the sticky hard sphere
(SHS) model, which mathematically describes an attractive hard sphere system. In this
representation, a single parameter, 13, known as the Baxter or “stickiness” parameter,
characterizes the adhesive strength of the system. Thus, by fitting the SHS model to the
microstructural measurements, the Baxter parameter at each time point was obtained,
which tracked the structural evolution during colloidal gel aging. Following similar
analysis to the gel aging and glass aging described earlier, we calculated a structural

parameter A as follows to quantify structural changes toward equilibrium:

eq_ __eff
A= (D.1)

Tyho " Too

where T4 is the value of the Baxter parameter in the liquid state at 40°C, t°f is the
value of Baxter fit parameter during each time interval and t, is the equilibrium Baxter
parameter. By fitting the SHS model to time-resolved SANS data, rj‘g = 0.270 and
T, =~ 0.131.

As shown in Figure D.5 A and B, there is a monotonic increase in both G" and A
as the sample evolves towards its equilibrium state. The noise in the data is due to noise
from SANS measurements and/or nonlinear model fitting. The bulk properties (G) are
plotted as a function of A in Figure D.5 C, which shows a one-to-one relationship
between storage modulus and microstructure that evolves in time as the sample ages.

This result is consistent with the aging behavior observed for the colloidal gels and glass
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studied earlier. The following equation was used to capture the relationship between
log G’ and A for times > 18 minutes as the glass ages:

logG' =9.49 1 — 8.14 (D.2)
where 0.92<A<1.0. This equation enables a quantitative, empirical relationship between
colloidal glass microstructure and rheological properties during aging, which is
independent of thermal history. This one-to-one correspondence between the evolution
of G"and A is consistent with the free energy landscape viewpoint of aging, in which the
gel evolves toward equilibrium by gradually sampling progressively lower energy
states.

To elucidate the mechanistic origin of the aging process in the weak gel, we
calculate a localization length based on predictions from mode coupling theory (MCT).
As described in previous chapters, the localization length is the mean squared
displacement of particle motion when trapped within a cage of nearest neighbors. The

prediction from MCT is shown below:

G'a3 ¢pa?

(D.3)

where a is the particle radius and rioc is the localization. Using the final G’ value
measured after two hours of aging during the small amplitude oscillatory shear
measurement, a localization length of 20.4 nm was calculated. This result is indicative
of cluster formation, which suggests that the diffusive motion of these clusters gives rise
to the aging behavior. This differs from the calculation for the concentrated gel and
glass sample studied earlier, where the localization length was on the order of the brush
size, suggesting local particle motion as the mechanism of aging. The scattering data
and localization length for the ¢=0.12 sample do not suggest phase separation; for such

phase-separating systems, a localization length corresponding to 3-4 particle diameters
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was reported [103]. Instead, these results suggest local, cluster rearrangement the

mechanism of aging in the homogeneous gel.
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Figure D.5: Time-resolved Rheo-SANS and rheological measurements are shown.
The evolution of G" and A as a function of time are shown from the (A)
cooling direction and (B) heating direction. (C) The storage modulus is
plotted as a function of the structural parameter, A for times > 18 minutes
to develop the quantitative relationship: log G' = 9.49 1 — 8.14 where
0.92<A<1.0.
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Next, shear was applied to the aged sample to evaluate how processing
conditions alter the aging process. To conduct these experiments, gels were formed
from the cooling profile and aged to a reference state of 4250 s, which was selected for
consistency to prior work [75]. The sample was subsequently tested at shear rates of
100 s and 1000 s for 20 minutes. The microstructure and corresponding viscosity
during the application of shear are shown in Figure D.6A and Figure D.6B, respectively.
Similar to the previous analysis described above, the microstructural measurements
were fit to the SHS model, from which A values were calculated. Structural parameters
of 0.971 and 0.950 were calculated for shear rates of 100 s and 1000 s, respectively.
While a shear rate of 1000 s was applied to the sample, we observed a decrease in the
fitted A value, which indicates shear-induced destruction of the microstructure,
consistent with the results presented in Chapter 5 and the work of Eberle and co-
workers [104]. Similarly, overaging of the gel when subjected to the lowest shear rate
tested (100 s) was not observed, which is consistent with the results obtained for the

colloidal glasses.
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Figure D.6: A. Microstructural measurements of 0.12 volume fraction colloidal gel
under shear rates of 100 st and 1000 s for 20 minutes are shown. The
corresponding A values are: A100s-1=0.971 and A 1000s-1=0.950. B. The
corresponding viscosity measurements during shear are also displayed.
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The aging process following the application of shear was monitored to assess
the effect of stress on the aging trajectory. Specifically, the continued aging of the
specimen was monitored using small amplitude oscillatory shear measurements. The
evolution of the microstructure is displayed in Figure D.7A after shearing at 1000 s™.
An initial, intermediate and final structure is shown and the corresponding A values
increase from 0.978 to 0.994 by the conclusion of the 4250 s aging experiment. The
increasing A values signify the rebuilding of structure as the sample ages. Figure D.7B
displays the corresponding mechanical property changes following shearing at the
specified rate. As shown in the figure, the mechanical properties decrease by almost
two orders of magnitude following shear and the sample subsequently ages following a
similar trajectory as the unstressed sample by the conclusion of the 4250 s experiment.
These rheological results indicate rejuvenation of the mechanical properties at shear

rates of 100 s and 1000 s™.
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Figure D.7: A. Microstructural measurements of 0.12 volume fraction colloidal gel

under SAOS following shearing at 1000 s*%. B. Evolution of mechanical

properties under SAOS after shearing for 20 minutes at the specified
shear rate.
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The experiment described above was further analyzed to evaluate the use of
mechanical rejuvenation to restore the original microstructure and bulk properties in
colloidal glasses. As the AHS system can be fully rejuvenated by thermal cycling, the
bulk properties and microstructure following thermal and mechanical rejuvenation
protocols were directly compared. Figure D.8 A and B compare the effects of thermal
rejuvenation and mechanical rejuvenation on the evolution of mechanical properties and
microstructure, respectively. Thermal rejuvenation consisted of shearing the sample at
10 st in its liquid state at 40°C for 10 minutes followed by holding the sample
quiescently at 40°C for 2 minutes. Mechanical rejuvenation consisted of shearing the
sample at isothermally (at 28.4°C) at 1000 s for 20 minutes. Following the cessation
of shear, an immediate rise in the mechanical properties was observed, compared to the
sample that was thermally rejuvenated. The evolution of mechanical properties
progressed more rapidly following mechanical rejuvenation compared to the thermal
rejuvenation. This indicates that either the gel structure was not completely erased by
shear or that the microstructure continues to evolve under shear. Figure D.8 B shows
that higher A values immediately following shear were measured. However, despite
differences in the trajectory during formation and early aging, the samples appear to
tend toward a similar equilibrium state regardless of shear history. This behavior is
qualitatively similar to behavior observed earlier for the $=0.28 colloidal gel and ¢=0.46
colloidal glass. Figure D.9 displays the relationship between G’ and A following thermal
cycling and shearing 1000 s, Notably, the same relationship between G’ and A that was
developed for gel aging following a thermal quench (equation D.2, shown as a black
line in Figure D.9) applies to gel aging following shear at 1000 s, indicating that there

iS a one-to-one correspondence between the mechanical properties and underlying
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microstructure under these experimental conditions. We note that at short times
immediately following shear (corresponding to low A values in the figure), the data
deviates from the relationship, which indicates that immediately following shear, A may

not fully characterize the microstructure.
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Figure D.8: The effects of thermal and mechanical rejuvenation on gel mechanical
properties (G') and microstructure (A) are shown. Thermal rejuvenation
consisted of shearing the sample at 10 s in its liquid state at 40°C for 10
minutes followed by holding the sample quiescently at 40°C for 2
minutes. Mechanical rejuvenation consisted of shearing the sample at
isothermally (at 28.4°C) at 1000 s* for 20 minutes. A. Evolution of
storage modulus following thermal cycling and shear. B. Evolution of
microstructure following thermal cycling and shear.
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Figure D.9: The storage modulus is plotted as a function of its microstructure, which
is described by the structural parameter A, to directly relate the bulk
properties to the underlying microstructure following shear. The same
relationship between G’ and A that was developed for gel aging following
a thermal quench (egn D.3, black line) applies to gel aging following
shearing the sample at 1000 s, indicating that there is a one-to-one
correspondence between the mechanical properties and underlying
microstructure under these experimental conditions.

D.4 Summary and Conclusions
In conclusion, the weak themoreversible (¢=0.12) gel examined here
demonstrates rheological and structural aging, which were related by an empirical
relationship, analogously to the gel and glasses studied earlier in the dissertation.
Interestingly, the localization length calculated for this gel was consistent with cluster
formation, suggesting that the local motion of clusters underlies the macroscopic aging

behavior. This result indicates a distinct mechanistic origin for the aging behavior in
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comparison to the more concentrated gel and glass sample studied earlier, where the
calculated localization length suggested local particle motion as the mechanism of
aging. Similar to the behavior associated with the more concentrated samples, however,
the microstructure was not completely erased by shear rejuvenation despite apparent
rheological rejuvenation. Moreover, the aging behavior observed for this sample was

consistent with the free energy viewpoint of colloidal gel aging.
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