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ABSTRACT

Modern society’s immense and ill-fated reliance on petrochemical-based polymeric
materials will likely necessitate a shift in polymer production paradigms in the near future.
The work presented herein attempts to address this issue via a two-pronged approach. First,
efforts to improve the duration of composite materials by incorporation of a self-healing
function are discussed, the fruitful application of which can potentially reduce or eliminate
the massive carbon footprints associated with the repair/replacement of damaged materials.
And second, polymeric materials derived predominately from natural and renewable
feedstock—namely vegetable oils—are developed.

Early microcapsule-based self-healing materials utilized dicyclopentadiene-filled
microcapsules and Grubbs’ olefin metathesis catalyst to initiate the healing mechanism.
However, the patent-protected catalyst, made from the precious metal ruthenium and
sometimes costly ligands, will likely never be inexpensive and therefore limit large-scale
applications. Hence, clever approaches to reduce the healing catalyst loading in self-healing
polymers are of great interest. To this end, our efforts have revolved around solving the
problem of the relatively inefficient use of Grubbs’ catalyst during the healing mechanism.
Given that the mismatch of the olefin metathesis polymerization and Grubbs’ catalyst
dissolution (in monomer) kinetics is a known cause of this inefficient use of the catalyst, we
attempted to tune the “latency” (i.e. pot life) of the olefin metathesis polymerization to ensure
more complete dissolution of catalyst in monomer. In an alternative approach to improving
efficient catalyst dissolution, we developed a simple model to predict relative dissolution
rates of Grubbs’ catalyst in a small library of healing monomers. This model was shown
experimentally to be able to aid in the selection of, for example, reactive monomer additives
that can yield impressive improvements in catalyst dissolution at small loadings.
Furthermore, we have recently developed a novel rheokinetic technique designed to mimic
the self-healing mechanism. This new analytical technique allows for collection of copious
amounts of information related to the self-healing mechanism (e.g. healing kinetics,
rheological and mechanical changes of polymerizing healing agents, adhesive interactions

between healing agent and polymer matrix, etc.) to be extracted from a single experiment.
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New polymers derived from renewable feeds were synthesized via olefin metathesis
polymerization techniques, which are ideally suited to react with the unactivated olefins (i.e.
non-styrenic, non-acrylated, non-conjugated, etc.) prominent in most vegetable oils. Various
vegetable oils were modified to contain norbornenyl functional groups via the high-pressure
Diels-Alder addition of cyclopentadiene to their olefins to yield ROMP-reactive monomers.
These monomers, polymerized in the presence of Grubbs’ catalyst and the occasional
comonomer, were able to yield highly crosslinked thermosets with ambient temperature
storage moduli, glass transition temperatures and decomposition temperatures comparable to
their currently-used, petrochemical-based counterparts. Other research thrusts in this area
have focused on the development of renewable thermoplastic polymers. Vegetable oils were
chemically modified to yield a series of a,m-dienes, from which polymers were formed via
acyclic diene metathesis (ADMET). The resulting polymers were shown to have unique
material properties, comparable to that of other biopolyesters (poly(lactic acid),

poly(glycolides), poly(caprolactones), etc.) and common, petrochemical-derived polyesters.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Introduction

The past half-century has seen a materials revolution, as polymer-based materials are
rapidly supplanting their metal, wood, ceramic, etc. counterparts in a wide variety of
applications. Unfortunately, this trend conflicts with another budding trend in modern
society: the reduction of our reliance on the petrochemical industry, of which the vast
majority of polymers are ultimately derived. In addition to problems related to their feed
source, the ultimate fate of used polymeric materials is of grave concern. The Environmental
Protection Agency estimates that municipal solid waste generation—consisting of roughly
20% mixed plastic goods—has nearly tripled in the last 50 years [1]. Management of this
growing amount of polymer waste comes at the cost of massive energy outputs and carbon
dioxide emissions; for example, it is estimated that 52.8 million BTU’s of energy is expended
and 1.5 metric tons of carbon dioxide emissions are released for every ton of polymer waste
that is processed [2]. These figures do not include the frequent additions to the especially
destructive plastic waste reservoirs in the natural environment, such as the Great Pacific
Garbage Patch [3], which is estimated to contain from 107-10° tons of polymer-rich waste
[4]. One approach to mitigating these problems is to improve product lifetime of polymeric
materials. Longer product lifetimes would intuitively reduce both the amount of polymer
waste produced and the amount of feedstock required to replace the products with new
material. Polymers containing inherent self-healing capabilities, through embedded healing
additives, [5] are attractive options to extend product lifetimes. However, self-healing
polymers are still in their infancy, and many questions need to be answered before these
materials can be used commercially. Of specific interest is the kinetics of the healing, which
is dominated by a complex and poorly understood combination of individual kinetic events
occurring throughout the self-healing mechanism. Thus, the main thrust in this thesis is to
gain a better understanding of the factors that affect the kinetics of self-healing polymers, and
how healing kinetics influences the overall quality of healing.

In addition to improving the lifetime of polymer-based materials, finding alternative

sources (i.e. not petroleum-based) for polymer precursor chemicals can help alleviate some

www.manaraa.com



of the aforementioned problems. Vegetable oils, which are available in massive quantities in
the agricultural reservoir of the American Midwest, are prime candidates as renewable
resources to achieve this goal. Thus, the work presented in this thesis discusses the
development and characterization of several novel materials derived mostly from vegetable

oil precursors.

1.2 Dissertation organization

This work is organized into main chapters, which are each manuscripts that have
either been published in scholarly journals, or will be submitted at a future date.

Chapter 1 gives a general introduction that outlines a background for olefin
metathesis chemistry, which is an underlying theme for much of the work presented in this
thesis. Specific focus will be placed on olefin metathesis polymerization techniques: ring-
opening metathesis polymerization (ROMP) and acyclic diene metathesis (ADMET)
polymerization. Additionally, an introduction to one of the two main topics of this thesis—
vegetable oils as a renewable resource for the polymer and composite material industries—
will be described.

Chapter 2 also serves as an introduction chapter, outlining recent advances in the
second topic of this thesis: the field of self-healing polymers and composites. This chapter
was separated from the current, general introduction chapter on the basis that it was written,
and is currently published, as a critical review paper. The specific self-healing mechanism
studied throughout the course of the work presented herein, self-healing polymers based on
the delivery of encapsulated liquids, is discussed most heavily, but other self-healing
mechanisms are also highlighted.

Chapter 3 presents work to develop olefin metathesis catalysts with tunable degrees
of “latency.” This work is intended to serve as tool for the optimization of reaction shelf-life
in self-healing polymers, which, as described in more detail in chapter 2, must be tuned to be
in balance with a number of other kinetic parameters in the self-healing mechanism. We also
envision that this work will have broad applications for tuning the reaction shelf-life of
monomer/catalyst solutions for a variety of polymer processing techniques (e.g. reaction-

injection molding, prepreg preparation, etc.).
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Chapter 4 outlines efforts to develop and test a model to predict relative dissolution
rates of Grubbs’ olefin metathesis catalyst in a variety of ROMP-active monomers, of which
efficient kinetics is of paramount importance in self-healing polymers. The concept of
solubility parameters, otherwise well-known in the realms of coating technology and polymer
physics as a means to predict solvent/solute mixing, was slightly modified to develop this
model.

Chapter 5 discusses a novel rheokinetic technique designed to study the
polymerization reaction of healing monomers in an environment that mimics that of the self-
healing mechanism. This new analytical technique was shown to be a quick and simple
alternative to the often laborious, tedious and material-intensive experiments performed in
the past to study self-healing polymers. Initial work with this technique has already revealed
a number of previously unobserved and unknown phenomena affecting the self-healing
mechanism, the knowledge of which may drastically change potential applications for self-
healing polymers.

Chapter 6 begins the second topic of this thesis, which involves the synthesis and
characterization of novel polymers derived from the olefin metathesis polymerization of
oleochemicals. This chapter discusses new polymers made from the ring-opening metathesis
polymerization of a modified linseed oil with a comonomer. Interesting and complex
property changes were observed in these materials that were dependent on the extent of
crosslinking; reasons for these property changes were investigated and discussed.

Chapter 7 involves the synthesis and characterization of a new, telechelic unsaturated
biopolyester made from the acyclic diene metathesis polymerization of a modified castor oil.
The endgroups of these polymers were used to grow poly(lactic acid), also a bio-based
polymer, to form an ABA-triblock copolymer derived almost completely from renewable
resources.

Chapter 8 gives a series of general conclusions drawn from this thesis and provides

suggestions for future work.
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1.3 Background and literature review

1.3.1 Olefin Metathesis

Olefin metathesis is a chemical reaction characterized as a “shuffling” of the sp®
carbons of double bonds (Figure 1). Since its first observation in the late 1950’s, this
reaction has garnered much popularity in both academia and industry [6, 7], and has found
many practical uses in organic synthesis and polymer chemistry, eventually culminating in
the 2005 Nobel Prize for its study and development [8-10]. The reaction is facilitated by a
metal-carbene complex, and proceeds through a metallocyclobutane intermediate, as shown
in Figure 1.1. Metals commonly used for olefin metathesis are molybdenum, ruthenium and

tungsten, and less commonly titanium and rhenium.

R R’ R R’

\—/ \—/

[]
E
M=——CH, M==CH,

R

N N

M  CH, M—

Figure 1.1. Olefin metathesis mechanism with a metal carbene.

Depending on the substrate and reaction conditions, olefin metathesis can be
demarcated into several distinct reaction types; several of the more widely-used reaction
types—ring-closing metathesis (RCM), ring-opening metathesis polymerization (ROMP),
acyclic diene metathesis (ADMET), and enyne metathesis (EM)—are shown in Figure 1.2.
RCM and EM find most utility in organic synthesis, while ROMP and ADMET are most
often used as polymerization techniques. Though both ROMP and ADMET utilize the same
overriding chemistry, the polymerization mechanisms are fundamentally different. ROMP is

a chain-growth living polymerization that has gained much popularity as a route to complex
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copolymer architectures, surface functionalization, and some structural polymers [11-15].
ADMET is a step-growth polymerization technique that has been most useful for forming

well-defined telechelic polymers and precision-functionalized polyethylene [16-19].

R R
_ MECRR Ring-closing
G N J— metathesis

\ Rj
| | | M=CRR' Enyne
> metathesis
R

Ry

Ring-opening

m M=CRR' » E m ; metathesis

polymerization

R M=CRR' R Acyclic diene
polymerization

Figure 1.2. Common reaction types

Most catalysts used for olefin metathesis fall in to three categories: Schrock-type
molybdenum catalysts [20, 21]; Grubbs’-type ruthenium catalysts [22-24]; and others loosely
referred to as ill-defined catalysts, usually consisting of “simpler” metal halides and co-
catalysts, in which the metal-carbene is generated in-situ. Grubbs’- and Schrock-type
catalysts are known for their well-defined structures (Figure 1.3), well-known catalytic
cycles, and superior reactivity, and as such is almost exclusively used in academia. But the
latter group of ill-defined catalysts composes much of what is used in industrial
implementations of olefin metathesis, most likely due to their relatively cheaper costs,
relative to the well-defined catalysts. Grubbs’-type catalysts, in particular, have received

much attention for their relative/oxygen insensitivity and functional group tolerance, being
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able to react in the presence of most types of acids, alcohols, aldehydes, ketones, esters,
amides, and moderate reactivity in tertiary amines [25]. Recent advances have even offered
Grubbs-type catalysts with reactivity paralleling (or in some cases surpassing) the once
dominant Schrock catalysts [26].

Schrock-type 1st generation 2nd generation 3rd generation
catalysts Grubbs' catalyst Grubbs' catalyst Grubbs' catalyst
Ph
. ( ) ( )
N cy3P,IlRu|\\CI gR :CI ﬁRUQCI
Il R a?” Ypc Nei PCy, CI | Pyr
~Mo Y3 |
RO / Mes M es
RO
R =tBu
C(CH3),(CF3)
C(CH3)(CF3),
R'=CH;, Ph

Figure 1.3. Well-defined olefin metathesis catalysts.

1.3.2 Agricultural oils as a renewable resource in polymer development

In recent years there has been extensive interest in materials derived from bio-based
sources, especially those resulting from abundant and renewable agricultural oils, in an effort
to reduce our dependency on conventional petroleum-based polymers. Historically,
vegetable oils already have a place in the polymer market, albeit mostly for use in the paint
and coating industry [27-28] for their ability to react with oxygen and act as drying agents,
but a mass of recent work has shown that derivatives of these vegetable oils can form bulk
polymers and composites with structural applications that have similar or better
thermal/mechanical properties than their petrochemical counterparts [29-30]. Vegetable oil-
based materials also have the advantage of lower cost, minimal VOC emissions, and the
promise of biodegradability.

Most common vegetable oils consist of a triglyceride with three fatty acid-based ester
chains. Individual fatty acid chains are often linear, ranging from 14 to 22 carbons in length,
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and usually contain anywhere from 0-3 double bonds. This high degree of unsaturation gives
these macromolecules potential for functionalization and subsequent polymerization to form
a highly crosslinked polymer matrix. Oils from different agricultural sources rarely have
identical chemical structures, but have a distribution of often many fatty acid chains
throughout their triglycerides. Table 1.1 shows the fatty acid distributions commonly
observed in a number of vegetable oils and animal fats. Polymers have been made from
soybean [31-34], corn [35], tung [36-37], linseed [38-41], and castor oil [42-43], among
others, and many approaches to polymerization have been utilized including cationic [44-46],
free radical [47-48], thermal [49-50], UV-initiated [51] and ring-opening polymerization
[52]. Strangely, transition metal-based catalysts have yet to assert themselves as a force in
vegetable oil bulk polymerization, despite the continual development of novel catalyst
complexes that can produce high-yielding, stereoregular, regioregular, monodisperse and

living polymers, often under mild reaction conditions.

Table 1.1. Fatty acid distribution in common plant and animal oils [53].

Main fatty acid contents in different oils

Fatty acid [#C: #DB*| Canola oil Corn oil Cottonseed oil Linseed oil Olive oil Soybean oil Tung oil Fish oil®
Palmitic 16:0 4.1 10.9 21.6 5.5 13.7 11.0

Stearic 18:0 1.8 2.0 2.6 3.5 2.5 4.0 4

Oleic 18:1 60.9 254 18.6 19.1 71.1 234 8 18.20
Linoleic 18:2 21.0 59.6 54.4 15.3 10.0 533 4 1.10
Linolenic 18:3 8.8 1.2 0.7 56.6 0.6 7.8 0.99
z-elaeostearic acid 84

Average #DB/triglyceride. — 39 4.5 39 6.6 2.8 4.6 7.5 3.6

*#C stands for number of carbon atoms in chain and #DB stands for the number of double bonds in that chain.

Olefin metathesis is an ideal technique for reaction with vegetable oils. Olefin
metathesis reacts with the “unactivated” (i.e. non-conjugated, non-acrylic, non-styrenic, etc.)
double bonds prominent in vegetable oils, which are otherwise inactive towards most types
of addition polymerization. The functional group tolerance of Grubbs’-type olefin metathesis
catalysts is also extremely useful for reactions that may be spiked with fatty acids, glycerol,
water, etc. One of the earliest reports of the use of olefin metathesis for the modification of
vegetable oils comes from van Dam et al. in 1972 [54], but these and most subsequent reports
were focused on small molecule synthesis. Olefin metathesis as a route to form polymer

from vegetable oil sources is a relatively new field, with most work stemming from the
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groups led by Meier [55-62], Larock [63-68], and Kessler [69-71]. The former has primarily
focused on ADMET and ATMET (acyclic triene metathesis) of vegetable oil, while the latter

two have mostly, but not exclusively, performed ROMP of modified vegetable oils.
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CHAPTER 2: SELF-HEALING POLYMERS AND COMPOSITES
A paper published in International Materials Reviews
Timothy C. Mauldin® and Michael R. Kessler?

2.1 Abstract
Inspired by the unique and efficient wound-healing processes in biological systems, several
approaches to develop synthetic polymers that can repair themselves with complete, or nearly
complete, autonomy have recently been developed. This paper aims to survey the rapidly
expanding field of self-healing polymers by reviewing the major successful autonomic
repairing mechanisms developed over the last decade. Additionally, we discuss several
issues related to transferring these self-healing technologies from the laboratory to real
applications, such as virgin polymer property changes as a result of the added healing
functionality, healing in thin films vs. bulk polymers, and healing in the presence of
structural reinforcements.
Keywords: Self-healing; Self-repairing; Autonomic; Polymer; Composite; Polymer-matrix
composite
2.2 Introduction
The past half-century has witnessed a dramatic increase in the use of polymers and
polymer matrix composites (PMC’s), which are rapidly supplanting their metal, ceramic and
wood counterparts. Perhaps one of the best examples of this polymer insurgency is the
recent completion of the Boeing 787 airplane, widely-publicized as the first major airliner to
be constructed mostly of PMC’s [1]. But while the exponential growth of composites in the
aerospace market looks promising as a microcosm for the continuing growth of the polymer

industry as a whole, problems arise when exchanging different material types that exhibit

" Reprinted with permission of International Materials Reviews.
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inherently different failure behavior. For example, failure of PMC’s generally results from
delamination, fiber-matrix debonding, fiber fracture and/or microcracking of the brittle
polymer matrix [2,3]. This is in contrast to, for example, the metal parts that the PMC’s are
replacing, which are typically tougher and used without reinforcement. So in order for the
potential of polymer composites (such as high strength-to-weight ratio, corrosion resistance,
versatility in manufacturability, part count reduction, good vibration damping, etc.) to be
fully realized, methods to prevent or arrest these common polymer failure modes must be
developed.

Traditionally, failure in PMC’s is approached with the mindset of managing damage
and/or designing materials to better withstand thermal and mechanical loads. However,
conventional approaches to managing failure in PMC’s (such as damage detection [4],
damage prediction [5, 6], protective coatings, and manual repair/replacement [7, 8]) are
limited in that they all require some type of manual intervention, which can be costly and
time-consuming. And while the numerous approaches to improve PMC’s tolerance to
thermal and mechanical stresses (either by optimizing or developing new polymer matrices
and structural reinforcements) have indeed proven fruitful, simple property optimization
cannot free any material from its fate of a finite lifetime.

Instead, given that all PMC’s will inevitably fail, perhaps we should entertain the idea
of shifting the current paradigm away from simply improving materials to be less susceptible
to damage. In other words, a stronger material can only delay catastrophic failure and not
prevent it, and that failure could potentially be of great consequence. Surely nature would
agree with this mentality, as the protective skin and shell materials of many flora and fauna
are significantly weaker than the synthetic composite materials used for structural
applications [9]. Instead, nature incorporates her structural materials with sufficient
mechanical integrity for its intended applications and handles external damage by
implementing advanced, autonomic repairing mechanisms to quickly and efficiently clot and
heal cell tissue. In this sense, the “product lifetime” of natural, biological materials often
greatly exceeds that of synthetic polymers and composites. So perhaps a shift towards

nature’s mentality in material design would also be well suited for man-made applications.
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To this end, scientists and engineers have taken their cue from nature and, starting
from the early 1990’s, began creating synthetic mimics of living biological systems. These
self-healing polymers emulate biological systems to varying extents, with some being
completely autonomic, and some requiring external stimuli to undergo the healing event.
Here, we review recent work to develop, optimize and evaluate these numerous approaches
to impart a self-healing function to polymers and composites. Additionally we will discuss
in detail various issues related to incorporating self-healing materials into real applications,
such as virgin property reduction, healing in films/coatings vs. bulk composites, and healing
in the presence of structural fiber reinforcements.

The inherent multidisciplinary nature of the field of self-healing polymers, along with
the diversity of the different self-healing methodologies, has left some ambiguity on how to
best categorize self-repairing systems. For example, some have suggested an organization
based on the underlying chemistry involved in the healing process [10], the degree of
biomimicry [11], the type of material being healed (e.g. thermoplastic polymers, thermoset
polymers, composites, metals, etc.) [12,13], the physical phase of the healing additive (solid
vs. liquid) [14], the external stimuli required to initiate healing event [15], and the intrinsic or
extrinsic nature of the healing [16]. This ambiguity, which is a direct consequence of the
multidisciplinary nature of the field, will likely not be resolved here, but given the spirit of
autonomic healing, we organize the different self-healing techniques with the mechanism by
which the healing occurs. This organizational approach allows the many fundamentally
different self-healing techniques to fall into four different categories: 1) healing by crack-
filling adhesion, 2) healing by diffusion, 3) healing by bond reformation, and 4) virgin
property strengthening in response to stress (Table 2.1). Healing via crack-filling adhesion is
the original and probably most well-studied approach to self-healing and will be discussed
first.
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Table 2.1. Organizational structure of the different self-healing mechanisms.

Healing Mechanism (section) Types of healing (section)

Crack-filling Healing Microencapsulated healing agents

Phase-separated healing agents

Healing agents in hollow fibers

Microvascular networks

Diffusion Thermoset/thermoplastic blends

Dangling chain diffusion

Viscoelastic healing

Bond Reformation Thermally-reversible
UV-initiated

Metal-ligand dissociation/association

Supramolecular assembly

Virgin Property Strengthening Mechanophores

2.3 Types of Self-healing

2.3.1 Crack-filling healing

Most of the concerted effort to develop polymers and composites that exhibit
autonomic repair has revolved around crack-filling mechanisms, in which fluid substances
fill damage volumes and heal with various different chemical and/or physical processes.
These crack-filling substances, which can include liquid monomers, liquid catalysts,
thermoplastic polymers, organic or inorganic film formers, or solvent solutions, are often
referred to as “healing agents,” and this nomenclature will be used herein. It is important to
consider the advantages of crack-filling healing, as opposed to the healing mechanisms
presented later in this review that require intimate contact (in some cases, contact on the
molecular level) of damage surfaces. Crack-filling eliminates the need to close cracks, which
otherwise may be difficult for stiff structural polymers and composites. Even if an easy route
to crack closure was possible in real applications, this could hardly be considered truly
autonomic healing since it would require both damage detection and some extent of manual

intervention (e.g. applying pressure). And while it probably can be argued that the healing
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mechanisms requiring contacting damage surfaces are capable of repairing small-sized cracks
without the need for external closure, it is at least reasonable to presume that crack-filling
mechanisms are better suited for healing a wider range of damage volumes. Obviously, this
is contingent on a sufficient supply of healing agent to entirely fill cracks, which can be

accomplished by optimizing the amount of healing agent present in the polymers.

2.3.1.1 Microencapsulated healing agents

One of the first successful techniques to impart a completely autonomic self-healing
function to polymers was the incorporation of liquid healing agent-filled microcapsules and
catalyst (either as a solid particle or a separately encapsulated liquid) into the polymer
matrix. In this approach, which is described schematically in Fig. 2.1, cracks propagate
through the polymer matrix, rupturing several of the microcapsules. Capillary action then
drives the liquid monomer out of the broken capsules and onto the crack surface where it
comes into contact with the catalyst, which is either embedded in the crack plane (solid
catalyst) or also released from ruptured microcapsules (liquid catalyst). Upon contact with
the catalyst, the healing agent polymerizes and adheres the two crack faces together [17].

Polymer matrix Catalyst Capsule of liquid monomer
Monomer flows into crack

N/

Contact with catalyst
IS Q

Figure 2.1. Microcapsule-based self-healing technique with a liquid, encapsulated monomer

and a solid catalyst.

www.manaraa.com



16

The key to realizing a successful microcapsule-based self-healing system lies with
carefully choosing a healing agent/catalyst combination with the requisite features to be
compatible with the healing mechanism. For example, the healing agent and the catalyst
must have a long shelf life and be stable to the composite processing conditions without
undergoing decomposition, uncatalyzed polymerization, or leaching out of the microcapsule
shell. Furthermore, once the microcapsules rupture the healing agent must have a
sufficiently low viscosity to flow out of the capsules and completely fill the crack volume in
a reasonable timeframe, good wetting properties on the crack surface, and minimal loss of the
healing agent from the crack plane through, for example, volatilization or diffusion into the
polymer matrix. And finally, the healing agent must have rapid catalyst dissolution (or for
liquid catalysts, rapid mixing) and polymerization kinetics, low shrinkage upon
polymerization, and the resulting polymer should have good mechanical and adhesive
properties.

Preliminary systems used styrene/polystyrene blends [18] and phenolic-based resins
[19] in their microcapsules with varying results, but the healing chemistry found to most
completely fulfill this daunting set of healing agent requirements is the ring-opening
metathesis polymerization (ROMP) [20-22] of dicyclopentadiene (DCPD) with the popular
ruthenium-based olefin metathesis catalyst Bis(tricyclohexylphosphine) benzylidine
ruthenium dichloride, colloquially referred to as “Grubbs’ catalyst” [23-27]. In this reaction,
the highly-strained olefin of DCPD coordinates to the ruthenium catalyst, followed by a
cycloaddition with the ruthenium-carbene to form a metallocyclobutane intermediate, and
finally a cycloreversion to open dicyclopentadiene’s strained ring and add an ultimate unit to
the growing polymer chain (Fig. 2.2). In addition to being a cheap, readily available
byproduct of the petroleum industry, DCPD is particularly attractive as a healing agent
because it contains a second cyclic olefin that can act as a crosslinking site, producing a

polymer with good mechanical properties.

www.manaraa.com



17

Ring
Opening/V Ph )
Clm 3
€ CY:"'RU:C—Ig
CrosslinkinD

Site

Figure 2.2. Polymerization mechanism of DCPD with Grubbs’ catalyst.

White et al. first reported using DCPD/Grubbs’ catalyst in a self-healing system [28],
in which DCPD was encapsulated in a poly(urea-formaldehyde) shell and embedded with the
catalyst in an epoxy matrix. It was shown that, after failure, the self-healing polymer could
recover up to 75% of its virgin fracture toughness. And by optimizing various parameters
(catalyst and microcapsule size and loading), it was found that up to 90% toughness recovery
could be achieved [29]. In addition to healing large cracks, fatigue lifetime of these systems
could be improved to over 30 times longer than that of a polymer without a self-healing
functionality, and under certain conditions (low applied stress and short rest periods) fatigue
crack growth was indefinitely retarded [30-32].

Most utilizations of the DCPD/Grubbs’ catalyst-based healing agent system have
been used to heal structurally dissimilar polymer matrices (predominately epoxies, but other
polymers have also been healed, such as PMMA bone cement [33, 34], epoxy vinyl esters
[35], and poly(styrene-b-butadiene-b-styrene) [36]). Given that most living organisms
ultimately repair their damaged cell tissue with structurally similar (often identical) tissue
material, these ROMP-based healing systems are not entirely biomimetic. So intuitively, a
healing chemistry that produces a polymerized healing agent structurally similar or identical
to the polymer matrix it heals would be of some benefit, not only as a means to better mimic
nature, but also to increase the interfacial compatibility between the adhesive (healing agent)
and substrate (crack surface). Therefore, two different types of matching polymer
matrices/healing agents—based on epoxies and poly(dimethylsiloxane) (PDMS) polymers—

were developed and are discussed below.
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One of the first successful attempts to match a healing agent to its epoxy matrix was
done by Rong et al., in which a diglycidyl ether bisphenol-A (DGEBA)-based epoxy resin
was encapsulated in a urea-formaldehylde microcapsule and, along with a commercially
available capsulated imidazole hardener, embedded in an epoxy matrix made from the same
DGEBA epoxy resin as in the microcapsules [37]. Healing with this system showed
promising results, with just over 100% recovery in fracture toughness. Further
improvements were achieved by replacing the capsulated imidazole with an epoxy-soluble
imidazole, CuBr,(2-Melm),, dissolved into the epoxy matrix during fabrication [38]. Using
this soluble hardener, significantly lower loadings of epoxy/imidazole healing agents were
able to yield better toughness recovery after failure (111%) than with the discrete, capsulated
imidazole. Extensive work has been conducted to test the versatility of this system towards
glass fiber-reinforced composites subject to long storage times (up to 18 months) [39] and
different types of damage (mode | fracture vs. impact) [40-42]. All conditions showed good
healing capabilities, with healing recoveries ranging from 60% (mode | fracture of
composites aged for over two months) to over 100% (low-energy impact damage of
composites with minimal post-fabrication ageing time). However, one disadvantage to all
epoxy-based self-healing systems using an imidazole hardener was the need for external heat
to polymerize the healing agent, generally requiring a curing cycle after the damage event at
temperatures from 120-140 °C.

In order to develop a more autonomic epoxy-based self-healing system (i.e. without
the need for external heat), more aggressive hardeners were used. These hardeners included
a mercaptan, encapsulated separate from the epoxy and used as a two-capsule system [43],
and the cationic initiator BF3-OEt,., which was either encapsulated and used as a two-capsule
system [44] or dispersed throughout the polymer matrix via diffusion from BF3-OEt,-
absorbed short sisal fibers [45]. Both hardener types cured the epoxy healing agent rapidly at
ambient or sub-ambient temperatures and resulted in good healing—=80% recovery of impact
strength and 104.5% recovery of fracture toughness—at low microcapsule loadings (~5 wt.
%).

Keller et al. investigated healing in a PDMS elastomer with a healing agent that,
when polymerized, is identical to the polymer matrix [46, 47]. In this system a two-capsule
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healing agent was used: the first capsule contained a vinyl-functionalized PDMS resin and a
platinum catalyst, and in the second capsule was a liquid initiator containing a hydrosiloxane
copolymer diluted with 20% solvent to reduce its viscosity. Both components were
encapsulated in urea-formaldehyde shells. Upon rupture of the microcapsules and release of
the two shell materials into the damage area, the platinum catalyst adds the Si-H bonds of the
hydrosiloxane copolymer across the vinyl groups of the PDMS resin to cure and heal
damage. This system was shown to heal tear damage by recovering 70-100% of tear strength
and significantly retard fatigue crack growth . Additionally, it was recently proposed, as a
modification to the logistics of this healing chemistry, to use a heterogeneous platinum
catalyst supported on a glass fiber to initiate the hydrosilylation of the siloxane polymers
[48]. While glass fibers would likely not be used in an elastomer matrix, this concept could
be applied to a structural composite, allowing both polysiloxane polymers to be incorporated
into one microcapsule, thus eliminating any issues related to mixing of two microcapsule
components. These fibers have been shown to quickly and efficiently catalyze
hydrosilylation, but have not yet been incorporated into a self-healing system.

Other PDMS self-healing polymers using different healing chemistries have been
developed as well. For example, a tin-catalyzed condensation polymerization of
polysiloxane-based healing agents was able to heal puncture damage sufficiently enough to
withstand 101.3 kPa of pressure without leakage [49].

“Healing” has been defined thus far as the post-damage recovery of structural
integrity through some type of polymerization. However, not all polymers are intended for
structural applications. Paints and primers, for example, are used primarily for their ability to
coat and protect other materials, such as metals that commonly rust and corrode if exposed to
ambient temperature and humidity. Thus, in these applications, “healing” can also be defined
as recovery of corrosion inhibition [50, 51]. While corrosion inhibition can indeed be
recovered by applying conventional, polymerization-based healing to polymer coatings,
many have also investigated the deposition of corrosion and rust inhibiting film-formers into
areas of damage. Similar to the previously discussed self-healing systems, microcapsules
have been shown to successfully deliver these film-forming compounds (which have

included organic molecules, organic salts [52], and inorganic salts [53]) to the damaged
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regions of coatings and subsequently inhibit metal corrosion and rusting. Another intuitive
delivery approach was recently developed by Shchukin and coworkers where the film-
forming compounds were incorporated into thin layers of polyelectrolytes, which were either
directly coated on the metal surface or layered on SiO, nanoparticles embedded in a coating
[54-56]. Once the coating in these systems is damaged and the metal surface is revealed, the
onset of corrosion mechanisms changes the local pH in the defect region, thereby distorting

the polyelectrolyte layers’ adhesion and depositing the film-former on the metal surface.

Healing agent/catalyst optimization

Much effort has been dedicated to optimizing existing microcapsule-based self-
healing that uses ROMP healing agents. A large amount of this effort has been focused on
improving the kinetics of healing, which is a crucial factor when deciding the appropriate
applications for self-healing polymers that may be subject to constant or frequent stress.
Perhaps the most straightforward approach to this is to improve the polymerization rate of the
healing agent, but a healing agent’s bulk polymerization rate does not necessarily correlate to
the rate of healing, since the complex healing mechanism is a function of numerous other
Kinetic parameters (e.g. bulk polymerization rates, catalyst dissolution kinetics, mobility of
the healing agent on the crack surface, mobility of dissolved catalyst throughout liquid
healing agent). For example, DCPD/Grubbs catalyst achieves a maximum room temperature
degree of cure in 7-8 hours [57], but self-healing polymers using DCPD and Grubbs’ catalyst
as a healing agent system reaches a maximum healing in the range of 12-15 hours [58].

Two ROMP-based monomers that have received significant attention as more rapid
healing agents are ethylidene norbornene (ENB) and the exo-isomer of DCPD. DCPD is
most easily obtained as the commercially available endo-isomer, and all ROMP-based self-
healing systems discussed thus far have also used this isomer. However, the exo-isomer,
which can be prepared from endo-DCPD in a two-step isomerization process [59], is known
to undergo ROMP nearly 20-times faster than its endo-counterpart [60]. So unsurprisingly,
when exo-DCPD was incorporated into a self-healing polymer steady-state healing was
reached after only about 30 minutes—mnearly 20 times faster than the time required to fully

heal with the endo-isomer [61]. However, increasing the bulk polymerization rate by using
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exo-DCPD as a healing agent came at the expense of significantly decreasing the quality of
healing. This was found to be a result of a mismatch between the bulk polymerization and
catalyst dissolution kinetics, causing polymer to be formed only intermittently on the self-
healing crack surface, localized around the catalyst particles. An analogous effect was
observed with epoxy-based healing agents, in which rapidly curing epoxy/hardener
combinations also formed non-continuous films of polymer in the crack volume, resulting
from a mismatch of polymerization and epoxy/hardener mixing kinetics [43, 44], if the
epoxy- and hardener-filled microcapsules were poorly distributed throughout the polymer
matrix [62]. Some approaches to reduce the severity of these kinetic mismatches, and
consequently increase both the quality and speed of healing, will be discussed later in this
section.

Ethylidene norbornene, a monomer also active towards the ROMP chemistry, is
particularly attractive as a healing agent because it is a cheap, commercially available
chemical with an extremely rapid bulk polymerization rate; the time to reach maximum room
temperature cure for ENB is nearly an order of magnitude faster than endo-DCPD with an
order of magnitude lower loading of catalyst [63-65]. Liu et al. first investigated the
feasibility of ENB and ENB/DCPD blends as healing agents using a quick and convenient
rheokinetic technique developed to simulate a self-healing polymer [66, 67]. In this
technique, a rheometer’s bottom plate was coated with a layer of epoxy polymer containing
embedded Grubbs’ catalyst (which was polished to reveal the catalyst on the epoxy surface),
and the healing agent was injected between the top and modified bottom parallel plates (Fig.
2.3). This approach, with dissolution and diffusion of the catalyst in the healing agent
occurring concurrently with polymerization, encompasses all of the different kinetic
phenomena occurring during the self-healing mechanism. ENB was shown to reach
maximum cure in this simulative self-healing environment in about 25 minutes, and blends of
ENB and endo-DCPD were able to effectively merge the rapid healing kinetics of ENB with
the good mechanical properties of polyDCPD.
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Figure 2.3. Rheokinetic test method designed to mimic self-healing. Reprinted with

permission from reference [67].

To complement these kinetic optimizations of ROMP-based self-healing polymers, a
concerted effort is currently underway in our labs to improve the mechanical properties of
polymerized healing agents. Sheng et al. developed several custom, ROMP-active
crosslinking agents that, when blended with other self-healing ROMP monomers (endo-
DCPD, exo-DCPD or ENB), significantly increases storage modulus (12% increase at 20.3
wt.% crosslinker loading), glass transition temperature (~30 °C increase at 16.7 wt.%
crosslinker loading), and crosslink density (62% decrease in molecular weight between cross-
linking sites at 19.6% crosslinker loading) of the resulting polymers [68, 69]. Also, Jeong et
al. have reported one of the first approaches towards improving mechanical properties of
healing agents using nano-fillers [70]. In this work, multi-walled carbon nanotubes (MWNT)
were chemically modified with a ROMP-active norbornenyl-group, and addition of these
functionalized-MWNT to DCPD showed massive improvements in tensile toughness
(>900%), relative to neat polyDCPD, at nanotube loadings (0.4 wt. %) low enough to not
significantly increase the viscosity of the liquid healing agent. More specifically, the strain
to failure in these systems increased from 5.75% for neat polyDCPD to 51.8% for the
composite, resulting in a corresponding toughness increase of 2.44 MPa to 25.0 MPa. The
functionalized-MWNTs also showed excellent long-term dispersion in liquid DCPD and
ENB [71], and moderately improved modulus, glass transition temperature, and crosslink
density of both polymerized healing agents.

One downside to microcapsule-based self-healing is the non-negligible detrimental
effects the embedded microcapsules and catalyst impart to the virgin mechanical properties

of the composite. Details related to this virgin property reduction will be discussed later, but
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in order to partially offset this effect, it is of interest to optimize self-healing systems to
require lower loadings of healing additives to achieve high degrees of healing. Rule et al.
showed that self-healing polymers with smaller crack volumes requires lower amounts of
microcapsules with smaller capsule diameters to achieve full healing [72], so a method to
reduce the size of cracks could presumably decrease the amount of necessary healing
components. One technique that could fulfill this requirement is the embedment of shape
memory alloys or polymers, which has been shown in the past to adequately facilitate crack
closure [73-78]. Kirkby et al. recently incorporated shape memory alloy wires into self-
healing polymers, which showed that in-situ crack closure, resulting from activation of the
shape memory wires, did indeed reduce the necessary loadings of healing components to
achieve maximum healing efficiencies, and the heat generated from the wires also assisted in
curing the healing agent faster and to a higher degree of cure [79, 80].

In spite of all the great improvements to self-healing polymers described above,
perhaps the largest drawback of using ROMP-based self-healing is economics—the Grubbs’
catalyst uses ruthenium, a precious metal that will likely never be inexpensive. One way this
problem can be addressed is by using the monomers described above with faster healing
kinetics (such as ENB and exo-DCPD), which require lower loadings of catalyst to achieve
high degrees of cure in a reasonable time period. Additionally, increasing the rate of catalyst
dissolution in healing agent, either by treating the catalyst particles to have a larger surface
area [81] or selecting catalysts and healing agents with inherently matching chemical
compatibilities [82, 83], is known to reduce the amount of catalyst required in a self-healing
polymer. Also, Rule et al. showed that by encasing Grubbs’ catalyst in a protective wax
shell, a 10-fold decrease in catalyst loading can achieve similar healing to an unprotected
catalyst [84]. This resulted from both the especially small catalyst particle size in the wax
increasing the surface area of catalyst available for the healing agent to dissolve and the wax
casing protecting the catalyst from decomposition at the hands of incompatible polymer
matrix resins. The development of this wax encasing technique also allowed other ROMP-
catalysts, with significantly lower air stability and lower functional group tolerance (but also
lower price) compared to Grubbs’ catalyst, to be incorporated into self-healing polymers
[85].
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Microcapsule optimization

One of the crucial factors related to engineering self-healing polymers is the
development of adequate microcapsules. The encapsulation technique should, ideally, be
simple and user-friendly, and the liquid healing agent should be chemically inert to the
microencapsulation conditions. The healing agent should not leach out of the capsules over
time, nor should any other components destructively permeate into the microcapsule. The
capsules should be robust enough to withstand handling and fabrication of self-healing
composites, but fragile enough to break and subsequently release core material once the self-
healing polymer is fractured. And finally, these capsules should also have a compatible outer
shell wall to promote good adhesion to the surrounding polymer matrix.

The encapsulation of DCPD in a poly(urea-formaldehyde) shell was among the first
reports of microcapsules for self-healing materials [86] (Fig. 2.4), and many variations of this
seminal fabrication technique, as well as mechanical testing of the resulting microcapsules,
have since been reported [87, 88]. One significant improvement to the DCPD-filled UF
capsules was the development of a procedure to produce nano-sized microcapsules [89] (Fig.
2.4), which is important, for example, when fabricating thin self-healing coatings. In other
reports, epoxy matrix/microcapsule adhesion was enhanced by grafting either silane-coupling
agents [90] or epoxy functional groups [91] to the surface of the urea-formaldehyde capsules.
One especially interesting variant of these systems was a binary capsule consisting of a large,
DCPD-filled microcapsule (~140 um) with smaller capsules (~1.4 um) containing a second,
different liquid at the periphery of the larger capsule [92] (Fig. 2.4). In this work, the
common plasticizer dibutylphthalate was encapsulated in the smaller, peripheral capsules,
and preliminary results have shown some potential for encapsulating a liquid initiator in
these peripheral capsules, thus potentially eliminating the need for a two-part self-healing
system [93].

Additional improvements to encapsulating ROMP-based monomers involve the use
of stronger shell wall materials. In one example, a technique was developed to encapsulate
DCPD in melamine-formaldehyde polymer shells [94], which was shown to produce
capsules with stronger shell materials that rupture at larger deformations than the urea-
formaldehyde systems [95]. Recently, Liu et al. developed an approach to encapsulate a
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blend of ENB and ROMP crosslinkers in a ternary melamine-urea-formaldehyde shell wall
[96] (Fig. 2.4). This fabrication was a very user-friendly technique (unlike other
microencapsulation procedures, external control of pH was not necessary) that produced a
narrow size distribution of capsules without any of the non-capsule polymer debris that
plague many of the abovementioned fabrication techniques. These microcapsules also had a
very rough outer surface and showed significantly higher thermal stability (300 °C) and less

core material permeability when compared to their urea-formaldehyde capsule counterparts.

KUMOH

filled UF capsules with smaller, peripherally decorated microcapsules [92]; a ruptured,
DCPD-containing UF capsule embedded in a fractured self-healing polymer’s crack plane;
and DCPD-filled nano-sized capsules [89].

There are numerous reports of microcapsules for self-healing polymers containing
epoxy resins. With some exceptions, most of these reports have encapsulated bisphenol-
derivative epoxies in urea-formaldehyde shells [97-100]. One improvement to these systems

was the use of a UV-curable epoxydiacrylate shell material, which utilizes a quicker and
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more efficient fabrication technique that produces microcapsules with properties comparable
to, or better than, the urea-formaldehyde systems (Fig. 2.5) [101]. A moisture-sensitive
epoxy hardener, BF3-OEt,, was also encapsulated with this UV-curable shell material using a
novel technique that avoids the hardener’s decomposition, which would otherwise occur very
rapidly as most types of encapsulation procedures necessarily use aqueous chemicals. In this
technique, carbon dioxide bubbles were encapsulated in the shells, followed by evacuation of
the CO, from the capsule, and diffusion the BF3-OEt; into the empty core (Fig. 2.5) [102].

A plethora of other resins have been encapsulated in different shell wall materials, all
of which show promise for self-healing applications. For example: solvent/epoxy solutions
(Fig. 2.5) [103], solvent/carbon nanotube suspensions [104], and liquid paraffin wax [105]
have been encapsulated in urea-formaldehyde shells; Styrene [106, 107] and polythiol epoxy
hardeners (Fig. 2.5) [108] have been encapsulated in melamine-formaldehyde shells; reactive
amines have been encapsulated in polyureas [109], and diisocyanate resins were encapsulated
in polyurethane shells [110].

Other optimizations of self-healing microcapsules include variations in healing agent
delivery technique, such as work by Kirk et al. where, instead of microcapsules, epoxy and
hardener were absorbed into nanoporous silica, which was then incorporated into a polymer
[111]. Also, Pastine et al. recently reported the development of phototriggerable
microcapsules, which “burst” upon exposure to ultraviolet (UV) radiation [112]. These
capsules could possibly be used to maximize the amount of healing agent released into a
surface crack (for example, in a self-healing coating or film) upon exposure to artificial or

even natural (solar) UV light.
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Figure 2.5. Clockwise from top-left: epoxy-filled urea-formaldehyde capsules [99]; epoxy in
UV-curable epoxydiacrylate shells [101]; BF;OEt,-filled epoxydiacrylate microcapsule after
rupture [102]; polythiol-filled melamine-formaldehyde capsules [108]; urea-formaldehyde

shell microcapsule filled with an epoxy/solvent solution [103].

2.3.1.2 Phase-separated healing agents

An alternative to storing healing agent in microcapsules is the incorporation of
healing agents directly into the polymer matrix as a phase-separated component. One key
difference between this approach and the microcapsule systems is that the protection afforded
by the capsule shell is lost, therefore necessitating long-term inertness between the healing
agent and the matrix resin/polymer. But even though this brings about stricter healing agent
requirements than that of the microcapsule-based healing agents, these phase-separated
systems offer the potential of reduced fabrication time (i.e. no need for encapsulation
procedures) and generally simpler processing. Zako et al. were the first to demonstrate
healing with phase-separated healing agents. In their work, solid epoxy prepolymer healing
particles (Toa-Gosei AP-700), with a melting point of 383-413 K and a mean diameter of 105
um, were incorporated into a fiber-reinforced polymer matrix [113, 114]. After damage to
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the matrix, these composites were heated above the melting point of the epoxy prepolymer,
which then caused the epoxy particles exposed on the fracture surface to melt and fill the
damaged region. Upon cooling, the epoxy healing agent cures to heal the polymer, showing
nearly full recovery of stiffness and even an increased fatigue lifetime, relative to the virgin
material.

Cho et al. demonstrated self-healing of a vinyl ester matrix containing both
encapsulated and phase-separated healing agents [115]. In this system, a mixture of hydroxyl
end-functionalized polydimethylsiloxane and polydiethyoxysiloxane healing agents were
incorporated into the matrix as the phase-separated component, and a solution of an
organotin polycondensation catalyst was used in embedded microcapsules. Healing in this
system was relatively less efficient (24% recovery of fracture toughness) than others, but the
healed regions showed excellent corrosion resistance, chemical stability and passivating
ability, which are of paramount importance to the paint and coating industries [116].

Meure et al. introduced a slightly different methodology by using phase-separated
particles of a thermoplastic polymer, polyethylene-co-methacrylic acid (EMAA) [117]. After
fracture and a subsequent heating cycle, the EMAA polymer infiltrated the damage regions
and restored 85% of the virgin polymer’s fracture toughness (critical stress intensity factor).
One especially interesting aspect of the EMAA healing agent is a built-in pressure-based
delivery system resulting from bubbles present in the phase-separated EMAA particles.
These bubbles, likely filled with water resulting from reactions between the EMAA particles
and the polymer matrix resin during fabrication [118], expand during the heating/healing

cycle to force the healing agent into cracks (Fig. 2.6).
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Figure 2.6. Phase-separated EMAA particles exhibiting a pressure-driven healing effect

when heated to its melt. Reprinted with permission from reference [117].

Another thermoplastic polymer used as a phase-separated healing agent is Poly(e-
caprolactone) (PCL) [119]. PCL forms a miscible blend with uncured epoxy resin, but
during the epoxy’s curing reaction, the PCL undergoes a reaction-induced phase separation
to yield a polymer with an ordered “bricks-and-mortar” morphology with spheres of epoxy
polymer (bricks) interpenetrated with a network of PCL (mortar) (Fig. 2.7, left). After
damage and a short heating cycle, the PCL melt was able to infiltrate damage and either
completely recover or surpass some virgin mechanical properties (Fig. 2.7, right). This
system is especially promising for its simple processing, micron-scale distribution of phase-
separated PCL, and, interestingly, many of the material properties of the polymer are

dominated by that of the thermoset epoxy “bricks.”

Figure 2.7. Epoxy polymer with intermingling, phase-separated PCL after damage (left) and

after a heating cycle (right). Reprinted with permission from reference [119].
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2.3.1.3 Healing agents in hollow fiber

One drawback for many of the systems described above is that small, localized
volumes of healing agent limits repeated healing of one damage site. Storage vessels capable
of supplying volumes of healing agent significant larger than expected crack sizes could
potentially address this problem, but increasing the size of the types of storage vessels
described above could drastically diminish the virgin properties of the polymer in which they
are embedded. To solve these problems, significant effort has been dedicated to
incorporating healing agents into hollow fibers, which can be used both as a structural
reinforcement and as a large storage vessel. Once failure occurs in composites filled with
these resin-infused fibers, fibers rupture and healing agent(s) can diffuse into the damaged
regions (Fig. 2.8). These hollow fibers have been filled either through open ends, with either
capillary action or vacuum assistance, or through surface pores, which need to be covered

after resin infusion (Fig. 2.9).
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Figure 2.8. Self-healing concept using hollow fiber storage vessels (left) and ruptured hollow

vessels containing healing agent (right). Images reprinted with permission from reference
[133].
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Earlier generations of composites with resin-filled fibers were reported by Dry et al.
[120-123] and Motuku et al. [124] to rupture in response to damage and adequately release
healing agent. The quality of healing, however, was limited by poor healing agent reactivity
and especially large fiber sizes that frequently acted as initiation sites for failure.
Modifications to these early fibers have been reported by Dry et al. to adequately heal
composites in short time periods [125-127], but the differences between these more recent
reports and the earlier systems are not described in detail. Resin-filled fibers with diameters
small enough to impart some structural reinforcement to the polymer matrix were used by

Bleay et al. [128], but the healing agent chemistry in these systems generally required harsh

curing conditions (vacuum and heat).

Figure 2.9. Hollow fibers with open ends (left) [133], and hollow fibers with open surface
pores (right) [136].

Bond and coworkers developed a technique to manufacture hollow borosilicate glass
fibers with variable degrees of hollowness, internal diameters, external diameters and lengths
[129]. After targeting the optimal parameters for self-healing applications (fiber hollowness:
50-55%, external diameter: 60 um, internal diameter: 40 um), these fibers were filled with a
two-part epoxy resin and, in some cases, a UV fluorescent dye. Early work incorporated
these fibers into reinforced polymers as groups of consecutive orthogonal plies, which
showed that, after applying load, the UV dye from the fractured fibers can sufficiently fill
fracture and delamination areas to aid in damage visualization [130,131]. Additionally, after
a short healing time, epoxy resin/hardener was able to flow out of the fibers and cure,
recovering nearly 75% of the flexural strength lost after damage. This system was further

optimized by intermingling the filled hollow fibers at optimal pitch spacings within E-glass
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or carbon fiber plies, resulting in both negligible virgin property reduction and nearly full
recovery of flexural [132-134] and compression-after-impact strength [135].

A number of different types of healing agents have been reported to sufficiently heal
when incorporated into hollow fibers. In one approach, Liu et al. reported a coating that can
heal its ability to act as a water permeation barrier [136]. In this work hollow, water-
degradable poly(lactic acid) (PLA) fibers were filled with a metal oxide precursor healing
agent, TiCl,, and subsequently incorporated into sub-surface polymer layers of multilayer
films. Once damage penetrated deep enough in the multilayer film to reach the PLA layers,
atmospheric moisture degraded the PLA fibers, releasing TiCl, into the damaged region. On
contact with ambient humidity, the healing agent oxidizes to a TiO, film to form an effective
water permeation barrier. Another healing agent reported to adequately self-heal a polymer
when infused in hollow fibers is DCPD, otherwise well-known in the realm of microcapsule-
based self-healing [137]. A commercially available borosilicate glass tube (external
diameter: 125 um, degree of hollowness: 64%) was filled with either DCPD or a suspension
of functionalized-MWNT [70] in DCPD by capillary action, sealed at both ends, and coated
with Grubbs’ catalyst at its exterior walls. After damage and a short waiting time, healing
with DCPD was able to recover 90% of its virgin tensile strength, with even higher values of

strength recovery possible at low loadings of the functionalized-MWNT.

2.3.1.4 Microvascular networks

Infusing larger storage vessels, such as the hollow fibers described above, with
healing agent will likely result in multiple healing events of one damage site, but the total
volume of liquid in each fiber is still finite. A logical progression to supplying even larger
volumes of healing agent to damage sites is through a series of healing agent-filled
interconnected channels, which could potentially be linked to an external, refillable liquid
pump to deliver a constant supply of healing agent. Healing with connected networks of
healing agent is mechanistically similar to that of the hollow fiber approach, and it is perhaps
the most biomimetic self-healing system that will be presented in this review since the

network of channels is visually and conceptually similar to the vascular systems of many
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plants and animals (Fig. 2.10). Appropriately, connected networks of flowing healing agent

have been coined “microvascular” networks.
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Figure 2.10. Microvascular-based self-healing concept: a) A capillary network in the outer
skin layer with a cut and b) schematic of an epoxy specimen containing a microvascular
network, loaded in a 4-point bending configuration monitored with an acoustic-emission

sensor. Reprinted with permission from reference [149].

Connecting channels of storage vessels adds several degrees of complexity not
present in most other self-healing techniques. Bejan and coworkers have addressed some
network design parameters by calculating optimal two and three dimensional vascular
architectures that efficiently deliver healing agent to multiple damage sites with maximum
flow properties [138-143]. Williams et al. complemented this work with calculations to
determine optimal network sizes and architectures to enhance the reliability (e.g. minimizing
the negative effects of network leakage and blocking) and applicability (e.g. minimum mass
penalties, pumping power requirements, etc.) of microvascular self-healing systems [144,
145]. However, the complexity of many of these optimal design conditions for
microvascular systems would likely require extremely sophisticated fabrication techniques

that are currently technologically unavailable or too elaborate to be practical. Therefore,
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only a few vascular architectures described in these reports have been experimentally
demonstrated.

A fabrication technique utilizing a robotic direct-write assembly to develop a scaffold
of fugitive wax was used to construct microvascular networks. The fugitive wax scaffold
was infused with an epoxy/hardener resin system, which was subsequently cured, and the
wax removed at elevated temperatures to create a well-defined network in the evacuated
microchannels [146-148]. Initial self-healing work using this fabrication technique contained
Grubbs’ catalyst embedded in the epoxy matrix and DCPD flowing through the
microvascular network, which showed up to 70% recovery of fracture toughness after
damage in a 4-point bending protocol [149, 150]. Substantial healing was observed for up to
7 damage/healing cycles, after which point healing diminished, presumably due to
consumption of the embedded Grubbs’ catalyst that cannot be replenished as easily as the
DCPD flowing through the network channels. This prompted Toohey et al. and Hansen et al.
to change the healing chemistry from a system using a solid catalyst to a two-part liquid
healing agent—an epoxy and an amine hardener—with each part flowing through segregated
vascular networks [151, 152]. Over 60% recovery of fracture toughness was achieved for up
to 16 intermittent damage/healing cycles and 50-100% recovery of fracture toughness was
achieved for 30 damage/healing cycles with adjacent and interpenetrating networks,
respectively.

In another work, microvascular networks were added to composite sandwich
structures by embedding PVC tubes horizontally into a polymethylacrylimide closed-cell
foam, drilling vertical holes at appropriate locations into the foam through the tubes to form
vascular networks, and sandwiching the resulting samples with an E-glass/epoxy composite
skin [153, 154]. After impact damage, vascular networks filled with a premixed
epoxy/hardener were able to fully restore the undamaged sandwich structure’s flexural load
and compression-after-impact (CAl) strength. When epoxy and hardener were separately
added to segregated vascular channels (in which mixing of the two components must occur
after they diffuse out of the networks into damage regions) full recovery of virgin properties

also occurred, but only when both filled networks were ruptured.
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2.3.2 Diffusion

The subsections below discuss self-healing mechanisms based on molecular diffusion
of a mobile species to create chemical or physical adhesive linkages. An important
distinction can be made between these systems and the crack-filling adhesives: essentially,
the diffusion-based healing mechanisms in the subsections below all require the transport of
the mobile species from one damage surface to another, as opposed to the crack-filling
systems that fill the space between damage surfaces with a healing agent. This distinction
brings about several issues not present with the crack-filling systems, such as both the
necessity for crack closure and application of an external stimulus to drive the movement of

the mobile species.

2.3.2.1 Healing via a thermoset/thermoplastic miscible blend

Hayes and coworkers developed a self-healing approach based on a
thermoset/thermoplastic blend. A thermoplastic polymer (polybisphenol-A-co-
epichlorohydrin) chosen to form a homogenous blend with the thermoset, both before and
after curing, was dissolved into the thermoset epoxy resin, and E-glass/epoxy composites
were fabricated with conventional layup techniques [155]. After tensile or impact loading,
significant decreases in delamination area and increases in extension at failure, fracture
toughness, and impact strength were observed after a short heat treatment at temperatures
ranging from 100-140 °C, resulting from the thermoplastic polymer melt diffusing through
and filling the damage region. The extent of healing varied with different thermoplastic
polymer loadings and healing temperatures, with optimal conditions showing about 70%
recovery of virgin properties and significant, but slightly diminishing, healing with repeated
damage/healing cycles [156].

2.3.2.2 Dangling chain diffusion healing
Another diffusion-based healing technique utilizes interactions between “dangling
chains” of polymer, branching off of the main polymer backbone, across damage surfaces to
heal. After diffusion, these dangling chains can heal a polymer either by physical

(mechanical interlocking) or chemical (reactions) interactions. One such polymer was
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fabricated by eliminating the sol fraction of a weak polyurethane sol-gel just beyond its sol-
gel critical point [157, 158]. Elimination of the sol near the critical point allowed the
polyurethane gel to have a high enough crosslink density to maintain mechanical integrity,
but a sufficient number of dangling chains available for healing. After cutting these
polymers with a razor blade the two damage surfaces were brought into contact, which
allowed for topological interactions (interdiffusion of dangling chains) between the damage
surfaces to effectively heal damage. The extent of healing was found to be strongly
dependant on the number and length of the dangling chains, and samples containing
optimized chain parameters demonstrated the ability to recover nearly 80% of their virgin
tear strength after only 10 minutes of room temperature healing time.

Given that the gels discussed above have relatively weak mechanical properties
(which was actually a necessity to produce the dangling chain molecular mobility required to
facilitate room-temperature curing), their application base is limited. Rahmathullah et al.
investigated the ability of thermoset epoxy/amine polymers, which are often used for
structural applications, to heal via topological diffusion mechanisms [159]. Fractured halves
of compact tension test specimens were brought into intimate contact with each other,
clamped at either high or low pressures, and healed with a heat treatment of 185 °C for one
hour. Elevated healing temperatures were required to bring the epoxy into its rubbery state,
which allowed for enhanced molecular mobility of the topological polymer chains. In cases
where the polymer was initially fabricated with a stochiometric ratio of epoxy and amine,
significant diffusion across the crack plane occurred to recover up to 50-60% of the
maximum load-at-failure, which was repeatable over numerous damage/healing cycles. In
cases where the epoxy/amine ratio was not stochiometric, over 100% recovery of virgin
properties was possible due to unreacted epoxy groups diffusing through the damaged areas
and undergoing various epoxy ring-opening polymerization reactions at the crack interface.

Caruso et al. also demonstrated healing of epoxy/amine matrices with residual
reactive groups [160]. Various solvents were selected and encapsulated in urea-
formaldehyde microcapsules, which were embedded in the polymer matrix. Upon fracture,
the microcapsules would rupture and transport solvent into the damage region, which acted to

increase local molecular mobility at the crack surfaces and assist in the diffusion of residual
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reactive groups. This solvent-assisted diffusion allowed the residual epoxy/amine groups to
heal below the bulk polymer’s glass transition temperature (in the case of this work, at room
temperature), resulting in over 80% recovery of fracture toughness. This system was later

improved upon by including epoxy resin solutes in the microcapsules, which allowed for full

recovery of the virgin material fracture toughness [161].

2.3.2.3 Viscoelastic healing

Kalista and coworkers demonstrated a healing technique that takes advantage of the
inherent viscoelastic behavior of polymers. Thin films of commercially-available
poly(ethylene-co-methacrylic acid) (EMAA), either neutral or partially ionized, were subject
to high-energy impact or sawing damage, after which point the damage was autonomically
healed to withstand pressures of up to 3 MPa [162, 163]. This healing was attributed to a
viscoelastic response of the EMAA, facilitated by a transfer of energy from the damage event
to temporarily bring the damaged region of polymer into a melt. More specifically, the
transfer of energy during impact or sawing elicited a localized melt of the damage region that
allowed the inherently elastic response of EMAA to physically close deformations.
Subsequently, the viscous behavior of the polymer melt allowed for diffusion of polymer
chains to seal the damage site. This healing mechanism was shown to be applicable only
when the damage event was of high enough energy to bring the local damage region into the
melt. Also, healing was only observed over a defined temperature range, -30-60 °C, since at
lower temperatures the damage event could not transfer enough energy to heat the polymer
above its melt temperature, and at higher temperatures the damage energy was dispersed
more easily throughout a larger area of polymer, also resulting in a failure to heat the
localized damaged region into a melt.

Studying the detailed mechanism of this viscoelastic healing has proven difficult as
the healing response occurs almost instantaneously (attempts to visually monitor the healing
were unsuccessful, even with high-speed camera analysis capable of 4000 frames/sec [162]).
To address this problem, a quasi-static test method was developed to mimic the high-impact
ballistic damage in which a pre-heated, disc-shaped object was rapidly (10*-10° mm/min)

pulled through the EMAA polymer in a controlled manner [164]. This technique allowed for
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the contribution of the elastic and viscous components of the healing process to be monitored
independently. It was proposed that the ionomeric clusters along the EMAA chain enhances
healing, relative to neutral EMAA, by increasing the elastic modulus and therefore aiding in
efficient damage closure. The viscous component of healing was improved by heating the
localized damage region to higher temperatures and maintaining the heat for longer times
[165].

2.3.3 Bond Reformation

Polymers with controlled reversible polymerization processes have shown great
potential for self-healing. These unique polymers, sometimes called “mendomers” or
“dynamers,” contain specific bonds that are reversible in response to a generally mild
external stimulus (e.g. heat, light, acidic or basic conditions, etc.). This unique characteristic
has profound implications for self-healing polymers: a bulk mendomer has the potential to
repeatedly heal itself in such a way that the virgin material is fully restored, even at the
molecular level. A great number of different mendomers have been reported in the literature,
so the entire scope of these reversible polymers is too great to fully address here; interested
parties are directed to several recent reviews that give due credit to the breadth of this field
[166-170]. Instead, we focus our discussion only on reversible polymers that have been
shown to heal bulk damage in solid state polymers.

By employing rational molecular design, the reversible bonds in mendomers can be
engineered to behave as “weak links” that preferentially break in response to stress,
preserving the intactness of the irreversible bonds. This is especially important for self-
healing applications—if large scale damage can translate to the molecular level exclusively
as cleavage of the “weak links,” then molecular structure can be completely restored upon
employing the external stimuli to reform these broken “weak links.” However, it is probably
unreasonable to expect macroscopic damage of a bulk polymer to occur exclusively through
these “weak links” (although we admit that, to the best of our knowledge, there have been no
literature reports to confirm or refute this claim). For this reason, many of the polymers
presented in this subsection have only been shown to heal after a

depolymerization/polymerization cycle, which allows intact “weak links” at the damage site
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to break and subsequently reform with “weak links” on opposite damage surfaces. Also, the
depolymerization step can provide additional molecular mobility for the “weak links™ to
partially fill the crack volume and diffuse into opposite crack surfaces to find bonding
partners.

One inherent limitation in these systems is that applying the required external
stimulus to initiate the depolymerization/polymerization cycle of damaged mendomers
requires manual intervention, and the healing is therefore not fully autonomic. However,
clever solutions to this problem have recently started appearing in the literature. For
example, mendomers requiring thermal stimuli can be heated by passing electrical currents
through reinforcing graphite fibers [171, 172], although incorporation of these fibers still
cannot be considered truly autonomic healing without an efficient detection system that can
locally heat damage regions. Also, mendomers requiring UV irradiation to reverse bonding
can potentially receive this external stimulus via sunlight. But there are still significant
questions that need to be addressed before the sun can be considered a feasible self-healing
UV-source, such as how to exclusively expose sunlight to damage regions in order to not

constantly depolymerize “healthy” polymer.

2.3.3.1 Thermally reversible self-healing

For a large number of polymers that heal via bond reformation, heat is the external
stimulus that begins the healing process. The reason for this ubiquity can perhaps be
attributed to the fact that a thermally-reversible chemistry—the Diels-Alder (DA) reaction
(between a diene and a dienophile)—is ideal for self-healing for a number of reasons. First,
when a good diene and dienophile pair are chosen (such as furan and maleimide derivatives,
respectively), the DA reaction can occur at room temperature without the need for any
external reagents or solvents, which is an invaluable quality when preparing bulk polymers.
Additionally, the controlled retro Diels-Alder (rDA) reaction of furan/maleimide-derived
polymers occurs in the temperature range of approximately 90-120 °C, which is low enough
such that thermal degradation will not compete with the cycloreversion, but high enough for
some structural applications. And finally, the DA-adduct is often believed to act as the

“weak link” during failure, cycloreverting to reform the diene and dienophile preferentially
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to random bond scission. This implies that, should the “broken” diene and dieneophile parts
be brought together again in a solid-state DA reaction, damage can be repaired on the
molecular level.

Chen et al. developed thermoset polymers based on the Diels-Alder reaction between
the multi-furan and multi-maleimide monomers shown in Fig. 2.11, which resulted in a
polymer with tensile, compressive and flexural mechanical properties similar to
commercially available epoxies and unsaturated polyesters [173]. Original reports
demonstrated that this polymer, when fractured in a compact tension protocol, could be
heated to above 120 °C and recover 57% of its original fracture load upon cooling (Fig.
2.11). Using differential scanning calorimetry (DSC) and solid state *C NMR spectroscopy
healing was observed to predominately result from the solid state DA reaction, and this
healing was repeatable for multiple damage events [174]. Later reports showed that full
recovery of virgin mechanical properties could be achieved for repeated damage events when
fracture surfaces were accurately aligned and clamped with 0.35 MPa of pressure during
healing [175]. Healing of polymers with structurally different multi-furan and multi-

maleimide monomers have also been met with similar levels of success [176-178].

Figure 2.11. Chemical structures of a thermally reversible, DA-based thermoset polymer
with the generalized DA reaction between a substituted furan and a substituted maleimide
(top). A compact tension specimen comprised of this polymer after damage (bottom left) and

after a heat treatment (bottom right). Images reprinted with permission from reference [173].
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Murphy et al. have developed a series of self-healing DA-based monomers that use
cyclopentadiene (CPD) as both the diene and dieneophile. In this novel approach, a
macrocyclic derivative of DCPD, which is the DA adduct of two molecules of
cyclopentadiene, was synthesized using several short organic linkers in such a way that the
rDA reaction of the macrocycle would yield an a,w-bis(cyclopentadiene) [179]. Upon
cooling to below rDA temperatures, this linear molecule will preferentially undergo
intermolecular DA reactions, as opposed intramolecular recyclization, to form the polymer
backbone (Fig. 2.12). These resins are unique in that the one-component monomer greatly
simplifies polymer fabrication, relative to multi-part resins that require homogeneous mixing
of two or more liquids or solids. Healing efficiencies varied with the different mendomers
shown in Fig. 2.12, but all systems showed full recovery of compression strength over
several damage/healing cycles, as high as 60% recovery of fracture strength, and visual
disappearance of both fracture and indentation damage after heating at or above 120 °C [171,
172].
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Figure 2.12. Three mendomers (above), which form a self-healing polymer after a heat

treatment (below).
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While the above systems show great potential for healing at the molecular level, the
economic drawback of scaling up synthesis of these custom-made DA monomers would
likely outweigh the benefit of healing, at least for large-scale, industrial applications. One
recently investigated approach to reduce the economic severity of thermally-reversible
healing is to functionalize well-known polymers, made from resins that are already cheap and
commercially available in massive quantities, with DA-based thermally-reversible crosslinks.
And in addition to healing, when these crosslinks are “broken” at elevated temperatures via
the rDA reaction, the resulting functionalized resins and polymers can be recycled using
standard thermoplastic processing technology. To this end, several well-known polymers
(such as polyamides [180], polyketones [181], PMMA [182-185], and polyesters [186, 187])
have been functionalized with pendant or telechelic furan groups and crosslinked with small
bis- or tris-maleimides. The functionalized resins were either commercially available or
obtained in 1-2 step syntheses from commercially available resins. All crosslinked polymers
were shown to have thermal and mechanical properties superior to their non-crosslinked
polymer counterparts, and after a heat treatment to cleave the crosslinking groups, they could
be processed using standard solution or melt processing techniques. Crack-healing behavior
was observed in all systems, with nearly full recovery of virgin material properties possible
after the rDA/DA heat treatment.

In addition to the thermoplastic polymers above, epoxy resins have also been
prepared with thermally-reversible furan/maleimide crosslinks (Fig. 2.13). Since epoxies
traditionally behave as thermosets, these polymers are unlike the DA-crosslinked
thermoplastics above in that they likely will never have the ability to be melt or solution
processed, but they can still function to heal damage. In one example of this work, Tian et
al. synthesized a furan-functionalized diepoxide resin that, when cured with an anhydride
hardener and crosslinked with a commercially-available bismaleimide, possessed thermal and
mechanical properties similar to or better than traditional epoxy resins [188]. After damage
and a 20 minute heating cycle at >119 °C a decrease in crack size was qualitatively observed.

Peterson et al. developed a thermally-reversible epoxy gel, which was intended for
use as a crack-filling healing agent (similar to the above microcapsule or phase-separated

healing agents) that could be added to a traditional, unfunctionalized polymer matrix as a
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secondary phase [189, 190]. The healing agent was synthesized from a furan-functionalized
epoxy prepolymer in N,N’-dimethylformamide (DMF) solvent, which was crosslinked with a
commercial bismaleimide to form the gel. The addition of this thermally-reversible healing
agent gel was hypothesized to allow for a self-healing polymer matrix that does not contain
thermally reversible crosslinks (and would therefore not lose mechanical integrity while
heating), but maintain the ability to repeatedly heal on the molecular level (through the
discreet gel-phase filling damage regions). The initial reports of this technique focused
mainly on manually applying healing agent gel to the crack surfaces of fractured specimens,
which demonstrated the ability to partially heal the polymer for at least five damage/healing

cycles.

\«F 90°C

Figure 2.13. Self-healing with thermally-reversible, maleimide-furan crosslinks. The right
inverted vial shows a polymer gel with crosslinks that can be cleaved at elevated
temperatures to form a liquid polymer solution (left inverted vial). Reprinted with

permission from reference [189].

2.3.3.2 UV-initiated self-healing

Conceptually similar to the thermally-reversible systems, bond reformation of
damaged polymers can also be achieved by employing UV light as an external stimulus. One
type of chemistry identified by Cho et al. as suitable for this type of healing is the [2+2]
cycloaddition of cinnamoyl groups. Several tricinnamates were synthesized and
photoirradiated to form cyclobutane-containing crosslinked polymer films, and it was
observed by FTIR, UV/vis spectrophotometry, fluorescence spectrometry and fluorescence
microscopy that after crack damage of these films, the cyclobutyl groups at the damage

regions cyclorevert to reform cinnamoy! functionalities (Fig. 2.14) [191]. After 10 minutes
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of re-irradiation with UV light, the cinnamoyl groups were able to recyclize to recover as
high as ~25% of the virgin film’s flexural strength [192]. This relatively low quality of
healing may limit cinnamate-based polymers to film or coating applications, for which
mechanical integrity is not always a primary concern. Furthermore, the most appealing UV
sources (e.g. sunlight) may have small penetration depths unable to reach damage deeper

than the small sample thicknesses typical of polymer films.

Nys WEe
]

. Q & °° Damage a0 JZ;@?
O 00 Oo O \<__
o e
o @ v (>280 nm) WES ©/=2f°1

s
0 O QO"I

Figure 2.14. UV-based healing of cracks in cyclobutane-containing polymers of
tricinnamates. Adapted from reference [192].

Polyurethanes incorporating a chitosan-based crosslinker were also shown to heal in
the presence of ultraviolet light [193]. Chitosan is a partially deacetylated derivative of the
polysaccharide chitin, which is the primary structural component of anthropod exoskeletons
and available in massive quantities worldwide. In these polymers, a commercially-available
chitosan saccharide was first functionalized with pendant 4-membered ring oxetane groups
and subsequently cured with a trifunctional isocyanate and a polyethylene glycol chain
extender to form a crosslinked polyurethane network. After damage and exposure to UV
light, these polyurethane films were found to effectively heal scratches (Fig. 2.15). Through
a series of control tests and ATR-FTIR and IRIR-imaging of damaged regions, the authors
hypothesized a two-step healing mechanism. First, mechanical damage opened the oxetane
pendant rings to create two reactive ends. Then, exposure to UV radiation cleaved urea
linkages in the chitosan backbone, which combined with the oxetane reactive ends to form
new crosslinks. This healing mechanism was qualitatively observed to both close and seal

scratch damage. One promising feature of this system is that rapid healing (~30 minutes) of
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micron-sized cracks is possible using UV light of similar wavelength and power density as
the sunlight that reaches Earth’s surface, but detailed information not present in this initial
report (such as the polyurethanes virgin mechanical properties, quality of healing, and
repeatability of healing) should be addressed before the practicality of this technology can be

judged.
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Figure 2.15. IR (above) and optical (below) images of oxetane-substituted chitosan
crosslinked polyurethane during healing of crack damage. UV exposure times: A1) 0 min,
A2) 15 min, A3) 30 min. Reprinted with permission from reference [193].

2.3.3.3 Metal-ligand dissociation/association healing

As mentioned earlier, ideal design of polymers that heal via bond reformation lies
with the placement of “weak link” moieties, sacrificial bonds designed to break in response
to stress, thereby preserving the generally irreversible organic covalent bonds. And with the
appropriate chemistry, these “weak links” can recombine to reform the virgin polymer
network and heal damage. Coordination polymers, which contain metal-ligand bonds in their
backbone, may satisfy these requirements given that metal-ligand bonds are generally known
to be much more labile than their organic covalent counterparts, but, if the metal and ligand
are chosen wisely, have a high enough thermodynamic affinity to rapidly re-associate.

As an important segue from molecular design to the demonstration of self healing in a
bulk polymer, a detailed understanding of the precise mechanochemical (i.e. chemical
response to mechanical stress) dissociation of metal-ligand bonds in coordination polymers is

required. Knowing how mechanical force affects metal-ligand bonding motifs is vital to
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ensure that the reversible “weak link” in the polymer backbone is indeed preferentially
broken during failure. As mentioned earlier, while macroscopic damage will probably not
exclusively break these weaker bonds, it is intuitive that “weak links” with weaker bond
strengths and higher densities throughout the polymer backbone can better preserve the
integrity of the irreversible bonds they are designed to protect. Yet despite the complexity of
this effect, with potential implications towards quality and repeatability of healing, the
precise mechanochemical response of the “weak links,” relative to the irreversible bonds in
the polymer, has gone largely overlooked in the bond reformation self-healing systems
described outside of this sub-section. But with regards to the mechanochemical bond
cleavage in coordination polymers, which has been extensively studied, metal-ligand bonds
are generally known to break at much lower mechanical loads than the polymer’s irreversible
covalent bonds. In one example, Kersey et al. studied the mechanical behavior of a
palladium/pyridine-based coordination polymer using single-molecule force spectroscopy
[194]. Separate PEG polymers were attached to both the tip of an AFM probe and a SiO,
substrate, which were end-capped with pyridine-based ligands. The substrate was then
flooded with a DMSO solution of a bispalladium complex, and the pyridine ligands
coordinated to the metal to form polymer extending from the AFM probe to the sample
surface (Fig. 2.16). When the functionalized AFM probe was retracted to the contour length
of the polymer, bond rupture was consistently observed to occur through metal-ligand
dissociation. Solutions of polymer-functionalized N-heterocyclic carbene ligands have also
been shown to efficiently cleave from silver and ruthenium complexes when subject to
ultrasound-induced mechanical stress [195, 196], which is especially noteworthy given that
these carbene ligands are known to be excellent o-donors, often leading to high metal-ligand
bond strengths [197-199]. In other work, Paulusse et al. synthesized diphosphine telechelic
poly(tetrahydrofuran) polymers, and the phosphine endgroups were complexed to palladium
or platinum halides to yield polymers with multiple metal coordination sites along the
polymer backbone [200-202]. Stress was applied to a solution of the metal-phosphine
coordination polymers via ultrasonication, and chain scission was observed to occur

predominantly through metal-phosphine dissociation.

www.manaraa.com



47

Me,N NMe,

Me;N NMe,

§ Ia

o - LHOC
2

Figure 2.16. Single-molecule force spectroscopy of a coordination polymer containing
pyridine-palladium bonds in an AFM instrument. Reprinted with permission from reference
[203].

Bulk healing of coordination polymers has been demonstrated with several different
systems. In one example, linear polymers with pyridine pendant groups were crosslinked
with bispalladium or bisplatinum complexes to form hybrid polymer gels, which were
observed to rapidly undergo ligand dissociation and reassociation in response to shear stress
[203]. Varghese et al. synthesized lightly-crosslinked, hydrophilic polymer gels containing
carboxyl groups that could be healed by dipping fractured gels into a CuCl; solution [204].
When the damage surfaces are brought into contact, the carboxylate groups on the polymer
chain effectively coordinate to the copper complex, resulting in significant recovery of
mechanical properties. Williams and coworkers developed conducting organometallic
polymers comprised of bis-N-heterocyclic carbenes and nickel, palladium or platinum metals
[205]. These polymers exhibited conductivities on the order of 102 S cm™, and, after
immersion in DMSO vapor at 150 °C for two hours to facilitate the metal-ligand association,

were qualitatively observed to heal microcracks [206].

2.3.3.4 Healing via supramolecular assembly
Polymers made from supramolecular self-assembly have also been shown to exhibit
self-healing behavior. The connectivity in these polymers partially relies on non-covalent

interactions (e.g. hydrogen bonding, n-xt stacking, etc.), which surely satisfies the
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omnipresent molecular design requirement of a “weak link” throughout the polymer
backbone.

Montarnal et al. reported the bulk synthesis of a hydrogen bonding supramolecular
polymer by first reacting dimeric or trimeric fatty acid derivatives with diethylenetriamine,
followed by subsequent reaction with urea [207]. This synthetic technique provided a batch
of different monomers containing numerous hydrogen bond donors and acceptors (Fig. 2.17)
that formed a supramolecular polymer through molecular recognition of these hydrogen
bonding sites. Variations in the ratio of reactants were able to produce materials with a wide-
array of properties ranging from polymers behaving like semi-crystalline thermoplastics to
elastomers to associating liquids [208], although self-healing tests were only conducted on an
elastomer-like material with a glass transition temperature of 28 °C. When this elastomer
was fractured and the damage surfaces brought together, nearly full recovery of the virgin
material’s elongation at break was achieved after 180 minutes. Healing was only able to
fully recover virgin properties when the fracture surfaces of broken specimens were brought
into contact with each other immediately after fracture, with maximum possible healing
decreasing at longer waiting times. This was attributed to the fact that broken hydrogen
bonding groups eventually find partners within the broken part, leaving less hydrogen donors
and acceptors available to associate with those across damage surfaces [209]. Kundu et al.
developed a supramolecular hydrogel consisting of an oligomeric electrolyte,
poly(pyridinium-1,4,-diyl-iminocarbonyl-1,4-phenylenemethylene chloride), which was able
to quickly recover the virgin gel’s shear modulus after destruction of the network under high
shear stress [210]. Based on the unlikelihood of « - 7 stacking of the aromatic groups in the
oligomer backbone, due to the positive charge on the main chain, and an activation energy
for gel reformation (-10.4 + 0.6 kJ/mol) being significantly lower than expected for hydrogen
bonding through water or amide groups, the authors proposed that the healing took place

through chlorine ion-mediated hydrogen bonding with water.
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Figure 2.17. Synthetic scheme of a self-healing, supramolecular elastomer. Red bonds are
hydrogen acceptor groups, and green bonds are hydrogen donor groups. Reprinted with

permission from reference [209].

Greenland et al. and Burattini et al. developed healable supramolecular self-healing
polymers formed with 7-n stacking interactions [211, 212]. These materials consisted of a
blend of low molecular weight polymers—a chain-folding polydiimide and a pyrenyl end-
capped polyamide or polysiloxane—that assembled to form flexible, self-supporting films
with glass transition temperatures higher than 100 °C. Rapid and reversible self-assembly of
the electron-poor aromatic groups along the backbone of the polydiimide and the electron-
rich telechelic pyrenyl groups (Fig. 2.18) was observed through model compound studies,
computational modeling, and *H NMR, UV-vis, and fluorescence spectroscopy. When
solution-cast films were cut, the broken pieces brought together, and healed at elevated
temperatures, full and repeatable recovery of tensile modulus was possible in about 5 minutes
at 50 °C and only a few seconds at 80 °C. This healing was also qualitatively observed by
ESEM to close and seal microcracks, albeit only above ambient temperatures, while control
tests with the polydiimide and a phenyl end-capped polymer (as opposed to the telechelic
pyrenyl group) exhibited no healing (Fig. 2.19). This control test was vital to rule out
viscous behavior of the polymer melt as a major contributor to healing. Instead, healing was
attributed to a disruption of the n-n stacking interactions at elevated temperatures that
allowed the polymer to fill the damage region and reform the n-n non-covalent interactions

upon cooling. This was confirmed by rheometric analysis of the films, which showed a
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significant drop-off in modulus and melt-viscosity above a critical temperature, which in the
case of this work was c.a. 40 °C [213].

Figure 2.18. n-n stacking interactions of electron-rich and electron-poor aromatic groups in a
model compound (left) and a supramolecular polymer (right). Reprinted with permission
from references [211, 213].

Figure 2.19. Healing in a polydiimide/pyrenyl end-capped polyamide supramolecular
polymer (left) and a control polydiimide/phenyl end-capped polyamide (right) at various
temperatures. Reprinted with permission from reference [213].
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2.3.4 Virgin Property Strengthening

A drastically different methodology relatively new to the field of self-healing
polymers is the development of materials that apply local strengthening mechanisms in
response to stress, but prior to virgin material failure. These polymers incorporate
mechanophores (mechanochemically active units) along their backbone that are designed to
remain dormant when unperturbed, but impart additional polymerization and/or chemical
crosslinking to localized portions of the bulk polymer that are under stress. While this
research is still in its early stages, and to date bulk polymers that conclusively demonstrate
virgin property strengthening have yet to be reported, the current efforts to develop these
systems are discussed below. We will mainly focus our discussion of mechanophore
chemistry on current efforts to impart a virgin property strengthening mechanism to bulk
polymers; several good reviews encompassing a larger scope of mechanochemistry are
available elsewhere [214-216].

Many mechanophores are designed to generate active metal catalysts when placed
under stress. In fact, the coordination polymers mentioned above (that heal via reversible
metal-ligand association/dissociation) can potentially be used as mechanophores [194-196,
200-202, 203, 205, 206], assuming the force-induced dissociation of their metal-ligand bonds
activates an otherwise dormant precatalyst. Sijbesma and coworkers have reported two
mechanophore-linked polymers that satisfy this requirement [196]. In the first case, solutions
of silver complexes of polymer-functionalized N-heterocyclic carbenes were able to
efficiently catalyze the transesterification of vinyl acetate and benzyl alcohol after sufficient
ultrasound-induced force was applied to cleave one of the metal-carbene bonds
(Mechanophore 1 in Table 2.2). And second, solutions of ruthenium biscarbene complexes
with polymer-functionalized ligands were able to initiate olefin metathesis reactions, both
ring-closing metathesis and ring-opening metathesis polymerization, after stress-induced
ligand dissociation (Mechanophore 2 in Table 2.2). These reports have only focused on the
catalysis of small molecules in solution, and have not yet been used to demonstrate self-
strengthening. It would be interesting to determine if the ultrasound stress-induced chemistry
of metal catalyst mechanophores like these can translate into virgin property strengthening of

bulk polymers, potentially by triggering crosslinking reactions on nearby polymer chains.
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Mechanophores that form stable, well-defined radicals under stress are especially
attractive for self-strengthening applications. In unsaturated polymers, for example, if well-
defined radicals can be mechanochemically formed prior to material failure, they can
potentially crosslink neighboring double bonds through radical polymerization. One type of
chemistry investigated for this purpose is the Bergman cyclization of enediynes to form arene
diradical intermediates, which are known to produce high molecular weight polymer in the
presence of common unsaturated monomers [217, 218]. The Bergman cyclization is
generally known as a thermally activated rearrangement that, when done on a strained 10-
membered ring enediyne, often occurs under mild heating conditions. But COGEF
(COnstrained Geometries simulating External Force) modeling has predicted that under
mechanical load the enediyne ring can be distorted towards its cycloaromatization transition
state, lowering the activation barrier enough to spontaneously cyclize at ambient
temperatures (Mechanophore 3 in Table 2.2) [219]. In an attempt to empirically prove this
model, enediyne rings were incorporated into bulk poly(methyl methacrylate) as a
crosslinker, and the crosslinked polymer was swelled with methyl methacrylate monomer. It
was hypothesized that, if the dimensional expansion of the swollen polymer provided
adequate force to elongate the enediyne crosslinks enough to spontaneously cyclize, the
resulting cyclized adducts could initiate detectable amounts of polymerization of the methyl
methacrylate monomer. However, after failing to detect any significant polymerization of
the liquid methyl methacrylate, it was concluded that swelling provided inadequate
mechanical force to induce the spontaneous cyclization. In other work, radicals were
generated from the ultrasound-induced homolytic extrusion of nitrogen from an azo-
functionalized poly(ethylene glycol) (Mechanophore 4 in Table 2.2) [220]. This
mechanochemistry was not demonstrated in a bulk polymer, and the ability of the resulting
radicals to initiate vinyl polymerization was not evaluated, but considering the efficiency of
the radical formation and the structural similarity of these azo moieties to that of the well-
known radical vinyl initiator azoisobutylnitrile (AIBN), this mechanophore may be useful to

initiate radical crosslinking mechanisms in bulk unsaturated polymers.
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Table 2.2. Mechanophores and the processes initiated by their force-induced activation.
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Although the ongoing development of different mechanophores does indeed look
promising for future applications, several issues related to shifting the technology from
solution-based systems under ultrasound-induced forces to bulk polymers under macroscopic
damage must first be addressed. For example, while ultrasound-induced stress activation of
the polymer-linked mechanophores mentioned above has been well-documented, it is not
known how well this behavior will translate to bulk polymers. In fact, there is very little
precedent at all for the precise mechanochemical transformations of any type of
mechanophore in a bulk polymer under mechanical load. In one of the few promising
examples, PMA- and PMMA-linked spiropyran mechanophores were developed that, when
placed under load, undergoes a reversible electrocyclic ring-opening reaction to form the
corresponding merocyanine (Mechanophore 5 in Table 2.2) [221]. This reaction was not
designed to initiate any additional polymerization or crosslinking mechanisms, but a marked
fluorescence and visual color change of the activated mechanophore allows for an easy
approach to map the mechanochemical transduction throughout a polymer. And indeed,
when bulk polymers containing the spiropyran mechanophore were fabricated, both tensile
and compression load induced a color change concentrated at regions of high stress (e.g. Fig.
2.20 shows a yellow-to-red color change at the neck region of a dogbone specimen, which
becomes more prominent at higher tensile loads) [222]. But while this precedent does bode
well for the prospect of incorporating reactive, self-strengthening mechanophores into bulk
polymers, it is still unknown exactly how these different mechanophores would respond to

macroscopic stress or how effective their solid-state strengthening mechanisms would be.
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Mechanophore-linked polymer

Figure 2.20. A bulk PMA-linked spiropyran dogbone specimen under tensile stress, which
mechanically-converts the spiropyran moiety to the red-colored merocyanine at increasing

loads. Reprinted with permission from reference [222].

The desired periodicity of mechanophores along a polymer backbone may also differ
in bulk polymers. In many of the studies utilizing ultrasound-induced forces, only one
mechanophore is placed near the center of the polymer chain. This is done predominately for
analytical reasons—the presence of only one mechanophore greatly simplifies data
interpretation, and the solvodynamic shear stress resulting from ultrasonication is generally
localized near the center of the polymer [223, 224]. But in bulk polymers, stress distribution
along polymer chains may follow different trends, and surely crosslinked polymers, without a
traditional midpoint, would not greatly benefit from specific mechanophore placement.
Hence, it is prudent to carefully weigh the advantages of varying the number of
mechanophores present in a polymer. Lower densities of mechanophores along a polymer
backbone, such as in many of the reports using ultrasonication, may lessen the scale-up
obstacles of synthetically-challenging mechanophores. Furthermore, sparse placement of
mechanophores along the backbone would probably reduce their affect on the virgin
properties of the polymer and allow for conventional processing techniques to be used.
However, higher densities along a polymer chain would intuitively increase the amount of

mechanophores activated under stress, thus increasing initiation sites for additional
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polymerization and crosslinking. Lenhardt and coworkers have taken the first steps towards
answering these questions by investigating the activity of higher densities of nonscissile
mechanophores in a single polymer chain [225]. In their work, reaction of polybutadiene
with aqueous NaOH in chloroform conveniently afforded abundant quantities of gem-
dichlorocyclopropane mechanophores (as high as 72% conversion of olefins to cyclopropyl
groups) along the backbone of the polymer. When subjected to ultrasound-induced force,
these mechanophores undergo electrocyclic ring opening to form 2,3-dichloroalkenes
(Mechanophore 6 in Table 2.2), which, due to the high density of mechanophores, was easily
monitored by *H-NMR (Fig. 2.21). The utility of the resulting dichloroalkenes mostly lies
with their ability to map stress distribution along the polymer chain, but a high density of
self-strengthening mechanophores with similar scalability would surely be of practical

interest.
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intervals, monitored by *H-NMR. Reprinted with permission from reference [225].
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2.4 Virgin property reduction

In order for self-healing materials to be considered feasible for real applications, it is
important to understand how the self-healing components affect the virgin properties of
polymers they are meant to heal. But while self-healing studies are very much applied
research, and the implications of virgin property reduction are therefore of paramount
importance, such information is often lacking in the literature. Here, we summarize and
discuss general trends observed with virgin polymer property changes when different types
of healing components are added. Table 2.3 outlines much of what is known regarding these
property changes.

In most reports of microcapsule-based self-healing mechanisms, increasing loadings
of liquid-filled capsules significantly toughens the composite matrix, relative to the neat
polymer matrix, until a critical loading is reached, after which point further increases in
capsule loading decreases toughness. In DCPD-filled microcapsules, for example, this
toughening was attributed to hackle markings and subsurface microcracking at fracture
surfaces that were significant only with good capsule-matrix adhesion [226]. But this effect
does not seem to be universal, as several microcapsule systems reported minimal changes
[85] or decreasing values of fracture toughness [38-41] with increasing capsule loading.
However, data in these reports suggests that this behavior may be the result of a complex
interplay between the toughening effect of the microcapsules and that of other, toughness-
decreasing components (e.g. solid or matrix-dissolved catalysts), resulting in overall
decreases in fracture toughness. Reports on the effect of microcapsules on other virgin
properties are scarce, but evidence suggests that the capsules have negative effects on
modulus [43] and strength [227], which is consistent with what is expected for hollow fillers
and voids.

The effect of resin-filled hollow fibers or microvascular networks on virgin polymer
properties depends strongly on the placement of the vessels throughout the polymer matrix.
For example, hollow fibers with small pitch spacings throughout plies have a detrimental
effect on the strength of the composite [132]. Increasing this pitch spacing, or analogously
increasing the spacing between vascular channels, can eliminate the effect these vessels have

on the polymer’s virgin properties, but this often comes at the cost of diminished healing
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ability [133-135, 228]. Additionally, an increased mass penalty is observed when
incorporating microvascular networks throughout a polymer matrix [153], but mass penalties
can potentially be reduced by adjusting the vascular network architecture [144, 145].

Several approaches to self-healing involve the development of new polymer matrices
where the healing functionality is inherently part of the virgin material (for example, see the
above section on polymers that heal via bond-reformation). While these systems do not
contain traditional healing additives, and therefore cannot be discussed in the context of
virgin property changes, it is at least important to consider whether or not their virgin
properties are adequate enough to substitute for the traditional engineering polymers they
intend to replace. The DA-based thermoset polymer shown in Fig. 2.11 is appealing in this
respect, given that its Young’s modulus and tensile, compression, and flexural strengths are
comparable to that of commercial epoxies and unsaturated polyesters [173]. Also, most of
the epoxies and common thermoplastic polymers with reversible DA-based crosslinks
possess mechanical properties superior to their respective non-crosslinked polymers [180-
190]. However, several other custom-made polymer matrices outlined above are either
inferred or explicitly stated to have significantly weaker mechanical properties than

conventional structural materials and may have limited applications.

Table 2.3. Summary of changes in virgin properties as a result of various self-healing

components
Increase Minimal change Decrease
Fracture | DCPD-filled DCPD-filled Epoxy resin-filled
Toughness | capsules/solid Grubbs’ | capsules/solid, wax- capsules/matrix-
catalyst [29, 226] encased Tungsten dissolved imidazole
catalyst [85] catalyst [38, 40, 41]
Epoxy resin-filled
capsules/solid imidazole | Shape memory alloy Matrix-dissolved
catalyst [37] wires [79, 80] thermoplastic polymer
[155]

Epoxy resin/Mercaptan-
filled capsules [43]

Phase-separated
PEMAA particles [117]
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Strength | Epoxy resin-filled Epoxy resin-filled Epoxy resin-filled
capsules/matrix- hollow fibers — large hollow fibers—small
dissolved imidazole pitch spacing (flexural) | pitch spacing (flexural)
catalyst (CAI) [42] [133-135] [132-134]
PDMS-containing Epoxy-resin filled Epoxy resin/Mercaptan-
capsules (tear) [46] microvascular network | filled capsules (flexural,

(flexural) [153] tensile) [43]
DCPD-filled
capsules/solid Grubbs’
catalyst (tensile,
compressive, shear)
[227]

Epoxy resin-filled
capsules/BF3;OEt,-
infused sisal fiber
(flexural, impact) [45]

Modulus Epoxy resin-filled Epoxy resin/Mercaptan-

capsules/BF3;OEt,- filled capsules (flexural,

infused sisal fiber Youngs) [43]

(flexural) [45]

DCPD-filled

Matrix-dissolved capsules/solid Grubbs’

thermoplastic polymer catalyst (shear) [227]

(storage) [156]

Phase-separated Epoxy
polymer particles
(tension) [115,116]
Phase-separated
PEMAA particles
(flexural) [117]
Phase-separated
poly(caprolactone)
(storage) [119]

Ty Phase-separated

poly(caprolactone) [117]

Matrix-dissolved
thermoplastic polymer
(storage) [156]
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Table 2.3. (continued)

Mass Epoxy-resin filled
penalty microvascular network
[153]

2.5 Healing evaluation

The quality of healing, generally referred to as “healing efficiency” and denoted as 1,
is most often defined as the percent recovery of a virgin material property (equation 2.1, P =
material property). Details regarding the specific material properties used for this calculation
are discussed below, but first it is important to mention some factors that may complicate any
direct interpretation of healing efficiency values. First, it should be noted that some results
are biased by the fact that very brittle polymers are chosen as reference materials. That is,
healing efficiencies using polymers employed in real applications, which often utilize
stronger and tougher polymer matrices, will likely be lower due to their superior material
properties. Also, the effect of the healing additives on virgin polymer properties may
erroneously increase or decrease healing efficiency. As seen in Table 2.3, most healing
additives have either a beneficial or detrimental effect on the virgin material properties of the
polymers in which they are incorporated, which makes full recovery of these properties either
more or less difficult, respectively. This is especially significant when comparing healing
efficiencies at different loadings of healing additives. For example, it is often the case that
higher loadings of healing components imparts both decreasing virgin properties and
increasing healing ability to a polymer, which can greatly exaggerate the effect of adding
higher amounts of healing components. For this reason, alternate definitions of healing
efficiency are sometimes used that normalize healed material properties by the virgin
properties of polymers without added healing components (equation 2.2, P = material
property). At any rate, virgin property reduction and material properties of both the virgin
and the healed polymer should be reported concurrently with healing efficiency in order to

adequately evaluate the quality of healing.
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P Healed

n =———x100 (2.1)

PVirgin

P Healed

100 (2.2)

77 = PNoHeaIing X

In most cases, evaluation of healing requires a controlled and measurable application
of damage to the virgin polymer, followed by a similar application of damage to the healed
polymer. However, there lacks a unifying standard of how to best apply this damage, and as
such, several different damage methods have been used to evaluate healing. Most often,
damage is induced through various different tensile, compression or bending test protocols
(for example, see Fig. 2.22), but numerous different damage modes have also been utilized—
impact, cutting, scratching, sawing, needle puncture, nail puncture, hammering and
indentation. Furthermore, different studies employ different extents of damage using these
testing protocols, which have ranged from applying only enough stress to induce measurable
cracking and delamination to catastrophic failure of specimens into multiple pieces. Healing
efficiencies reported on samples that are catastrophically failed are probably a more reliable
measure of healing given that the virgin failure and subsequent healing event can be easily
controlled along a single fracture path. But causing only partial damage may be the best way
to mimic the more frequently-observed and realistic failure conditions such as microcracking
and delaminations deep within the material, the healing of which was the original intended

purpose for self-healing polymers [28, 229].
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Figure 2.22. Virgin Load-displacement curve of a tapered double-cantilever beam (TDCB)
specimen composed of an epoxy matrix with embedded Grubbs’ catalyst particles and
DCPD-filled microcapsules, along with the load-displacement curve for the subsequently
self-healed sample. Reference maximum load value for an otherwise identical neat epoxy
matrix (i.e. no embedded healing components) is represented with a dotted line. Reprinted

with permission from reference [28].

Table 2.4 lists many of the material properties that have been used to quantify healing
efficiency. Which healing efficiency definition is chosen may depend on the virgin polymer
properties, desired failure mode, self-healing mechanism, etc. For example, defining healing
efficiency as the recovery of fracture toughness allows for a measurement of Mode | crack
opening, which is similar to the mechanism of microcrack growth that is often observed in
real applications. Healing efficiency based on tear strength or strain energy is a better fit for
elastomers or plasticized polymers that undergo highly ductile failure. Recovery of impact,
compression-after-impact, or flexural-after-impact strength may be more appropriate metrics
for evaluating fiber-reinforced polymers since impact damage is well-suited to target

delamination and fiber-matrix debonding failure mechanisms.
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Table 2.4. Healing efficiency calculations based on recovery of different material properties.

Material Calculation Comments
Property
Fracture K Healed Kic = Fracture
77 = I\c/:irgin Xloo
Toughness Kec toughness
Strength o Healed X = Tensile,
n= >\(/irgin XlOO -
Oy Compressive,

Impact, Tear or

Flexural
Strain energy y = U teated / Alieated 100 U = Strain Energy; A
U virgin/ Avirgin = Surface area
created by fracture
Stiffness n= Epieaie . 100 E = Youngs

Virgin Modulus

As mentioned above, healing efficiencies of specimens only partially failed must be
evaluated with some scrutiny since the reported material properties of healed specimens may
be a combination of both healed and virgin portions of the polymer. To better illustrate this
point, we examine work done by Pang and Bond [131], in which healing agent-filled hollow
fibers were incorporated into a fiber-reinforced composite. After low-energy impact
indentation and a short healing time, testing specimens were evaluated with a 4-point bend
flexural testing protocol. It was observed that samples without impact damage, samples with
impact damage but no allotted healing time, and samples with impact damage and healing
had mean flexural strengths of 623.9, 548.1, and 603.6 MPa, respectively. The traditional
definition of healing efficiency shown in equation 2.1 then yields a value of 97%

n= 603.6 x100 = 97% |whereas only 73% | n = 603.6—-548.1
623.9-548.1

x100 = 73%) of the strength
623.9

that was lost from the impact event was actually recovered. Thus, various methods to
calculate healing efficiency have been developed to correct for the residual virgin polymer

properties. In one example, Yin et al. used an equation (equation 2.3) similar to the latter one
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in the example above to evaluate the healing efficiency based on compression-after-impact
strength of a composite containing epoxy-filled microcapsules and a matrix-dissolved

imidazole catalyst [42].

Healed Impact
o _ p

Nem = g X100 (23)

Virgin Impact
o —o'™

Healed

In this equation, o Is the compression strength of the specimen after impact and a

Impact

subsequent healing cycle, o is the strength of a sample after impact but prior to healing,

and ¢ is the compression strength of the virgin sample not subject to any impact damage.
Barbero and Ford have developed a continuum healing mechanics approach to quantify the

healing of microcracks developed under cyclic shear stress [227, 230, 231]. Their definition

of healing efficiency is shown below, where G/ is the healed (loading) shear modulus, Gf2

is the damaged (unloading) shear modulus, and Gz is the virgin shear modulus.

i - C_;fzh—‘Gl}xloo (2.4)
G2 -G,
Jones et al. approached this problem not by evaluating a traditional material property, but
instead by quantifying the growth of delamination area [155, 156]. This was accomplished
with an image analysis program that, after impacting composite panels, was able to measure
the damage area before (A"™"*®%) and after a healing cycle (A7), and healing efficiency

was calculated as in equation 2.5:

AHeaIed

n= Almpacted (25)

The traditional definition of healing efficiency shown in equation 1 is inappropriate
for quantifying fatigue lifetime in self-healing polymers under cyclic fatigue loading; two
alternate calculations have been developed. In the first, which is shown in equation 2.6,
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fatigue life extension (1) is evaluated as a function of the total number of cycles to failure for
a sample with self-healing capabilities (Npeaeq) NOrmalized by the number of cycles to failure
of an otherwise identical specimen without healing (Ncontror) [30-32]. The second approach,

developed by Lewis and coworkers [33, 34] and shown in equation 2.7, is similar to the first,

but instead utilizes the mean fatigue crack propagation rate (FCPR).

NHeaIed —N
N

/1 — Control (26)

Control

_ FCPRy,, — FCPR

Control 27
FCPR @7)

Control

Several other healing efficiency calculations have been used sporadically in the
literature. Beiermann et al. and Kalista et al. quantified healing by determining the amount
of pressure that a healed polymer could withstand before bursting [49, 162, 163]. The
efficiencies of many self-healing systems that show promise for coating applications have
been measured by depositing the polymer as a film over a metal electrode and measuring the
current that can flow through healed polymers [53-56]. Wilson and coworkers developed an
approach to calculate the average retention of healing capabilities (payg) Of polymers and

composites that were initially fabricated at different temperatures [82]. This calculation is

shown in equation 2.8, where Avg[PH=* | and Avg|P"* | are equal to

Tpostwre:35’C Tpostcurezlzgc

the average peak load value on load-displacement curves of healed specimens whose
polymer matrices’ were previously postcured at 35 °C and 125 °C, respectively. While this
equation has been used infrequently in the literature thus far, it will be useful to guide the
processing of self-healing composites that contain thermally-sensitive components but

require curing cycles at elevated temperatures.

T =125C

Avg[PcHealed ] e
Avg[PCHealed JT

postt,urezsso c

Pavg = x100 (2.8)
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2.6 Practical applications of self-healing polymers

2.6.1 Healing in coatings vs. bulk composites

Many of the self-healing systems described in this review are restricted to either thin
films and coatings or bulk polymers and composites. For example, polymers that heal via
UV-initiated bond-reformation may only be applicable for thin coatings. These polymers
require UV-irradiation as a healing stimulus, and practical UV sources, either natural
(sunlight) or artificial, may not have penetration depths that can reach the center of bulk
polymers. Furthermore, the relatively low healing efficiencies of Chung et al.’s UV-healable
tricinnamate-based polymers (<25% [192]) and the presumably low stiffness of Ghosh et
al.’s UV-healable chitosan/polyurethane-based polymers (the mechanical properties of this
system were not explicitly stated, but inferred from their ability to readily undergo unassisted
crack closure [193]) may further limit them to coating applications, where structural integrity
is not of the upmost importance. Similarly, other self-healing polymers known to have
relatively low healing efficiencies or weak virgin mechanical properties may also be limited
to film or coating applications.

On the other hand, several self-healing systems can only be used in bulk polymers or
composites. For the most part, this restriction comes from the mass and volume requirements
of certain healing additives being greater than typical thicknesses of thin films. For example,
the thinnest reported specimens containing microvascular networks are on the scale of 5-7
mm thick [150, 153], which is at least 1-2 orders of magnitude thicker than required for many
thin coatings. Healing agent-filled hollow fibers are also limited to bulk polymers for similar
reasons. Microcapsule-based self-healing polymers, however, are not as limited as the
microvascular and hollow fibers systems. While microcapsules for self-healing polymers are
most efficient on the 100-200 um size scale [72], which may be too large for thin films,
recent reports of healing agent-containing nanoscale sized microcapsules [89] may open the
field of microcapsule-based self-healing to thin coating applications.

Although probably best suited for bulk applications, fabricating self-healing systems
containing phase-separated thermoplastic polymers as healing agents into thin films may not

have as many obstacles as several of the above systems. Although this has not yet been
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reported in the literature, the phase-separated EMAA and epoxy particles reported by Meure
et al. [117] and Zako et al. [115,116], respectively, could presumably be reduced to the nano-
or micron-size scale using standard melt processing techniques, prior to their incorporation
into a self-healing polymer matrix. Luo et al.’s epoxy polymers containing reaction-induced
phase-separated PCL are especially translatable into thin film applications, as the distribution
of the PCL inherently phase-separates on the micron-scale [119], thereby eliminating the

need for any additional processing steps to reduce the healing agent size.

2.6.2 Healing in the presence of structural reinforcements

A significant failure mode in fiber-reinforced polymers (FRP’s), in addition to the
brittle microcracking behavior of their polymer matrices, is their susceptibility to
delamination damage. Given that this delamination disrupts the matrix-fiber bonding
requisite for composite materials to take advantage of the superior structural properties of
their embedded fibers, a self-healing functionality is extremely attractive for composite
materials [232]. However, the addition of structural fibers to a polymer often changes the
healing performance, relative to that of the neat matrix. Below, we discuss these known
effects of structural fibers on healing capabilities. While healing in FRP’s is prevalent in
many of the different self-healing methodologies presented above (notably those containing
epoxy/hardener-filled microcapsules [38-42], phase-separated thermoplastic polymers
[115,116], and healing agent-filled hollow fibers [128-135]), the most comprehensive
comparisons and discussions of the effect of the presence of structural reinforcements on
healing have been reported with systems that heal via embedded DCPD-filled microcapsules
and Grubbs’ catalyst particles.

One difference between fiber-reinforced polymers and neat polymer matrices
containing a healing functionality is the effect of the healing components on the virgin
material properties. Generally, adding structural fibers to a neat polymer matrix increases
fracture toughness by forcing crack growth to follow a more tortuous path around the fiber
architecture. FRP’s with self-healing functionality are no exception to this, with higher
fracture toughness values for complex fiber weaves than unidirectional fibers [233]. Based

on what is known about the toughening that DCPD-filled microcapsules impart to neat
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polymers [226], one would initially expect that adding microcapsules to FRP’s would further
increase their toughness. However, the opposite trend—a marked decrease in fracture
toughness—was observed when adding the same microcapsules to FRP’s [234]. This was
attributed to the microcapsules increasing the thickness of the interlaminar layer, relative to
microcapsule-free layers, which has been observed elsewhere to similarly affect composites’
fracture toughness [235].

The average fracture toughness-based healing efficiency of a fiber weave-reinforced
epoxy polymer containing DCPD-filled microcapsules and Grubbs’ catalyst was reported as
38% [234], considerably lower than the 90% healing efficiency reported elsewhere for an
otherwise similar neat polymer matrix [29]. While this decrease in healing is likely not as
dramatic as a direct comparison of the two values would indicate, due to the virgin property
differences between the FRP and neat polymer matrix, it is clear that incorporation of the
fiber weave is detrimental to the healing mechanism. It was concluded that the lower healing
efficiency was related to a lack of healing additives (catalyst and microcapsules) present at
the fiber-matrix interface, where a majority of the damage occurs in the form of
delamination. This resulted in less overall healing agent in the damage area, and
consequently, lower healing. Furthermore, maximum healing was achieved in the FRP after
about 48 hours, which is significantly longer than the time required to reach maximum
healing in a neat epoxy polymer (approximately 12 hours [29]). The longer healing time
required for FRP’s indicates that the curing Kinetics of healing agent are much lower than in
the neat polymer, which is partially related to the aforementioned lower amounts of catalyst
present at the damage surfaces of the delaminations. Also, the slower reaction Kinetics may
be related to the high thermal mass of the fiber weave contributing to a lower local
temperature at the delamination surfaces, relative to the neat polymer’s fracture surfaces,
where the healing initiated. This longer healing time in FRP’s can potentially allow the
liquid DCPD healing agent more time to either volatilize or diffuse into the polymer matrix
prior to the onset of significant reaction, which may also be contributing to the lower FRP
healing efficiency.

Intuitively, smaller-sized healing components with better dispersion throughout the

polymer matrix and around the fibers could improve both the healing efficiency and the
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healing time in FRP’s [234]. Sanada and coworkers attempted to better distribute the self-
healing components around the fibers in a unidirectional fiber reinforced epoxy by using a
different fabrication technique than in the systems discussed above [236, 237]. The fibers
were first coated with an epoxy resin mixture containing Grubbs’ catalyst and relatively high
loadings of DCPD-filled microcapsules (as high as 40 wt. %). The coated fiber strands were
partially cured, placed in a mold, and impregnated with an epoxy/hardener mixture (not
containing healing components). This technique allowed for a high concentration of healing
components localized around the damage-prone fiber-matrix interfaces without the need for
high overall loadings of catalyst and microcapsules throughout the bulk of the polymer. In
another approach to this problem, Grubbs’ catalyst was not directly embedded in the
composite matrix, but instead coated on the outside surface of the fibers [137]. Additionally,
recent advances in fabricating smaller microcapsules [89] have already proven fruitful in

increasing healing efficiencies in FRP’s [238, 239].

2.7 Conclusions

The multidisciplinary field of autonomic healing materials has provided several
different techniques to impart a self-repairing function to polymers and composites. In this
review, we have summarized these current research thrusts and discussed several issues
related to translating the technology to practical applications, such as virgin polymer property
changes as a result of the added healing functionality, healing in thin films vs. bulk polymers,
and healing in the presence of structural reinforcements. There are a number of variations in
the self-healing systems described above that are beginning to garner significant interest, but
have thus far been reported infrequently in the literature and therefore was not discussed in
great detail herein [240-248]. Additionally, the burgeoning field of computational modeling
of the different healing mechanisms is continually providing insights into ideal polymer and
composite design parameters for, among other things, improved scalability and healing
capabilities [249-267].

While future endeavors will undoubtedly improve current healing mechanisms
towards efficient, fully autonomic, and biomimetic healing materials, as well as yield other

approaches to imparting autonomic repair, future research thrusts need to concentrate on
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issues related to employing self-healing materials in industrial applications. Several
companies are beginning to lead the efforts to market and produce self-healing polymers
(such as the company Autonomic Materials, which is developing microcapsule-based self-
healing elastomers, thermosets and powder coatings [268], and Arkema Inc., which is
currently producing polymers that heal via supramolecular assembly [269]), but several
issues that are rarely discussed in the literature, such as economic feasibility and long term
“healability” of the different healing mechanisms, need to be addressed before self-healing
materials can begin to replace current polymers and composites.
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CHAPTER 3: LATENT CATALYTIC SYSTEMS FOR RING-OPENING
METATHESIS-BASED THERMOSETS

A paper published in Journal of Thermal Analysis and Calorimetry”
Timothy C. Mauldin® and Michael R. Kessler?

3.1 Abstract
Synthesis and curing activity of latent ring-opening metathesis polymerization
(ROMP)-based catalytic systems are reported using polydicyclopentadiene (pDCPD) as a
model system. Differential scanning calorimetry (DSC) is used to monitor the ROMP
reactions and to characterize the cured networks. These systems are either slow or completely
inactive at ambient temperatures, yet at high temperatures the superior curing activity of
other ROMP catalysts are retained. The resulting thermosets show glass transition

temperatures from 10-25 °C higher than when cured with other ROMP catalysts.

3.2 Introduction

Thermosets made via ring-opening metathesis polymerization (ROMP) [1,2] are
commercially available under the trade names Telene®, Metton®, and Vestenamer®, among
others, and they generally are lightweight, possess high glass transition temperatures and
have high impact strengths. These commercial systems are made with early transition metal-
based catalysts such as tungsten, molybdenum or tantalum [3-5], all of which provide
processing problems owing to their air-instability, variable curing activity, and occasional
requirement of solvent. In the last several years, however, a series of air-stable, functional
group tolerant, and highly active ruthenium ROMP catalysts have been developed, but they

are not yet widely used for commercial applications. These ruthenium catalysts, often

" Reprinted with permission of Journal of Thermal Analysis and Calorimetry.

! Department of Chemistry, lowa State University, Ames, IA 50011, USA.

2 Department of Materials Science and Engineering, lowa State University, Ames, 1A 50011,
USA.
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dubbed “Grubbs’ catalysts,” [6-9] show promise in developing ROMP thermosets, but
probably fall short of requirements for prepreg resins or for reaction injection molding (RIM)
due to their extremely high activity, even at sub-ambient temperatures.

In this study, we develop two novel Grubbs’-type catalytic systems that demonstrate
latent curing behavior at low temperatures while retaining the high activity of other
ruthenium-based catalysts at elevated temperatures. The first system consists of a catalyst
designed to inherently disfavor initiation of polymerization, therefore requiring higher
temperatures, and the second system uses the commercially available 2" generation Grubbs’
catalyst [10] along with additives that externally inhibit ligand dissociation. The monomer
dicyclopentadiene (DCPD) is used as a model system, and the kinetics of its cure is studied
by differential scanning calorimetry and analyzed further using the Ozawa-Flynn-Wall

isoconversional model-free approach.

3.3 Experimental

3.3.1 Materials

Trimethylphosphine and all solvents were purchased from Aldrich and, unless
otherwise specified, used without further purification. Grubbs’ 2" generation catalyst,
(IMesHy)(PCys3)(CI),Ru(=CHPh) 1 (Figure 3.2), was lyophilized according to the literature
[11] to assist its solubility. Dicyclopentadiene (>95% endo-isomer) was purchased from

Alpha Aesar, and the chemical structure is shown in Figure 3.1.

Main Polymerization
Site

/ Crosslinking
~—  Site

Fig. 3.1 Chemical structure of Dicyclopentadiene (DCPD).
3.3.2 (H2IMes)(PMes)(Cl),Ru(=CHPh) (3)

Complex 2 was synthesized according to the literature [12], and its manipulation was

performed using standard Schlenk techniques under an atmosphere of dry nitrogen gas.
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Complex 3 was synthesized by a modified procedure in the literature [13]. To a solution of
complex 2 (20 mg, 0.0275 mmol) dissolved in 2 ml dry benzene was added
trimethylphosphine (4.18 mg, 0.055 mmol), and the reaction mixture was stirred for 10
minutes. The solvent was evaporated in vacuo, washed with cold pentanes (4 x 5 ml), and
dried under vacuum for 2 hours to yield a brown powder (13.5 mg, 76% yield), shown in
Figure 3.2. 1H NMR (CDCls): 6 19.06 (s, 1H, =CHPh), 7.90 (d, J = 7.5 Hz, 2H, ortho CH),
7.47 (t,J=7.5Hz, 1H, para CH), 7.16 (t, J = 7.5 Hz, 2H, meta CH), 7.00 (s, 2H, Mes CH),
6.40 (s, 2H, Mes CH), 4.10 (m, 4H, NCH,CHN), 2.64 (s, 6H, ortho CH3), 2.37 (s, 6H, ortho
CHj3), 2.31 (s, 3H, para CHg), 2.02 (s, 3H, para CH3), 0.90 (d, J = 9.6 Hz, 9H, PCHj).

Ph

Ph r Ph
r Pyridi ()/“' ‘“Cl PM r
yridine e
()”'l wel T ’ CI/ | O — ()I/,, W\ Cl

Mes CI/ \PCys Mes CI/ \PMe

1 2 3

Fig. 3.2 Synthetic route to latent catalyst 3.

3.3.3 General DSC Technique

Dicyclopentadiene, used either neat or containing dissolved triphenylphosphine, was
added to the ruthenium-based ROMP catalyst, stirred quickly until complete catalyst
dissolution, and flash-frozen in liquid nitrogen. The resulting solid was slightly melted to
remove sample for experiments and refrozen in liquid nitrogen between tests. Samples were
loaded into a DSC (Model Q20, TA Instruments) at a standby temperature of -50 °C. DSC
experiments for all catalyst systems were under a flow of nitrogen at a constant rate of 50
ml/min. Dynamic curing experiments were performed over a temperature range of -50 to
200 °C at heating rates of 3, 7, 10, 15, and 20 °C/min.
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3.4 Isoconversional Model-Free Approach
Degree of cure (o) measured by differential scanning calorimetry is defined as the

fraction of heat or enthalpy at a given time:
o= AHt/Aern (3.1)

where AH; is the heat evolved at time t and AHx, IS the total heat evolution during the curing
process. Curing Kinetics can then be modeled using the typical curing equation

S/t = k(T) f(t) (3.2)

that includes reaction model f(«) and the temperature-dependant rate constant k(T). The

latter can be further expanded
k = A e®¥RD) (3.3)

to reveal the activation parameters A (pre-exponential factor) and E, (activation energy). The
isoconversional model-free approach assumes that both of these activation parameters are a
function of degree of cure (), and they can be calculated by performing dynamic DSC scans
and monitoring how the temperature to reach different degrees of cure changes with different
heating rates. To achieve this, Ozawa [14] and Flynn and Wall [15] developed an approach
by which equation 3.2 is integrated, and the resulting integral partially solved to give an

equation of the form:

In g =-1.052(E./RT;) + C (3.4)
where f is the heating rate, T; is the temperature required to reach a specific conversion, and
C is a combination of other terms, including the pre-exponential factor (A). Ata given

conversion i, a plot of In g vs. 1/T; over all heating rates then yields a straight line with a

slope proportional to E,.
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3.5 Results and Discussion

The mechanism for ring-opening metathesis polymerization of dicyclopentadiene
with a ruthenium complex is shown in Figure 3.3. DCPD first replaces the phosphine via
dissociative substitution, followed by rearrangement of electrons between the coordinated
olefin and carbene to form the metallocyclobutane intermediate, and finally a similar
rearrangement of electrons to open the ring and add a penultimate unit to the polymer chain.
This gives rise to a new carbene with a neighboring open coordination site to which another
monomer can bind and further propagate the growing active chain end. The fact that the
only ligands known to be labile on Grubbs’-type catalysts are the phosphine, and their
dissociation is necessary for the catalyst to activate and begin propagating, allows this
dissociation to be considered an initiation step while the remainder of the catalytic cycle is
propagation. This bodes well for designing catalysts with a long pot-life since the degree of
latency should be tunable by varying the phosphine moiety in order to inhibit initiation at
lower temperatures. Intuitively, these catalysts with various different phosphines should
preserve the high catalytic activity of 2" generation Grubbs’ catalyst 1 since the propagating
metal species, sans phosphine, are identical.

Ph Ph Ph Ph |

Mes, mEH.\PRa Mes cuﬁ . Mes cuﬁ i\; Mes Cin. g, MeS Cly.p &

A G —PRs N ivg DCPD Ny e 44 Ny v N7 Y
Q,N_ PRy Q,N. -DCPD Q,N. Q,N_ Q,N_
Mes Mes Mes Mes Mes

Fig. 3.3 ROMP of dicyclopentadiene by a 2" generation Grubbs’-type catalyst.

Complex 3 was synthesized by indirectly replacing the PCyj; ligand in complex 1 with
PMejs (Figure 3.2). As shown in Figure 3.4, curing of dicyclopentadiene with complex 3 is
clearly more latent than with complex 1 at various mole % loadings of each catalyst.

The degree of latency for the two catalysts is well-explained by the electronic and
steric parameters of their respective phosphines. Electronically, the more nucleophilic a
ligand, the slower dissociation tends to be. Ligands that act as strong nucleophiles have a
high affinity for electrophiles like transition metals, and the bonds formed generally have
high bond strengths that require a significant input of energy to break. Also, smaller ligands
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are typically known to have slower dissociation kinetics. Larger ligands maximize steric
congestion on the metal center, and reduction of this steric strain via dissociation helps to
facilitate the dissociation process. Smaller ligands, however, do not have such a driving
force and, from an enthalpic standpoint, are favored to remain coordinated to the metal.

Table 3.1 shows that the conjugate acid of PCy; has a pKa (a common measure of
electronic character of phosphines) making it slightly more nucleophilic than PMe3, which
would imply that from an electronic standpoint PCys; is more latent. However the size of
PMejs, expressed by its cone angle, is significantly smaller than PCys. Seeing as catalyst 3 is
considerably more latent than catalyst 1, it appears that this greatly reduced size of PMes
offsets the minor electronic advantage towards latency that PCy; would be expected to have.
Considerable effort in the literature dedicated to studying other Grubbs’-type metathesis
catalysts has shown a wide range of solution phosphine dissociation rates by varying the
phosphine used [16], which suggests that the curing latency of these systems can also be so
tuned.

The second approach investigated to improve the latency of Grubbs’-type ROMP
catalysts is by addition of free phosphine to the monomer. Figure 3.5 shows dynamic DSC
scans of catalyst 1 with neat DCPD and catalyst 1 with 30, 60, and 120 molar equivalents
(relative to catalyst) of PPhg initially dissolved in the DCPD. Analysis of the DSC plots
confirms that addition of triphenylphosphine also inhibits dissociation of complex 1, and the
extent of the shift in the DSC curves appears proportional to the amount of free phosphine
added.
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Fig. 3.4 DSC curves of samples with a) 4000:1, b) 3000:1, and c) 2000:1 molar ratio of
[DCPD]:[catalyst] for catalysts 1 (blue) and 3 (green) at five different heating rates: 3, 7, 10,

15, and 20 °C/min.

This improved latency is attributed to Grubbs’-type catalysts dissociation existing in

equilibrium with their respective dissociated species (Figure 3.6). Addition of a large excess

of free phosphine to the curing system pushes this equilibrium towards the ROMP-inactive

precatalyst and increase the latency of the system. It seems that only at elevated

temperatures is this equilibrium pushed towards the ROMP-active dissociated complex

where appreciable amounts of reaction can occur.

Table 3.1 pKa and cone angle of phosphines in catalysts 1 and 3.

Phosphine | Cone angle | pKa
PCys 170° 9.7

PMe; 118° 8.65
PPhs 145 2.73

Another hypothesis to explain these results is degradation of the ruthenium catalyst,

facilitated by free phosphine, which has been reported elsewhere [17,18]. This would render

much catalyst inactive and effectively reduce its concentration which could, in theory,

increase latency. However, our results (vide infra, Figure 3.7) show that the degree of

latency of catalyst 1 seems somewhat indiscriminate of catalyst loading, but very sensitive to
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amount of free phosphine. Hence, the latter hypothesis is not given much weight here, but

the potential for a combination of both effects cannot be ignored.

8 8 8
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+ PPh |“| +PPh, Catalyst 1 1Cata|ysl 1
__ 6} Catalyst1 __ 6} Catalyst1 e 56 +PPh
-g? o 1 s
L} =
° increasing E 1 increasing » increasing
© 4} heating rates %‘5’» 4F heating rates ® 4} heating rates
14 Bl xr El o 4
g 3 3
[ , i v
s r § 2 g 2k
I T I
---------
0 0 0 =

20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140

a Temperature (°C) Temperature (°C) ¢ Temperature (°C)

Fig. 3.5 DSC curves of samples with a 3000:1 molar ratio of [DCPD]:[catalyst 1] (blue) and
a) 3000:1:30, b) 3000:1:60, and c) 3000:1:120 molar ratio of [DCPD]:[catalyst 1]:[PPhs]
(green) at five different heating rates: 3, 7, 10, 15, and 20 °C/min.

A comparison of the three catalyst system’s peak temperatures (Tp) and temperatures
at 10% cure (T,-o.1) are shown in Figure 3.7. While measurement of onset temperatures for
each system would probably be the best approach to quantitatively evaluate the latency of
each system, comparisons are often difficult owing to the different curvature in their DSC
plots. However, it is believed that a comparison of two points of reference—peak
temperatures and temperatures at a low degree of cure—should at least provide some insight

into the degree of latency for each system.

Ph Ph
()/In r\\CI ~~ = PRy + ()//n ’/\\\CI
Mes C|/ \PRz Mes C|/

Fig. 3.6 Equilibrium of phosphine dissociation.

The difference between data sets containing 30 and 60 equivalents of free phosphine
is small, but both T, and T, ; are consistently higher with 60 eq. PPhs. Addition of 120
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equivalents gives temperatures that are clearly higher overall heating rates. Since the same
catalyst concentration was used in all experiments where free PPhz was added, it is
reasonable to claim that addition of free phosphine can act as a means to “fine tune” the
latency of ROMP-based systems. This trend is also in good agreement with the above
argument of phosphine dissociation occurring in equilibrium—the more free phosphine
initially added, the further the equilibrium will be pushed towards the ROMP-inactive pre-
catalyst, consequently requiring higher temperatures to shift the equilibrium towards the
ROMP-active catalyst. The exact dependency of this latency on free phosphine loading,
however, is not very clear. The difference in the T, and T,-o.; values between data sets
containing 30 and 60 equivalents of free phosphine ranges from 1.0-1.5 °C over all heating
rates, and the range of differences between systems containing 60 and 120 equivalents of free
phosphine is 3.7-4.4 °C. This seems like a consistent trend, but the difference in T, and T
between data sets containing 0 and 30 equivalents of free phosphine (the data set represented
by 3000:1 [DCPD]:[catalyst 1], o in Figure 3.7, can also be considered as a 3000:1:0 molar
ratio of [DCPD]:[catalyst 1]:[PPhs]) is anomalously large—they range from 9.2-13.0 °C. A
conclusive theory has not yet been formulated to explain this phenomenon, but it may be the
aforementioned possibility of free phosphine both degrading catalyst, therefore reducing
effective catalyst concentration and increasing latency, and existing in the equilibrium
represented in Figure 3.6, also increasing latency. Both effects may be active in increasing
latency when small amounts of free phosphine are added until perhaps a maximum amount of
catalyst degradation is reached, and the trend between data sets including 30, 60 and 120

equivalents of free phosphine is solely representative of the equilibrium in Figure 3.6.
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Fig. 3.7 a) Temperatures at 10% cure (T,=o.1) and b) peak temperatures (Tp) for all catalyst
systems. Both plots contain data using catalyst 1 (2000:1 +, 3000:1 o, and 4000:1 o molar
ratio [DCPD]:[Ru]), catalyst 3 (2000:1 +, 3000:1 e, and 4000:1 m molar ratio [DCPD]:[Ru]),
and catalyst 1 + PPh3 (3000:1:30 +, 3000:1:60 e, and 3000:1:120 m molar ratio

[DCPD]:[Ru]:[PPhs]).

Exothermic peaks from reaction with catalyst 3 shows shifts to higher temperatures
with decreasing catalyst loading. At all heating rates, the highest catalyst loading, 2000:1
[DCPD]:[catalyst], clearly have the lowest T, and T,—.; values, followed by 3000:1, then
4000:1. With a higher amount of catalyst, relative to monomer, there are more polymer
chains propagating at any time, and a given degree of cure can be achieved at lower
temperatures. This trend is generally expected and has been observed for many different
systems [19]. Catalyst 1 may show a similar trend, but it is not as apparent as with catalyst 3.
While some data points in Figure 3.7 show no dependency of the exothermic peak’s position
on catalyst loading, most seem to follow the same trend as catalyst 3. However, since all T,
and T,—o.; values at each heating rate are very similar, this apparent trend cannot be
conclusively distinguished from experimental error. In either case, it is at least evident that
the dependency of the position of the exothermic peak is more sensitive to catalyst loading
with catalyst 3 than with catalyst 1.
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Another note of interest is the material properties of the resulting polymer formed
from each catalyst system. The typical glass transition temperatures, Ty, of each system is
shown in Table 3.2. Catalyst 1 and catalyst 3 form polymers with very similar glass
transition temperatures, consistently around 160 °C and 164°C, respectively. These T, values
are considerably higher than that reported for commercial pDCPD systems of about 140-150
°C [20], most likely because the more active catalysts 1 and 3 are able to polymerize more of
the less-reactive crosslinking sites on DCPD (Figure 3.1) than other catalysts. Polymers
made from catalyst 1 + PPhs have drastically reduced Tg’s that drop with a higher loading of
free phosphine. In samples made with catalyst 1 + PPhg, a reduced glass transition
temperature is expected, since the large amount of free phosphine can act as a plasticizer in
the polymer matrix. Also presented in Table 3.2 is the AH,x, for all of the catalyst systems,
evaluated by taking the integral under the DSC peak corresponding to exothermic reaction.
All Tg and AH,y, values presented are very consistent and repeatable, implying that their
differences are not a result of experimental error. Reasons for these differences are discussed

in detail below.

Table 3.2 Representative Glass transition temperatures (Tg) and reaction enthalpys (AHxn)
for polymers formed from different catalyst systems. Glass transition temperatures presented
here were taken from samples cured at # = 15 °C/min, and T4 values were measured at a
heating rate of = 15 °C/min.

Catalyst system | T¢ (°C) | AHn (J/0)
1 160.3 342.3+7.2
3 164.1 311.0+7.7
1+ 30 eq. PPh; 145.3 351.8+24
1+ 60 eq. PPhs 139.7 347.8 +4.8
1+120eqg. PPh; | 121.2 336.8+£3.9

The propagation of each catalyst system ideally should retain the high catalytic
activity known for the 2™ generation Grubbs’ catalyst [21,22], so the dynamic scans were

examined via an Ozawa-Flynn-Wall analysis to determine activation energies. This data is
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shown in Figure 3.8. Activation energy seems to be independent of catalyst concentration,
and the general shape of the plots for all three systems shows typical diffusion control—
activation energy stays relatively constant at low conversions, followed by what appears to
be an exponential increase, presumably near or after the gel point. This behavior has been
observed in other ROMP curing studies [23]. Assuming the nearly constant activation
energy at low degrees of cure is the best representation of the propagation activity of each
catalyst, it appears that both catalyst 1 and catalyst 3 have similar propagation activity, within
experimental error. This effect is expected, considering both catalysts have the same

propagating metal center.
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Fig. 3.8 Activation Energy (E;) profiles of a) catalyst 1, b) catalyst 3, and c¢) catalyst 1 +
PPhs.

The higher activation energy at low conversions for the system containing catalyst 1
+ PPh3 probably results directly from the equilibrium shown in Figure 3.6. Even at higher
temperatures when the equilibrium is expected to favor the ROMP-active species, the mere
presence of at most 120 equivalents of free phosphine should be statistically likely to rebind
with some propagating catalyst molecules, forcing them back into their dormant, precatalyst
state. The aggregate energy required to both activate the polymerization and to frequently re-
dissociate phosphine from the catalyst is then expected to be higher than the other systems.

Figure 3.8a and 3.8b, activation energy profiles for catalysts 1 and 3, respectively,
show similar activation energies at conversions from 0-0.3 and 0.9. From 0.4-0.8, however,
the two plots deviate significantly. All best-fit lines in the plots of In £ vs. 1/T;, from which
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Figure 3.8 was derived, were good fits to the experimental data with correlation coefficients
(r?) typically greater than 0.993 (a representative plot is shown in Figure 3.9), so the
deviations between Figures 3.8a and 3.8b are not attributed to experimental error.
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Fig. 3.9 A representative plot of In g vs. 1/T;. Data presented here is taken from 2000:1
[DCPD]:[catalyst 3].

A hypothesis has been formulated to explain this result. It is assumed that since the
activation energy in Figure 3.8b remains fairly linear up to high conversions, followed by
classic diffusion control, that heat evolved using catalyst 3 is solely a result of the ROMP
reaction, while catalyst 1 undergoes one or more heat-evolving processes other than ROMP,
thereby causing the deviations at conversions of «=0.4-0.8.

That the activation energy in Figure 3.8a deviates from Figure 3.8b only at middle-to-
high conversions implies that whatever process may be occurring at «=0.4-0.8 is
autocatalytic in nature. It is probably not truly autocatalytic in the sense that it does not help
to propagate further polymerization (as evidenced by the lower T, value for catalyst 1), but
instead initiates some other reaction on the polymer chain. This is consistent with the AHy,
of catalyst 1 being about 30 J/g higher than with catalyst 3, since this extra autocatalytic

process would increase the heat evolved per unit mass.
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This then leaves the question of what process besides ROMP could be evolving heat
via reaction on the polymer chain, slightly reducing the T4 of the overall polymer, and why
this process would occur with catalyst 1, but not catalyst 3. Highly active catalysts, including
catalyst 1, are known to sometimes undergo cross-metathesis on the acyclic double bonds of
the polymer chain, especially at high temperatures [24], in a process known as back biting,
which could explain these results. An example of back biting on a pDCPD chain is shown in
Figure 3.10. This process is not nearly as exothermic as is the opening of a strained ring in
ROMP, which explains why only a minor increase in AHx, IS observed; it would cleave
crosslinks on the polymer chain to leave either macrocyclic sidegroups or free molecules,
which explains the drop in Tg4; and the back biting would be most prominent at high degrees
of cure where the amount of acyclic olefins are maximized, which explains why the

anomalous peak does not occur at low conversions.

£
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Fig. 3.10 An example of back biting on a pDCPD matrix.

*Ru = RuCly(H,IMes)

Back biting does not appear to be prominent in catalyst 3, marked by a lack of an
extra peak in Figure 3.8b. When one turnover of ROMP is completed, the ruthenium catalyst
exists as a 14-electron, 4-coordinate complex, shown as the last product in Figure 3.3. A
nearby sigma-donor, in the case of this study either olefin or phosphine, should quickly
coordinate to this high energy, transient intermediate. If an olefin coordinates at high
conversions where a large amount of acyclic double bonds are present, it is likely that the
coordinating olefin will be acyclic, which means the back biting interaction would be
favored. If instead phosphine coordinates, the catalyst is stabilized and, upon re-dissociation
of that phosphine, can be more selective to undergo the more kinetically and
thermodynamically favorable reaction with a cyclic monomer. It would then appear that the

extent of back biting could potentially be related to the catalyst’s relative binding affinity to
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olefin and phosphine. Both catalysts 1 and 3 should have equivalent binding affinities to
olefin, since they are the same propagating metal center reacting with the same olefin
monomer, but different binding affinities to their respective free phosphines, PCys and PMes.
Since binding affinity of a ligand to a substrate is typically inversely related to its rate of
dissociation from that substrate [25], PMe3 is expected to have a much higher binding
affinity to its catalyst than PCys, and this higher affinity for phosphine in catalyst 3 would
disfavor back biting reactions, relative to catalyst 1.

Also lending evidence to this theory is the appearance of the anomalous peak
occurring at high conversions in Figure 3.8c. The free phosphine used here, PPhs, is
expected to have a much lower binding affinity to catalyst than either PCys or PMeg, as
suggested by its low pKa (Table 3.2), and back biting reactions should be favored. However
the binding affinity of PPh; to catalyst in these systems should effectively be higher than the
pKa implies since such a large excess (30, 60, or 120 eq.) is present. This can potentially
explain why the anomalous peak occurs at higher conversions for Figure 3.8c than in Figure
3.8a—a larger amount of acyclic double bonds, created at higher conversions, is necessary to
statistically outweigh the increased amount of free phosphine.

Furthermore, with higher loadings of free phosphine to increase the effective binding affinity
to catalyst, less back biting is expected to occur. This is corroborated by the AHyn

decreasing with increasing phosphine loading.

3.6 Conclusions
In this study, several different ROMP-based catalytic systems were used to cure

dicyclopentadiene, and the resulting curing behavior was analyzed by DSC. It was shown
that, compared to the 2™ generation Grubbs’ catalyst 1, catalyst 3 was much more latent and
is potentially useful to increase the pot-life of polymers made by ruthenium-based ROMP.
Also, dicyclopentadiene cured with catalyst 1 + free phosphine had an increased latency over
catalyst 1 alone, but with much higher activation energy and a much lower Ty Reasons for
the differences in latency, activation energy, AH,, and glass transition temperature of all

systems were discussed in detail.
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CHAPTER 4: ENHANCED BULK CATALYST DISSOLUTION FOR SELF-
HEALING MATERIALS

A paper published in Journal of Materials Chemistry”
Timothy C. Mauldin® and Michael R. Kessler?

4.1 Abstract

A model was developed to aid in the selection of healing monomers that can rapidly
dissolve catalysts in self-healing materials. Predictions are made regarding dissolution rates
of Grubbs’ catalyst in a small library of ring-opening metathesis polymerization (ROMP)-
active norbornenyl-based healing monomers. The Grubbs’ catalyst and the healing
monomers were experimentally assigned sets of Hansen parameters, and it was observed that
healing monomers and blends of monomers with parameters similar to the catalyst were able
to rapidly dissolve the catalyst. The model is limited in its ability to predict dissolution

trends of healing monomers with substantially differently viscosities.

4.2 Introduction

In the past decade, polymers and composites that can repair themselves with
complete, or nearly complete, autonomy have been extensively studied in academia and
received significant commercial interest [1-3]. Perhaps the most ubiquitous self-healing
mechanism developed to date incorporates liquid monomer-filled vessels and catalyst
particles into a polymer matrix. Upon material fracture, vessels rupture, followed by flow of
the liquid monomer into the crack volume. When the monomer contacts the catalyst particles
it polymerizes and adheres the crack faces together (Figure 4.1) [4-7]. The first and most

well-studied monomer/catalyst combination used thus far in self-healing systems is

" Reprinted with permission of Journal of Materials Chemistrsy.

! Department of Chemistry, lowa State University, Ames, IA 50011, USA.

2 Department of Materials Science and Engineering, lowa State University, Ames, 1A 50011,
USA.
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dicyclopentadiene (DCPD) and Grubbs’ catalyst, the former of which undergoes ring-
opening metathesis polymerization (ROMP) [8-10] in the presence of the latter [11-17]. This
system worked well to first demonstrate self-healing as both the catalyst and DCPD satisfy
many of the unique and complex requirements of this healing mechanism, but owing to the
price of Grubbs’ catalyst, the research community has been slowly moving away from
ROMP-based self-healing in favor of healing based on other chemistries. But while healing
with these other chemistries (notably siloxane polycondensation [18], epoxy ring-opening
polymerization [19], solvent activation of residual matrix reaction [20], and click chemistry
[21], among others) has indeed proven fruitful, the superior healing precedent set by the
seminal Grubbs’ catalyst should disallow it from being deemed impractical for self-healing

applications simply due to economic considerations.

Polymer matrix Catalyst Capsule of liquid monomer

©. 0.0

Monomer flows into crack

Contact with catalyst

D
—

Figure 4.1. Schematic representing self-healing of a polymer

One approach to minimize the economic obstacle of using Grubbs’ catalyst is to
reduce the amount of catalyst required to achieve maximum healing potential.
Unfortunately, efficient use of the catalyst in a self-healing system is often difficult due to the
fact that the monomer needs to dissolve the catalyst in a very non-ideal mixing scenario; that

is, elevated temperatures or external agitation cannot realistically be applied to aid catalyst
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dissolution during the healing event. In addition, sluggish catalyst dissolution can also likely
be attributed to the fact that the catalyst particle is embedded in the crack surface, limiting
the surface area of catalyst exposed to the liquid monomer during healing to one cross-
sectional area of the particle. Nevertheless, others have developed rather clever techniques to
promote efficient use of Grubbs’ catalyst during healing. For example, Rule et al. showed
that by first encapsulating Grubbs’ catalyst particles in wax microspheres, a 10-fold decrease
in catalyst loading can achieve similar or better healing relative to the original, wax-free self-
healing systems [22]. Catalyst was used more efficiently due to the catalyst particles being
smaller in size in the wax microspheres, which increases the surface area of catalyst exposed
to liquid monomer. Furthermore, the Grubbs’ catalyst was protected by the wax casing from
surface layer decomposition caused by contact with the polymer matrix resin during
composite fabrication. Another approach to more efficiently use catalyst is to incorporate
different healing monomers and monomer blends that inherently require less catalyst to
achieve a high degree of polymerization, and therefore require lower loadings of catalyst in
the self-healing polymer. For example, Liu et al. have identified a low viscosity, highly-
reactive ROMP monomer called ethylidene norbornene that can be used either neat or in
blends with DCPD to, among other things, significantly reduce the required catalyst loading
in a self-healing polymer [23-27].

An alternate approach to efficiently using the catalyst in a self-healing polymer is to
increase the rate at which catalyst is dissolved into the liquid monomer. Presumably, the
reason why such a large amount of Grubbs’ catalyst, relative to DCPD, is necessary in self-
healing polymers is because the catalyst particles exposed on the crack surface are not
entirely dissolved before DCPD undergoes appreciable amounts of polymerization, and
therefore cannot easily dissolve more catalyst. Hence, the effective catalyst concentration is
considerably lower than the feed concentration that is initially added to the self-healing
polymer. So to reach maximum healing capabilities, comparatively large amounts of catalyst
are necessary. Increasing the dissolution rate of the catalyst would then cause the effective
concentration to approach the feed catalyst concentration, thus requiring less overall catalyst
to achieve similar levels of healing. Jones et al. attempted to increase dissolution kinetics by

grinding, freeze-drying, and recrystallizing catalyst particles to smaller sizes, thereby
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increasing their surface area [28]. Smaller catalyst particles were shown to dissolve faster in
the healing monomer than the large, as-received Grubbs’ catalyst particles. In some cases,
this faster dissolution also improved healing by ensuring a relatively even distribution of
dissolved catalyst throughout the monomer, which led to a continuous polymer film in the
crack volume. This was unlike early self-healing systems with large, slow-dissolving
catalyst particles, whose reaction with monomer was largely heterogeneous, leading to
intermittent patches of polymer surrounding catalyst embedded in the crack plane. However,
reducing catalyst particle size and increasing catalyst surface area is not without drawbacks.
For example, as mentioned above, the extent of catalyst surface layer decomposition is
increased with a greater surface area, and the smaller size potentially leads to catalyst
dissolution in the polymer matrix resin in which it is embedded.

In addition to decreasing the amount of catalyst required for self-healing polymers,
improving the bulk catalyst dissolution Kinetics can also increase the speed of healing, which
greatly expands self-healing polymer’s potential application base. Ideally, self-repair should
be as rapid as possible, especially for applications where the polymer may be subject to rapid
or periodic stress. But it was recently observed that healing kinetics is not a simple
phenomenon and dependent on many factors, notably the sensitive interplay between catalyst
dissolution kinetics and bulk polymerization kinetics of the healing monomer [29]. In
particular, it was noted that the bulk polymerization kinetics of the healing monomer should
not greatly exceed the catalyst dissolution kinetics. Otherwise the system would result in a
polymer with poor properties and “spotty” healing, similar to the aforementioned case of
healing with large, slow-dissolving catalyst particles. Thus, catalyst dissolution kinetics is a
significant (but often ignored) consideration when determining the speed and quality of self-
healing.

In this paper, we create a small library of healing monomers and develop a model to
make predictions regarding their ability to dissolve a catalyst in a self-healing polymer.
While we anticipate our model can be versatile enough to be applicable to any type of
healing chemistry, due to the robust and well-studied healing performance of ROMP-based
self-healing, we focus our discussion here only on the dissolution of Grubbs’ catalyst in

ROMP-active healing monomers. In order to create this model, we borrow several ideas
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from the concept of solubility parameters, otherwise widely known in the realm of polymer
physics as a means to make predictions regarding solute-solvent interactions and the
thermodynamics of polymer mixing [30]. Details of the calculations and the strengths and
limitations of the model are discussed in detail. And finally, the model is experimentally
validated by directly measuring the dissolution rate of a structurally-modified Grubbs’
catalyst in various monomers and monomer blends. The structurally-modified catalyst was
used to inhibit polymerization of the ROMP-active monomers during the course of the

dissolution.

4.3 Experimental

4.3.1 General considerations

Bis(tricyclohexylphosphine)benzylideneruthenium dichloride (1* generation Grubbs’
catalyst), bicyclo[2.2.1.]hept-2-ene (norbornene), dicyclopentadiene, 5-vinyl-2-norbornene,
5-ethylidene-2-norbornene, 5-norbornene-2-carboxylic acid, 5-norbornene-2-methanol,
tetramethylsilane, ethyl vinyl ether, and all solvents/starting materials/reagents used for
synthesis were purchased from Aldrich and, unless stated otherwise, used as-received. While
determining Grubbs’ catalyst’s parameters, all solvents known to not readily absorb
atmospheric moisture were used as-received from freshly-opened bottles. All other solvents
were either purchased anhydrous or dried accordingly and were handled under a nitrogen gas
purge. 5-norbornene-2-carboxaldehyde [31], 2-(chloromethyl)-5-norbornene [32], 2-
(bromomethyl)-5-norbornene [33], ethyl 5-norbornene-2-carboxylate [34], 5-
(methoxymethyl)-2-norbornene [35], and 2-acetyl-5-norbornene [36] were synthesized
according to literature procedures. All 5-substituted norbornenyl-derivatives, either
purchased or synthesized, were obtained as a mixture of exo- and endo-isomers. All other
syntheses are described below. *H-NMR spectra were recorded at either 300 or 400 MHz
with a Varian Spectometer (Palo Alta, CA) using CDCl; as a solvent and residual chloroform
as an internal reference. HR-MS was done on a Finnigan TSQ700 mass spectrometer (San

Jose, CA). Unless otherwise stated, room temperature is defined as 23-24 °C.
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4.3.2 Synthesis of phenyl vinyl ether

A modified version of the original preparation [37] was used. p-Bromophenetole (15 g, 75
mmol) was added to KOH (20 g, 0.36 mol), which had been ground into a fine powder. The
suspension was heated to a reflux (~150 °C) for 12 hours. The crude product was isolated by
vacuum filtration and purified by silica gel column chromatography (hexanes) to yield a
clear, colorless liquid (3.1 g, 35%). *H-NMR (300 MHz, CDCls) & ppm 7.35 (apparent t, J =
9 Hz, 2H), 7.10, (t, J = 9 Hz, 1H), 7.04 (d, J = 9 Hz, 2H), 6.68 (dd, J = 6, 15 Hz, 1H), 4.79
(dd, J =3, 15 Hz, 1H), 4.45 (dd, J = 3, 6 Hz, 1H). High-resolution mass spectrometry
(HRMS) expected 120.0575, found 120.0571.

4.3.3 Synthesis of (PCys),Cl,Ru=C(H)OPh

Phenyl vinyl ether (2.5g, 21 mmol) was slowly added to a CH,Cl;, (10 ml) solution of
Grubbs’ 1% generation catalyst, (PCys),Cl,Ru=C(H)Ph, (2 g, 2.4 mmol). This solution was
allowed to stir at room temperature for 30 minutes, during which time the purple solution
changed to a dark red color. The solvent was evaporated in vacuo, and the resulting solid
was washed with 4 x 10 ml of cold (-25 °C) pentane to reveal a red solid (1.90 g, 93%). ‘H-
NMR (300 MHz, CDCl3) 6 ppm 14.84 (s, 1H), 7.36 (apparent t, ] = 7.8 Hz, 2H), 7.21 (t,J
=7.5Hz, 1H), 7.09 (d, J = 7.8 Hz, 2H), 2.72-2.64 (m, 6H), 2.01-1.97(m, 12H), 1.81-1.71 (m,
19H), 1.61-1.51 (m, 13H), 1.35-1.20 (m, 16H).

4.3.4 Synthesis of N,N-dimethyl-5-norbornene-2-carboxamide

N,N-dimethylacrylamide (15 g, 0.15 mole) was added to 250 ml ethyl acetate. Over the
course of 30 minutes, freshly-distilled cyclopentadiene (11 g, 0.17 mol) was added dropwise.
After complete addition, the solution was brought to a gentle reflux and allowed to stir for 5
days in the dark, with an additional 1 ml of cyclopentadiene being added daily. Complete
consumption of N,N-dimethylacrylamide was observed by silica gel thin-layer
chromatography (ethyl acetate, Rt = 0.6), and volatiles were removed in vacuo. The
resulting crude product was cooled to ~5 °C and triturated three times with pentane (1x250
ml, 2x100 ml). Upon warming to room temperature, a dark brown, viscous liquid was

isolated (19.5 g, 78%) with sufficient purity (>95%). Product was a mixture of endo/exo-
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isomers (~4/1). *H-NMR (300 MHz, CDCls) for the endo isomer: & ppm 6.15 (dd, J = 3.0,
5.7 Hz, 1H), 6.02 (dd, J = 3.0, 5.7 Hz, 1H), 3.10-3.01 (m, 2H), 3.07 (s, 3H), 2.90-2.83 (m,
1H), 2.88 (s, 3H), 1.97-1.89 (m, 1H), 1.41-1.32 (m, 2H), 1.28 (apparent d, J = 8.1 Hz, 1H).
High-resolution mass spectrometry (HRMS) expected 165.1154, found 165.1160.

4.3.5 Dissolving Grubbs’ Catalyst in solvent

5 mg of Grubbs’ 1* generation catalyst was weighed into a small, flame-dried vial, and the
catalyst particles were evenly distributed throughout the bottom area of the vial. A given
solvent was added to the vial via syringe (0.5 ml). The solvent addition was rapid enough to
quickly cover the catalyst layer, but not so rapid that the even distribution of the catalyst
along the bottom of the vial was disturbed. For those solvents whose saturation point was
not reached after dissolving the 5 mg of catalyst (i.e. solubility of catalyst in solvent >
5mg/0.5ml), the approximate time for complete dissolution was recorded. For solvents that
became saturated prior to completely dissolving the 5 mg catalyst, the saturation level was
determined, and a similar dissolution experiment was rerun with half the amount of catalyst
that can saturate the solvent (e.g. if the saturation level of Grubbs’ catalyst in a solvent was
determined to be 4 mg catalyst/0.5 ml solvent, the subsequent dissolution test was done with
2 mg catalyst in 0.5 ml solvent). Three dissolution experiments were performed with each
solvent. Each solvent’s dissolution rate was categorized as either rapid, moderate, slow or

deficient, based on the table below:

Table 4.1. Ranking system for dissolution of Grubbs’ catalyst in various solvents

Category Description
Rapid Fully dissolved during, or within a few seconds after, solvent
addition.
Moderate 30 — 90 seconds
Slow 2-5 minutes
Deficient >5 minutes
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Additionally, an extra dissolution experiment was performed with double the amount of each
solvent in order to determine the dependence of the dissolution rate on the degree of

undersaturation.

4.3.6 Dissolving Grubbs’ Catalyst in monomer

250 + 1 mg of modified Grubbs’ 1% generation catalyst, (PCys),Cl,Ru=C(H)OPh, was
weighed into a flame-dried vial, and the catalyst particles were evenly distributed throughout
the area of the bottom of the vial. Exactly 5 ml of monomer or monomer blend containing
0.2 ml tetramethylsilane internal standard was quickly added to the catalyst in a manner that
did not disturb the even distribution of catalyst on the bottom of the vial. At 5-minute
intervals up to 30 minutes, 0.1 ml of liquid was withdrawn from the center of the solution.
To these aliquots was added 10 pl of ethyl vinyl ether to ensure minimal or no
polymerization during further characterization. *H-NMR spectra (400 MHz, CDCls, 64
scans) were taken of the aliquots, and the amount of dissolved catalyst is defined as the molar
ratio of catalyst to TMS internal standard, denoted herein as “relative intensity.” Relative

intensity was calculated by

ZIRUZC(H)R (4.1)

Relative Intensity =
lrys /12

where Zlry=c(nr 1S the sum of all ruthenium carbene intergrations, and Irvs is the integration
value of tetramethylsilane. Reported relative intensity values are the average of three

dissolution experiments.
4.4 Results and Discussion
4.4.1 Healing monomer library dissolution parameters
For each monomer in the healing monomer library (shown in Figure 4.2) we

calculated a set of Hansen parameters, which were originally developed to provide a semi-

quantitative model for predicting cohesive compatibility between solvents, plasticizers,
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polymers, dyes, etc. [38]. Hansen parameters, denoted as d, are defined as the square root of
the cohesive energy density related to an x-type intermolecular attraction, where chemicals
with similar parameters have both similar cohesive energies and, more importantly for the
present work, greater chemical compatibility. A conceptual explanation of Hansen
parameters and their calculation is discussed briefly here, and in much greater detail in

reference 39.

Figure 4.2. ROMP-active, healing monomer library.

A Hansen parameter of a chemical’s x-type cohesive force can be directly calculated
from the X-type force’s contribution to the total cohesive energy of a chemical, Ex,

normalized by its molar volume, V:
X TN, (4.2)

There are three parameters historically defined as Hansen parameters: dp, the parameter
related to intermolecular dispersion forces; dp, the parameter related to fixed-dipole forces;
and oy, a parameter classically known as the hydrogen-bonding parameter, but often regarded
as an electron-transfer parameter. As shown in equation 4.3, the sum of the squares of the

Hansen parameters is equivalent to the total parameter, &1, which is known as the one-
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dimensional, Hildebrand parameter. Additionally, using equations 4.2 and 4.3, the
relationship can be rewritten directly as a function of cohesive energy densities (equation

4.4), although dealing with the smaller Hansen parameters is often more convenient.

5. =87 +8."+6,° (4.3)

m

E, E, E
VT:7D+7P+7H (4.4)

Then, chemicals with similar parameters can be considered chemically compatible and have
some favorable intermolecular interactions. While Hansen parameters are most often used to
make predictions regarding thermodynamic-based interactions of two or more chemicals (e.g.
solubility, polymer swelling in a solvent, polymer mixing, etc.), it has been shown that they
can also potentially be useful in linking together chemicals’ kinetic processes [40], but to the
best of our knowledge, have never been used to make predictions on dissolution. However, it
should be noted that these parameters are only meant to be a useful guide for making
predictions, and their specific values should be considered approximations that cannot predict
minor differences in behavior.

While Hansen parameters can be calculated experimentally, reasonably accurate
values can be obtained using the Beerbower group contribution method, where atomic groups
(e.g. -CH2—, =CH-, —OH, —CsHs, —NH_, etc.) have fixed cohesive energy contributions
related to a specific Hansen intermolecular force (i.e. dispersion, fixed-dipole or hydrogen-
bonding). Lists of the Beerbower group contributions can be found in numerous sources
[39]. In order to determine Ex for a given chemical, the sum of the appropriate atomic group
contributions for that chemical is determined, and the corresponding Hansen parameters are
calculated using equation 4.2. However, our initial efforts to directly use this group
contribution approach were unsuccessful, presumably a result of the norbornenyl
functionality present on all of our healing monomers being a highly-strained, bicyclic
structure, while group contributions are generally intended for use with small, linear, and

strain-free molecules. Hence, we experimentally calculated the “atomic group contribution”
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for the 2-norbornenyl-group with covalent connectivity at the 5-position (the functionalized
position in the majority of our 2-norbornenyl-based library). Then, our 2-norbornenyl “group
contribution” was used concurrently with the Beerbower group contributions to build Hansen
parameters for our healing monomer library. Further details regarding the calculation of the
2-norbornenyl “group contribution” are available in the supplementary information for this

paper, and the full set of Hansen parameters for all healing monomers is shown in table 4.2.

Table 4.2. Complete Hansen Parameters for the healing monomer library

Monomer? ot b Op On
-H 16.0 15.5 1.4 3.7
-CH=CH-CH,- 17.8 17.1 1.8 4.7
-CH=CH, 16.2 15.4 1.7 4.6
=CH-CH3; 16.7 15.9 2.0 4.7
-COOEt 16.9 15.3 3.2 6.4
-CH,-OH 22.9 18.0 5.1 13.2
-COOH 21.4 18.5 3.5 10.3
-COCHs 19.3 17.5 5.7 6.0
-CHO 20.4 16.1 10.4 6.9
-CH,-CI 18.2 16.7 6.3 3.7
-CH,-Br 18.5 16.7 6.2 5.0
-CH,-O-CHjs 16.9 15.7 3.9 4.8
~CON(CH3), 22.7 185 9.8 8.8

®the functional group listed refers to a derivative of 2-norbornene functionalized with this

group at the 5-position.

The parameters for the healing monomer library are shown in Figure 4.3, expressed
as a 2-dimensional Hansen Parameter Map, which we refer to as a Healing Monomer Map.
Since the 6p Hansen parameters for all of the healing monomers are very similar (16.7 £ 1.1
MPa*), they are intentionally ignored both in Figure 4.3 and when comparing the parameters

of different chemicals (vide infra), which is commonly done with Hansen parameters. It is
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noteworthy that, for all healing monomers, 64>3. This is true even of the hydrocarbon
monomers that are not expected to show significant hydrogen bonding. But as mentioned
above, the “hydrogen-bonding” parameter nomenclature is something of a misnomer, used
largely due to historical precedent, and instead should be considered as a parameter related to
electron-transfer intermolecular forces. Therefore, the unexpectedly large oy values can be
explained by the norbornenyl-group’s double bond acting as a Lewis base, which is
essentially defined as a species that can undergo electron-transfer. Furthermore, the lewis
basicity of the norbornenyl double bond is especially high, relative to other double bonds,
because donation of its m-bonding electrons would result in a moderate relief of ring-strain in
the highly-strained norbornenyl functionality. All other Hansen parameters for the healing
monomers fall within expected ranges for the functional groups on each monomer (i.e.
hydrocarbons have low dp values, the amide has a high dp value, monomers with a removable

hydrogen have high 6y values, etc.).

R R=
/ H -H
15| O -CH=CH-CH-
+ -CH=CH,
h X =CH-CH
12 | 3
® -COOEt
& A A -CH-OH
S 9l v A -COOH
= d -cocH,
- . o | © «cHo
w0 6t d O -CHCI
x B 4 4 -CH_-Br
al O ¢ B -CH,-0-CH,
¥ -CON(CH,),
0 L L L L L L 1

0 2 4 6 8 10 12 14 16
S_ (MPa'?)
P

Figure 4.3. Healing Monomer Map for the ROMP-active library used in this study.
4.4.2 Catalyst dissolution parameters

The Hansen parameters for Grubbs’ Catalyst were determined by qualitatively

measuring dissolution of the catalyst in various common organic solvents with well-known
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parameters. A total of 34 solvents with a wide array of Hansen parameters were chosen
(Hansen parameters for common solvents can be found in numerous sources, for example
reference 39), which are plotted in Figure 4.4a. While it was difficult to quantify dissolution
rate of the catalyst in the solvents for a variety of reasons (some extremely rapid dissolution,
some extremely slow dissolution, and an overall great deal of scatter in quantitative
measurements), it was surprisingly easy and reliable to qualitatively determine dissolution
rates. Dissolution rates of the catalyst in the solvents naturally fell into four categories,
which we denote herein as rapid, moderate, slow and deficient (Figure 4.4b), which are
described in more detail in the experimental section of this paper. Assignment of the
solvents into these four categories was straightforward, and very few solvents were at the
“borderline” of two categories, but any type of ranking of the solvents within each category
is futile due to the amount of scatter during attempts to quantify dissolution. On a side note,
several of the solvents used in this study are known to react with Grubbs’ catalyst (e.g.
acetonitrile, acrylonitrile, aniline, pyridine, piperidine and pyrrole), and can potentially skew
their inherent dissolution kinetics. However, we found that our interpretation of the Hansen
Parameter Map both including and excluding the data points accrued from these solvents was

essentially identical.
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Figure 4.4. a) Solvent parameter map and b) results of dissolution measurements of Grubbs

b

catalyst in each solvent. The arrows denote regions of superior dissolution.

During dissolution measurements, which are described in more detail in the

experimental section of this paper, temperature (room temperature), agitation rate (no

agitation), and interfacial area of the catalyst available to the monomer were kept constant,

forcing the dissolution rate to be dependant solely on chemical compatibility between the
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solvents and the catalyst. However, one potential concern while taking dissolving
measurements is that the degree of undersaturation may affect the dissolution rate. But
increasing the amount of solvent available to dissolve the catalyst, which would increase the
degree of undersaturation, seemed to have minimal effect on the dissolution. At the very
least, the different degrees of undersaturation did not create ambiguity as to which of the four
qualitative dissolution categories the solvents should be placed.

It is clear from Figure 4.4b that there are localized regions of rapid, moderate, slow
and deficient dissolution on the Hansen Parameter Map; the regions of rapid dissolution are
marked by arrows. Additionally, the regions of rapid dissolution seem to be roughly circular
in shape, and proceeding outside the “rapid” dissolving circle are sequential regions of
moderate, slow, and deficient dissolution. This is consistent with what is observed for
polymers, which commonly have “spheres” on their Hansen Parameter Maps that correspond
to regions of good solubility, swelling, etc. in solvents whose parameters are within the
“sphere,” and the center coordinates of the “sphere” correlates to the polymer’s Hansen
parameters [39]. While the existence of multiple spheres, as in this work, is very uncommon
with polymers, there is some precedent for multiple spheres in a Hansen Parameter Map for
other organometallic compounds [41]. Therefore, we confidently assign Grubbs’ catalyst
two sets of Hansen parameters, which are roughly calculated to be (6p = 2.9, 6y = 3.3) and (dp

=17.0, 5y = 7.1).

4.4.3 Model Validation

By comparing Figures 4.3 and 4.4b, it is apparent that no healing monomer’s Hansen
parameters coincide very well with Grubbs’ catalyst’s parameters, implying that the
maximum dissolution kinetics cannot be achieved with a one-component healing monomer.
However, Hansen parameters are known to obey a simple rule of mixing; in other words, any
miscible blend of liquids takes on the Hansen parameters intermediate between the separate

components of the blend [39], as shown in equation 4.5.

5x,b|end :Zgi5x,i (4-5)

www.manaraa.com



117

In this equation, Jx piend IS the Hansen parameter of the x-type cohesive force (i.e. Dispersion,
Dipole or Hydrogen bonding forces) in the blend of liquids, &; is the volume fraction of the i-
th liquid in the blend, and dx; is the Hansen parameter of the x-type cohesive force for the i-
th liquid in the blend. Therefore, to experimentally validate our model, various healing
monomers were blended in the appropriate volume fractions that would cause the blend to
have Hansen parameters similar to the catalyst’s parameters. The two healing monomer
blends chosen for this study (one blend to match each of the Grubbs’ catalyst’s two Hansen
parameters) are shown in tables 4.3 and 4.4. 1t should be noted that the blend represented in
table 4.3 (Hansen parameters: (6p = 2.9, oy = 4.6)) does not exactly match the estimated
Hansen parameters of Grubbs’ catalyst (dp = 2.9, oy = 3.3). This is because this set of
Grubbs’ catalyst parameters falls out of the range of the parameters of our healing monomer
library, making it mathematically impossible to find a monomer blend that precisely matches
the catalyst’s parameters. Hence, a blend was chosen whose overall Hansen parameters are
reasonably close to that of the Grubbs’ catalyst; possible errors resulting from this
modification are discussed below.

An obvious problem with measuring the dissolution rate of Grubbs’ catalyst with a
ROMP-reactive monomer is the ensuing polymerization reaction affecting dissolution.
While the dynamic structural and rheological environment resulting from bulk
polymerization is indeed indicative of what is actually occurring during the complex self-
healing process, for the purposes of this study where we focus solely on dissolution rates
(and need a suitable method to measure dissolution), the polymerization reaction must be
temporarily stopped. To achieve this, a modified version of Grubbs’ catalyst with extremely
low ROMP-reactivity was synthesized (shown in Figure 4.5 along with the structure of the
Grubbs’ catalyst). While this catalyst is not exactly inactive, the placement of an oxygen
atom between the carbene and the phenyl group places the catalyst into a thermodynamic
well, which was sufficient to inhibit an appreciable amount of polymerization in the time-
scale of our experiments. In fact, for other alkoxy carbene-derivatives of Grubbs’ catalyst,
this ROMP-inhibition was observed for higher catalyst concentrations, longer times, and
higher temperatures than those in this study [42]. Of course, this structural modification

should not come at the expense of significantly changing the Hansen parameters of the
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catalyst. Thus, dissolution tests of the modified catalyst in solvent similar to those described
in the previous section were done, which yielded similar results as the unmodified catalyst.
Therefore the modified Grubbs’ catalyst shown in Figure 4.5 was used in all dissolution tests
of catalyst in healing monomer.

Fl’Cvs Ph TCYs O—FPh
cl cl
\Ru=/ \Ru=/
cl cl
a. PCy3 b. PCYa

Figure 4.5. a) Grubbs 1% generation catalyst and b) a ROMP-inactive, modified version of

Grubbs’ catalyst.

Ideally, monomers and monomer blends with parameters closer to the catalyst’s
parameters would dissolve the catalyst fastest. NMR-based dissolution tests (see
experimental section) of the first monomer blend (&p = 2.9, &y = 4.6; shown in table 4.3) and
the individual components of this blend are shown in Figure 4.6. As mentioned earlier, it
was not possible to construct a monomer blend with Hansen parameters that equaled the
catalyst’s first set of parameters, so the blend in table 4.3 was chosen as having parameters
close to the catalyst; at the very least, the blend’s parameters were closer to the catalyst than
any of the components of the blend. As seen in Figure 4.6, the dissolution rate of the catalyst
by the blend and by norbornene (R = H) were approximately equal, followed by the acetyl-
functionalized norbornenyl derivative (R = COCH5;) and the ester-functionalized derivative
(R = COOELt). However, it is important to note that because norbornene is a solid at room
temperature, its dissolution experiments had to be carried out at elevated temperatures (~50
°C). Although it is hard to distinguish differences in the dissolution rates of the blend and of
norbornene from experimental error, it is definitely reasonable to presume that norbornene’s
theoretical room temperature dissolution rate would be slower than that of the blend, which is
in agreement with our model predictions. Furthermore, the proximity of norbornene’s
Hansen parameters to the catalyst is not too dissimilar from the proximity of the blend’s

parameters to the catalyst. So even if the reduction in norbornene’s dissolution rate from ~50
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°C to room temperature was small enough to still be indistinguishable from that of the blend,
our model would still predict dissolution behavior reasonably well. The slower dissolution
rates of the acetyl and ester-functionalized norbornenyl groups are also in agreement with
predictions—both monomers have Hansen parameters that are, comparably, far from that of
the catalyst. In fact, the catalyst’s parameters (6p = 2.9, 6y = 3.3) are slightly closer to that of
the acetyl-functionalized derivative than the ester-derivative. This predicts that the
dissolution rate of the catalyst by the acetyl-derivative would be slightly faster than the ester,

which is also in agreement with what is experimentally observed.

Table 4.3. Hansen parameters for three healing monomers and their volume fractions
required to make a blend that approximately matches one of the Hansen parameters of the
Grubbs’ catalyst (8p = 2.9, 6y = 3.3). The “R =" corresponds to the functional group at the 5-

position of the norbornenyl-based monomer.

Entry Volume Fraction op oH
(MPa”) | (MPa®)
R=H | R=COOEt | R=
COCHj;
1° 1 0 0 14 3.7
2 0 1 0 3.2 6.5
3 0 0 1 5.7 6.0
4 .62 .06 32 2.9 4.6

%test conducted at ~50 °C
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Figure 4.6. Dissolution of a modified Grubbs’ catalyst in various monomers and monomer
blends. The “R =" group in the legend denotes the functionality at the 5-position of the
norbornenyl group. The monomer blend has Hansen parameters of (6p = 2.9, 6y = 4.6),

which is similar to that of the catalyst.

A blend whose Hansen parameters matched the second set of Grubbs’ catalyst’s
parameters (6p = 7.0, oy = 7.1) was constructed from three of the healing monomers, which
are shown in table 4.4. Dissolution experiments of the modified Grubbs’ catalyst with this
blend and the individual components of the blend were conducted, and this data is shown in
Figure 4.7. The acid-functionalized norbornenyl-derivative (R = COOH) was obviously the
slowest to dissolve the catalyst, which is expected from the large distance of the acid’s
Hansen parameters from that of the catalyst. The aldehyde-functionalized monomer (R =
CHO) was much faster to dissolve the catalyst than the acid, but slower than both the blend
and the bromomethyl-functionalized norbornene (R = CH,Br). This is also predicted with
our Hansen parameter-based model, as the aldehyde-derivative’s Hansen parameters are
closer to the catalyst’s parameters than the acid, but further than both the blend and the
bromomethyl-derivative. However, the dissolution rates of the catalyst by the blend and the

bromomethyl-norbornene monomer are nearly identical. The Hansen parameters of the
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bromomethyl-derivative are closer to the catalyst’s parameters than almost all of the other
components in the healing monomer library, so a relatively rapid dissolution rate is expected,
but the fact that it has a dissolution rate as rapid as the blend (which exactly matches the
catalyst’s parameters) falls outside of what is expected with our model. There are several
possible explanations for this behavior. First, the possibility that the second set of Grubbs’
catalyst Hansen parameters (8p = 7.0, 6y = 7.1) is not entirely accurate cannot be ignored. As
mentioned earlier, Hansen parameters are a semi-quantitative technique in that the large
degree of error in their calculation makes it difficult to predict minor differences in behavior.
Perhaps the difference in the proximities of the parameters between the catalyst/blend and the
catalyst/bromomethyl-derivative is too small, thereby causing the inaccuracies in parameter
calculations to become more evident. But the most likely explanation for the blend’s
dissolution rate being closer than expected to the bromomethyl-derivative’s dissolution rate
is viscosity. Dissolution rates are known to be viscosity-dependant [43], with trends of
generally slower dissolution with increasing viscosity. It is easily observed that the blend,
which contains 27% of the highly viscous acid-functionalized norbornene, is of a higher
viscosity than the bromomethyl norbornenyl-derivative. Hence, it is reasonable to assume
that the blend’s rate of dissolving catalyst is being effectively reduced as a result of its higher
viscosity, and the model predictions were not necessarily incorrect. Nonetheless, it should be
noted in future utilizations of this model that dissolution rates will probably fall short of
Hansen parameter-based predictions when using healing monomers of higher viscosities.
While this is indeed a limitation of using the model presented here, most of the healing
monomers in the library of figure 4.1 were liquids of relatively low viscosity. In fact, this
viscosity effect probably has not manifested itself in the other experiments presented in this
paper because all of the other healing monomers tested have similar viscosities, at least by
visual inspection. Furthermore, high-viscosity healing monomers and monomer blends are
already considered unfavorable for self-healing for a number of reasons, and they would
therefore likely be prematurely excluded as a possibility when considering a feasible healing

monomer/catalyst combination.
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Table 4.4. Hansen parameters for three healing monomers and their volume fractions

required to make a blend that matches one of the Hansen parameters of the Grubbs’ catalyst

(6p =7.0, 6y = 7.1). The “R =" corresponds to the functional group at the 5-position of the

norbornenyl-based monomer.

Entry Volume Fraction op oH
MPa™) | (MPa”
- — — (MPa®) | (MPa’)
COOH CHO CH,Br
1 1 0 0 3.5 10.3
2 0 1 0 10.4 6.9
3 0 0 1 6.2 5.0
4 0.27 0.36 0.37 7.0 7.1
R
1.5F | —-Biend: R=cooH, cHo, cH Br| /7
r=) —8—R=CHO
E 12k | R=CHPr
2
2 o9f
L
£
o O06F
2
©
E 03F
0 m -
0 5 10 15 20 25 30

Time (min)

Figure 4.7. Dissolution of a modified Grubbs’ catalyst in various monomers and monomer

blends. The “R =" group in the legend denotes the functionality at the 5-position of the

norbornenyl group. The monomer blend has Hansen parameters of (6p = 7.0, 6y = 7.1),

which matches that of the catalyst.
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4.5 Conclusions

In this paper, a model was developed using the concept of Hansen parameters in order
to make predictions regarding the dissolution of a solid catalyst in liquid monomers for self-
healing applications. More specifically, we developed our model in reference to the
dissolution of Grubbs’ catalyst in a library of ROMP-active monomers, which are often used
as a catalyst/healing monomer combination in other self-healing works. Hansen parameters
were calculated for a small library of norbornenyl-based monomers, which are generally
reactive via the ROMP reaction. The Grubbs’ catalyst was found to have two sets of Hansen
parameters, and blends of healing monomers created to match these parameters were found
to dissolve the catalyst rapidly. However, the model is limited in its ability to predict and
compare dissolution rates of liquids with significantly different viscosities. While our model
was developed for a ROMP-based self-healing system, we believe this Hansen parameter
technique is fundamental and versatile enough to be applied to other types of self-healing

chemistries.
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CHAPTER 5: A MODIFIED RHEOKINETIC TECHNIQUE DESIGNED TO
ENHANCE THE UNDERSTANDING OF MICROCAPSULE-BASED SELF-
HEALING POLYMERS

Timothy C. Mauldin,* Joshua Leonard,? Kelly Earl,> Jong Keun Lee,® and Michael R.

Kessler?

5.1 Abstract

A modified rheokinetic technique was developed to monitor the polymerization of
healing monomers in a microcapsule-based self-healing mimic environment. Using this
modified technique, monomers active towards ring-opening metathesis polymerization
(ROMP) were either identified or disregarded as candidates for incorporation in self-healing
polymers. The effect of initiator loading on the quality and speed of healing was also
studied. It was observed that self-healing polymers have upper and lower temperature limits
between which the healing mechanism performs at optimal levels. Also, a study of the
quality of healing cracks of different thicknesses was performed, and it was discovered that
above a critical crack thickness value, the quality of self-healing diminishes substantially;

reasons for this phenomenon are discussed in detail.

5.2 Introduction
In recent years, the development and refinement of self-healing polymers has
garnered significant interest in both academic and industrial communities. Perhaps most
indicative of the immense interest in this still relatively young field of research is the large
number of review articles that have appeared in the literature, most within the last half-

decade [1-18]. Several fundamentally different healing mechanisms have been developed,
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all of which have their own commercial niche, but self-healing polymers containing
microencapsulated healing components [19-23] have received a significant amount of the
attention. In this healing mechanism, microcapsules containing liquid ring-opening
metathesis-based monomer are embedded within a polymer matrix, along with ruthenium
olefin metathesis catalyst particles. When damage occurs, cracks propagate through the
polymer matrix, rupturing the embedded microcapsules. The previously encapsulated liquid
monomer is then able to flow into the damage region and contact the catalyst particles,
polymerize, and adhere the crack surfaces together.

While this mechanism of healing may initially seem straightforward, significant
optimization of the healing components is required before these materials can be considered
for commercial use. For example, the microcapsules and catalyst must be compatible with
standard polymer processing techniques (e.g. the high pressures of some melt-processing
techniques, high-temperature curing cycles, etc.). The physical properties of the liquid
healing monomer must allow for easy flow into the damage region (i.e. low viscosity), for
minimal loss due to volatilization or diffusion into the polymer matrix, and for good wetting
of the crack surface. Dissolution of catalyst in liquid monomer, as well as the subsequent
polymerization kinetics, must also be tailored accordingly. And finally, the resulting
polymer must have sufficient adhesive and mechanical properties to mitigate further damage.
With this daunting set of requirements in mind, much of our previous work has focused on
evaluation of healing monomers through thermal analysis and mechanical testing [24-31].
These techniques are designed to be versatile, relatively quick and easy to use, and they often
yield the copious amounts of quantitative data necessary to adequately design and screen
different healing components. However, due to several complexities of the self-healing
mechanism, these ex-situ analytical techniques are only a complement to, and not a substitute
for, the evaluation of healing formulations through actual fabrication and testing of self-
healing materials. Direct evaluation of self-healing materials is most often done by
fabricating fracture specimens containing the embedded healing components. Upon initially
failing the specimens under mechanical load, the fracture halves are brought into contact and
allowed to heal, after which point the resulting healed specimens can be subsequently

retested. Tapered double-cantilever beam geometry fracture specimens were first used for
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this purpose [32-34] as this geometry yields some fracture properties that are independent of
crack length, which otherwise may vary from a pristine sample to its healed sample [35].
While these techniques are probably more laborious and wasteful of materials than the ex-
situ analyses mentioned above, they are crucial in that they provide an actual demonstration
of healing, as well as providing some quantitative description of that healing by virtue of
comparison of mechanical properties of virgin vs. healed specimens.

The goal of this work is to develop an analytical technique that collapses the
dichotomy between the ex-situ and direct evaluation methods of self-healing polymers. In
other words, we have developed a novel technique that simulates the self-healing mechanism,
but is nonetheless quick, easy to perform, requires very little material, and yields large
amounts of quantitative data. To do this, we modified a traditional parallel plate rheological
technique in such a way that mimics a self-healing polymer, as shown in Figure 5.1. The
center image represents a bottom rheometer parallel plate, on top of which a material can be
layered. Then by adding a top rheometer plate and applying a shear force, rheological
properties of the material under various stimuli (e.g. time, temperature, shear rate, etc.) can
be measured. For example, the left arrow in Figure 5.1 shows a traditional rheokinetic setup
in which the developing rheological properties of a polymerizing monomer/catalyst solution
can be determined. In our modified rheokinetic technique, however, we use the rheometer
bottom plate as a scaffold to build a pseudo self-healing polymer. This is done by first
coating the bottom plate with a catalyst-embedded polymer, and then polishing the surface of
the modified plate to reveal catalyst particles. Then upon injecting liquid monomer on the
surface of the modified plate, catalyst dissolution and polymerization must occur
concurrently in a confined environment (Figure 5.1, right arrow), roughly in the same manner
as occurs during the self-healing mechanism. Preliminary efforts have already been
successful in using this technique to rapidly screen different healing monomers, catalysts and
polymer matrices suitable for self-healing materials [36, 37]. Here, we expand this modified
rheokinetic further to identify its limitations as well as probe the effect of self-healing
material design parameters (e.g. monomer identity, catalyst identity, amount of healing
components used, etc.) on the self-healing mechanism. Also, successful implementation of

this technique has led to the discovery of unexpected and, to the best of our knowledge,
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previously unknown limitations to self-healing related to an extreme sensitivity both to

temperature and to the thickness of the damage region that requires healing.

Traditional Modified
Rheokinetic Rheokinetic
1 ) Test Test
\'__" \__' /
Healing Agent

Healing Agent/catalyst
Catalyst-embedded

epoxy thermoset

Figure 5.1. Schematic representation of a traditional rheokinetic experiment (left arrow) and

our modified rheokinetic experiments with a polymer-coated bottom plate (right arrow)

5.3 Experimental

5.3.1 General Considerations

Dicyclopentadiene (DCPD), benzylidene-bis(tricyclohexylphosphine)
dichlororuthenium (1* generation Grubbs’ Catalyst), and 5-ethylidene-2-norbornene (ENB)
were all purchased from Aldrich and use as received. EPON 828 Epoxy Resin, and
EPIKURE 3223 Curing Agent (diethylenetriamine) were bought from Miller-Stephenson and
also used as received. Literature methods were used to prepare 5-chloromethyl-2-norbornene
[38], 5-bromomethyl-2-norbornene [39], and ethyl 5-norbornene-2-carboxylate [40].
Rheology was performed using an AR2000ex stress-controlled rheometer (TA Instruments)
with parallel plate geometry. Aluminum parallel plates with a 25 mm diameter were

purchased from TA Instruments. Bottom parallel plates with a drip channel were used.

5.3.2 Rheometer bottom plate modification

EPON 828 epoxy resin was vigorously hand-stirred with 14 pph diethylenetriamine
and degassed at ambient temperature under high vacuum for 15 minutes. In most cases, 1%
Generation Grubbs’ Catalyst was gently hand-stirred into the solution until the catalyst
particles were well dispersed, by visual inspection. Unless otherwise noted, 2.5 wt/wt%
catalyst particles were added to the epoxy resin. The suspension was poured into custom-

designed, open silicone rubber molds with center-bored cylinders and one vent hole, and
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rheometer bottom parallel plates were inverted and fixed into the cylinder so that the drip
channel rested snug on the top of the mold (see supplementary information for custom-
designed mold schematics). Molds were placed in a 65 °C preheated oven for 1 hour, after
which time the epoxy resin was sufficiently cured, resulting in an epoxy-based disc coating
on the rheometer plate surface with precise dimensions of 25 mm diameter and 2 mm
thickness. Catalyst was revealed on the surface of the plates by hand-polishing the coating,
immediately before each experiment, first with 600 grit sandpaper and second with 2000 grit
sandpaper. Catalyst particles showed excellent dispersion in the final samples (shown in the

supplementary information).

5.3.3 Rheology procedure

Rheological experiments were conducted as follows, unless otherwise noted in the
text. Top and bottom rheometer plates were fixed to the instrument, and 0.25 ml of 5
vol/vol% ENB in DCPD mixture was injected on the bottom plate with a 1-ml syringe. The
5% ENB was used as a reactive diluent to lower DCPD’s melting point to 8-9 °C, and will be
referred to simply as DCPD. In some cases, a premixed catalyst and monomer solution was
added to unmodified bottom plates. In either case, the time from which the monomer first
contacted the catalyst particles until data collection had begun was recorded with a stop
watch, and that time was artificially added to the start of each test (e.g. if the monomer was
in contact with the catalyst for 10 seconds prior to the start of data collection, then the data
point at which t=0 sec was shifted to t=10 sec, and all other data points were shifted
accordingly). Oscillatory shear experiments were used to monitor changes in shear dynamic
mechanical properties (G’ = shear storage modulus, G” = shear loss modulus, and tan 9).
Initially, experiments were run in a strain-controlled setting at a strain of 5% and frequency
of 1 Hz. A strain of 5% was chosen as an optimal value that provides enough torque to
collect data on low-viscosity liquids with an acceptable level of noise, but also a small
enough shear rate so as not to artificially aid catalyst dissolution in monomer. Once the
modulus of the material developed to require a shear stress of 1000 Pa to attain the 5% strain,
the experiment was programmed to switch to a stress-controlled setting with a constant shear

stress of 1000 Pa and a frequency of 1 Hz. This change in testing mode was done to
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accommaodate for the high sample moduli reached at the end of each experiment, which in a
strain-controlled setting would otherwise require shear stresses outside of instrument limits to
attain a shear strain of 5%. Also unless noted otherwise, all tests were performed at 23 °C.
Gelation time is loosely defined as the time at which the G’ and G” curves crossover, and
vitrification time is defined as the time after the gelation time at which tan J is at a
maximum. Figure 5.2 graphically depicts how each of these variables are chosen in a
representative rheokinetic plot. All reported values of gelation time, vitrification time, and

G’inal @re an average of three experiments.

107 - 2
< Gﬁnal
10°
415
10°
©
a —
: 10 41 8
‘2 ~ Gelation =
o 3 Time
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9‘0 100 d05

Vitrification
N Time,

0 2000 4000 6000
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Figure 5.2. A representative rheokinetic plot showing the evolution of G’ (red), G” (blue),
and tan o (green). Gelation time was taken as the crossover between the G’ and G” plots,
Vitrification time was defined at the maximum of the tan d curve, and G’ina 1S modulus at

which G’ reaches a steady-state.

5.4 Results and Discussion
Microcapsule-based self-healing polymers have utilized a number of different healing
chemistries, such as epoxide ring opening [41-48], “click” chemistry [49, 50], siloxane
polycondensation [51, 52], radical polymerization [53-55], and ring-opening metathesis
polymerization (ROMP) [56-65]. Ring-opening metathesis polymerization of
dicyclopentadiene (DCPD) with Grubbs’ olefin metathesis catalyst [66-68] is notable as one

of the first polymerization mechanisms demonstrated to work well in self-healing polymers
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[69]. For this reason, ROMP with thel® generation Grubbs’ catalyst was chosen as a healing
chemistry for this work, but we envision that the rheokinetic technique presented herein is

versatile enough to be applied to any other type of healing chemistry desired.

DCPD ENB
(o}
NBE-EthEst NBE-MeBr NBE-MeCl

Figure 5.3. Chemical structures and abbreviations of several ROMP-active monomers.

The original motivation for developing this modified rheokinetic technique was to
rapidly screen different healing monomers in order to identify ideal candidates with a good
balance of catalyst dissolution kinetics and polymerization kinetics. To this end, evolution of
dynamic mechanical properties in the modified rheokinetic technique was monitored for
several ROMP-active monomers, the chemical structures of which are shown in Figure 5.3.
Specifically, Figure 5.4 shows the evolution of G” with respect to time during the
polymerization reaction of each of these monomers. Monomers ENB, NBE-MeBr, and
NBE-MeCl show superior rheokinetics, with gelation times of 170 + 10, 181 £ 15, and 281 +
18 seconds, respectively. All three of these monomers gel considerably faster than DCPD
(gelation time of 682 * 45 seconds), which is notable since DCPD is often considered as a
“benchmark” healing monomer for its superior healing precedent in previous work [69].
ENB seems particularly attractive as a healing monomer candidate, as it attains its maximum
G’ value in roughly 30 minutes, nearly an order of magnitude faster than all other monomers
studied here. NBE-EthEst showed the slowest rheokinetics of the five monomers studied,
with any measurable growth of storage modulus occurring only after approximately 90
minutes and no gelation (i.e. no G’, G” crossover) over the course of this experiment. While
this data implies that NBE-EthEst would likely not be a successful healing monomer, this
demonstrates that our modified rheokinetic technique is not only useful to select promising

healing monomer candidates, but also useful to quickly discard less favorably candidates.
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Figure 5.4. Evolution of shear storage modulus (G”) of several ROMP-active healing

monomer candidates.

One important consideration in developing microcapsule-based self-healing materials
is the amount of healing additives that should be added to the overall polymer matrix. On
one hand, lower loadings of healing additives are preferred in order to reduce overall material
cost and inhibit reduction in the virgin polymer’s properties. But loadings should not be so
low that the quality and speed of healing is negatively affected. While traditional techniques
to determine optimal loadings of healing additives in self-healing polymers would likely
include the sometimes long and tedious tasks of fabricating and testing fracture specimens
with various combinations and loadings of healing components, the present modified
rheokinetic technique is ideally suited to quickly and efficiently answer these types of
questions. For example, Figure 5.5 shows the effect of catalyst particle loading in the
modified rheometer plate setup on the evolution DCPD’s of storage modulus. As expected,
increasing loadings of the catalyst clearly accelerates the polymerization reaction, and higher

loadings of catalyst yield polymer with a higher overall G’ at any given time.
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Figure 5.5. Evolution of G’ during polymerization of DCPD with different loadings of
Grubbs’ catalyst in the modified rheometer plate coating. Percentage loadings of catalyst are

wt/wt% with respect to the epoxy coating.

Given that self-healing polymers could be envisioned for outdoor applications, in
which temperatures significantly fluctuate based on the time of day, season, and global
location, it is of interest to have a detailed understanding of how the quality and kinetics of
self-healing changes with temperature. Figure 5.6 shows the change in G’ of DCPD at a
range of different isothermal temperatures, chosen to mimic what may be experienced in
outdoor environments. At 0 °C, there is no observable growth of G’ throughout the course of
this experiment. This is likely because 0 °C is below the melting temperature of DCPD (8-9
°C), and thus DCPD is a solid at this temperature. Presumably, solid DCPD does not have
the ability to dissolve catalyst from the modified rheometer plate, and therefore no reaction is
expected to take place. Upon increasing the temperature above DCPD’s melting temperature
to 13 °C, growth in G’ is observed, although with a relatively long gelation time of 1027 + 48
seconds. Increasing temperature to 28 °C further accelerates the polymerization to have a
gelation time of 364 + 41 seconds. However, increasing the temperature to 40 °C initially
appears to slow the polymerization, contrary to what may be expected at elevated
temperatures. Visual observation of the bottom rheometer plate after immediate removal

from the instrument revealed a layer of polymer film directly covering the modified bottom
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plate, on top of which was a layer of liquid monomer DCPD (Figure 5.7). It is believed that
the rheological inference that the kinetics decreases at higher temperatures is not correct, and
instead that the polymerization reaction is in fact so rapid that it quickly gels around catalyst
particles, preventing both further dissolution of catalyst and slowing diffusion of catalyst into
the upper layer of liquid. The fact that samples at elevated temperatures exhibits obvious
property gradients through the sample thickness complicates any rheological interpretation of
this data, but these results demonstrate that the self-healing mechanism has a heightened

sensitivity to moderately high healing temperatures.
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Figure 5.6. Evolution of G’ during the polymerization of DCPD on modified rheometer

plates at different isothermal temperatures.

By visual inspection, Figure 5.7 shows that the stiffest layers of polymer exists in
close proximity to the bottom rheometer plate, which serves as a catalyst source, and stiffness
decreases further from the modified plate surface. Presumably, the reason for the direction of
the property gradient is that catalyst dissolved from the modified rheometer plate begins in
the bottom layers of the monomer and must diffuse towards the top layers of monomer. This
led to the question of whether healing would be significantly affected based on the thickness
of the liquid monomer sample, in which it was postulated that thicker samples may require

more time to diffuse catalyst through to the top layers of monomer. With respect to self-
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healing polymers, this question has implications towards the capability of healing cracks of
different thickness. To test these hypotheses, rheological experiments were performed with
varying the gap sizes (i.e. the distance from the top rheometer plate surface to the modified
bottom plate surface), which required varying amounts of monomer to fill the different sized
gaps. Gap size was varied by adjusting the volume of monomer delivered to the gap region.
Delivering 0.1, 0.3, and 0.5 ml of DCPD to the gap region yielded average starting gap sizes
(i.e. gap sizes immediately after monomer injection, prior to any gap shrinkage upon
polymerization) of 180 + 9, 534 =41, 839 &+ 58 um, respectively. Figure 5.8 shows how
gelation time, vitrification time, and G’sina Change with changing gap size. Also, as a control
test, Figure 5.8 shows the dependence of these three variables on gap size in unmodified
rheology experiments, in which catalyst and monomer was premixed (2mg/ml

catalyst/monomer) and injected on an unmodified bottom rheometer plate.

Figure 5.7. Optical microscope image of a rheometer bottom plate showing a layer of liquid
DCPD above a layer of polymerized DCPD. Image was taken immediately after a 30 minute
rheokinetic test at an isothermal temperature of 40 °C.

The values measured in the modified and unmodified rheokinetic tests cannot be
directly compared, since the amount of catalyst dissolved in monomer during the modified
rheokinetic tests is unknown, but interpretations can be made based on the sensitivity of
rheological property development to gap size. Seen in Figures 5.8a and 5.8b, gelation time

and vitrification time change considerably with different gap sizes when using the modified
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rheometer plates. Considering that, when using unmodified plates, these times show almost
no dependence on gap size, it is very likely that this effect is related to through-thickness
property gradients resulting from slow diffusion of catalyst from the modified plate through
to the upper layers of monomer. This was visually confirmed by removing the parallel plates
from the instrument after gelation, but prior to vitrification; the DCPD samples on the
modified bottom parallel plates were very tacky on the surface, but the subsurface layers just
above the modified plate surface were solid polymer. However, it is seen in Figure 5.8c that
final shear storage modulus, G’ina, Se€MS to be mostly insensitive to gap size with both the
modified and unmodified parallel plates. This implies that sufficient amount of catalyst will
eventually permeate throughout the entire sample thickness, which is reasonable considering
the fact that diffusion is a kinetic event only and is not expected to affect the
thermodynamically-dominated steady state storage modulus.
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Figure 5.8. Dependence of (a) gel time, (b) vitrification time, and (c) G’na ON gap size

during modified and unmodified rheological experiments.

What is most surprising here is how extremely sensitive gelation and vitrification is to
gap size, especially at gap sizes >200 pm, in which the time increase seems to be exponential
with gap size. It does appear that at gap sizes <200 um, however, there is minimal deviation
between data obtained from modified and unmodified plates. One plausible explanation for
this is that catalyst can diffuse relatively quickly through the liquid monomer until a
significant increase in monomer viscosity occurs due to onset of polymerization, at which

time catalyst diffusion is retarded. When interpreting this data with respect the self-healing
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mechanism, it must be taken into consideration that only the bottom rheometer parallel plate
(i.e. not the top parallel plate) is coated with a catalyst/epoxy layer, while in a self-healing
polymer presumably both crack surfaces would contain embedded catalyst particles that can
contribute to the chemical reaction. Therefore, the behavior observed in the rheometer gap is
assumed to be roughly equivalent to that which would occur in half of the crack thickness in
a self-healing polymer. If this assumption is correct, then it would appear that crack
thicknesses <400 um would be mostly unaffected by this catalyst diffusion phenomenon,
while the healing kinetics of cracks with thicknesses >400 um could be significantly affected
by crack size. While a crack thickness value of ~400 pm can hardly be considered a
universal critical value, (surely, this value would change with different monomers, catalysts,
temperatures, etc.), it is important because it is on the approximate size scale expected for
larger delamination thicknesses in fiber-reinforced composite materials and moderate-sized
macrocracks. Rule and coworkers also noted the benefits of healing smaller crack sizes [70],
but their conclusions were based on issues related to ensuring a sufficient supply of healing
monomer to damage volumes; to the best of our knowledge, this work is the first observation
of catalyst diffusion-based property gradients in healing monomers resulting from larger

crack thicknesses.

5.5 Conclusions

Rheometer bottom parallel plates were modified with a catalyst-embedded epoxy
coating in order to mimic a crack surface of a fractured microcapsule-based self-healing
polymer. Using these modified rheometer plates, rheokinetic analyses were performed on
healing monomers in a pseudo self-healing environment. It was demonstrated that this
technique could be used to quickly and efficiently develop a tailored self-healing polymer by
rapidly screening the effect of various design parameters (e.g. monomer and catalyst identity,
catalyst loading, etc.) on the quality and speed of healing. Additionally, the simplicity and
versatility of this technique, coupled with its substantial quantitative outputs, enabled two
previously unknown limitations to the self-healing mechanism—upper/lower temperature

limits and large crack thicknesses—to be identified and studied.
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CHAPTER 6: RING-OPENING METATHESIS POLYMERIZATION OF A
MODIFIED LINSEED OIL WITH VARYING LEVELS OF CROSSLINKING

A paper published in Journal of Polymer Science Part A: Polymer Chemistry”

Timothy C. Mauldin,* Karen Haman,? Xia Sheng,® Phillip Henna,! Richard C. Larock,* and
Michael R. Kessler?

6.1 Abstract

A commercial norbornyl-functionalized linseed oil, blended with a bicyclic
norbornene-based crosslinking agent (at loadings ranging from 0 to 50 wt. %) undergoes
ring-opening metathesis polymerization (ROMP) with the 1% generation Grubbs’ catalyst to
form a biorenewable polymer network. Co-monomers are characterized, the thermal and
mechanical properties of the cured systems are investigated by dynamic mechanical analysis
(DMA), and thermal decomposition is evaluated by thermogravimetric analysis (TGA). The
resin is shown to consist of a modified linseed oil and small oligomers of cyclopentadiene.
Broad tan delta peaks suggest inhomogeneous phase morphologies, which result in complex
crosslinking behaviors. The thermal stability of the polymers increases with increasing

crosslinker content.

6.2 Introduction
In recent years there has been a surge of interest in bio-based materials, specifically
those resulting from commercially available and biorenewable vegetable oils, in an effort to
reduce our dependency on conventional petroleum-based polymers. Historically, vegetable

oils have been used in the paint and coating industry [1-2] for their ability to react with

“ Reprinted with permission of Journal of Polymer Science Part A: Polymer Chemistry.

! Department of Chemistry, lowa State University, Ames, IA 50011, USA.

2 Department of Materials Science and Engineering, lowa State University, Ames, 1A 50011,
USA.
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oxygen and act as drying agents, but recent work has shown that derivatives of these
vegetable oils can form bulk polymers and composites with similar or better
thermal/mechanical properties than their petrochemical counterparts [3-4]. Vegetable oil-
based materials also have the advantage of lower cost, minimal VOC emissions, and
biodegradative tendencies.

Most common vegetable oils consist of a triglyceride unit with three fatty acid-based
ester chains. With some exceptions, individual chains are generally linear, ranging from 14
to 22 carbons in length, and containing 0-3 double bonds. This high degree of unsaturation
gives these macromolecules potential for functionalization and subsequent polymerization to
form a highly crosslinked polymer matrix. Polymers have been made from soybean [5-8],
corn [9], tung [10-11], linseed [12-15], and castor oil [16-17], among others, and many
approaches to polymerization have been utilized including cationic [18-20], free radical [21-
22], thermal [23-24], UV-initiated [25] and ring-opening polymerization [26]. Strangely,
transition metal-based catalysts have yet to assert themselves as a force in vegetable oil bulk
polymerization, despite the continual development of novel catalyst complexes that can
produce high-yielding, stereoregular, regioregular, monodisperse and living polymers, often
under mild reaction conditions.

One type of reaction that has become very popular over the last several years is ring-
opening metathesis polymerization (ROMP), initiated by organometallic carbenes [27-33].
Most of the well-defined ROMP catalysts are grouped in the category of either Grubbs [34-
36] or Schrock-type [37-39] complexes, named after their Nobel laureate inventors [40-41].
The former show great practicality due to their high reactivity, functional group tolerance,
and air/moisture insensitivity. An example of a catalytic turnover of a ROMP propagation

step with Grubbs’ 1* generation catalyst is shown in Figure 6.1.
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Figure 6.1. Ring-opening metathesis polymerization of a cyclic alkene with the 1°
generation Grubbs’ catalyst.

While highly reactive ROMP catalysts have been developed to initiate the
polymerization of low-strain cycloalkenes, most complexes show greatest reactivity with
high-strain cyclic olefins [42-43], notably norbornene [44-46], cyclobutene [47-48] and
cyclooctene [49-50] functionalities. In fact, to the best of our knowledge, the only report of a
ROMP-based vegetable oil polymer was recently published with a norbornyl-functionalized
castor oil copolymerized with cyclooctene by the 2™ generation Grubbs’ catalyst [51]. With
a wide array of conceivable ROMP-reactive comonomers, polyunsaturated vegetable oils,
metathesis catalysts, and cyclic olefin functionalities, this subfield of vegetable oil polymers
can be expanded towards the synthesis of new and exciting materials.

In this work, we investigate a commercially available, norbornyl-functionalized
linseed oil (Dilulin™), copolymerized with a ROMP-reactive crosslinking agent (Figure 6.2)
using the 1% generation Grubbs’ catalyst. The complex chemical structure of Dilulin™ is
characterized and the mechanical properties of the resulting copolymers are studied via
dynamic mechanical analysis (DMA) and thermal stability by thermogravimetric analysis
(TGA) at various loadings of crosslinker. Complex crosslinker behavior is observed and

discussed in detail.
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6.3 Experimental

Bicyclo[2.2.1]hepta-2,5-diene (Aldrich), hydroquinone (Aldrich), endo-
dicyclopentadiene (Acros Organics), and all solvents (Aldrich) were used without
purification. Norbornyl-functionalized linseed oil, purchased from Cargill under the trade
name Dilulin™, was also used as received.
Bis(tricyclohexylphosphine)benzylideneruthenium(II) dichloride (Grubbs’ catalyst) was
purchased from Aldrich and recrystallized using a modified lyophilization method [52]:
Grubbs’ catalyst was dissolved in benzene (50 mg/ml), flash-frozen in a liquid nitrogen bath
for 5 minutes, and the benzene was allowed to sublime under vacuum overnight. An
isomeric mixture of 1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo,-endo-dimethanonaphthalene (exo-
endo isomer, 87 mol. %) and 1,4,4a,5,8,8a-hexahydro-1,4,5,8-ex0,-exo-
dimethanonaphthalene (exo-exo isomer, 13 mol. %) were synthesized as reported in the
literature [53] and used as a mixture. This mixture will herein be referred to as the

crosslinker or CL. The isomeric chemical structures are shown in Figure 6.2.

by by

Figure 6.2. Mixture of a) exo-endo and b) exo-exo isomers that comprise the crosslinker.

Polymer samples were prepared by dispersing various loadings of crosslinker in
Dilulin™ with six to eight brief pulses from a sonic probe. The resulting mixture was cooled
to 0 °C and stirred vigorously with Grubbs’ catalyst (2 mg/ml) for about 30 seconds or until
complete dissolution. The solution was injected into a rectangular glass mold to form thin
strip samples. The curing schedule applied is described in detail in Table 6.1. After curing
had completed, the polymer samples were removed from their molds, cut, and polished to

uniform dimensions of 1 x 5 x 20 mm.
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Table 6.1. Curing Schedule for Dilulin™/CL/Grubbs’ Catalyst Samples.

Step Procedure Time
1 Ramp to 70°C at 5 °C/min 10 minutes
2 Isothermal at 70 °C 2 hours
3 Ramp to 170°C at 5 °C/min 20 minutes
4 Isothermal at 170 °C 1 hour
5 Cool to Room Temperature 3-4 hours

Soxhlet extraction of the polymer samples was carried out with refluxing methylene
chloride for 24 hours. The solvent was evaporated from the extracts in vacuo, and both the
extracts and the remaining solid were dried under a high vacuum for 24 hours. Weight-based
swelling tests were done in methylene chloride with an allowed swelling time of 48 hours.

'H NMR spectra were taken with a 400 MHz Varian Spectrometer (Palo Alto, CA)
using d-trichloromethane as the solvent. EI-MS spectra of monomers dissolved in THF were
taken with a Finnigan TSQ instrument. Dynamic mechanical analysis was performed on thin
strip samples using a Q800 DMA (TA Instruments). Samples were loaded into tension
clamps with a torque of 3 in-lb. Controlled strain tests were carried out at a dynamic
amplitude of 5 um and a frequency of 1 Hz with 0.001 N pre-load force, 120% force track,
and a heating rate of 3 °C/minute from -120 °C to 200 °C. The thermal decomposition of the
polymer samples was measured using a Q50 TGA (TA instruments) under air (50 ml/min) at
25 °C/min from room temperature to 500 °C. Polymer fractions weighing approximately 15

mg were cut from the thin strip samples for thermogravimetric analysis.

6.4 Results and Discussion

6.4.1 Structural characterization of Dilulin™

Dilulin™ is a mixture of norbornyl-functionalized linseed oil and cyclopentadiene
(CPD) oligomers. Soucek and coworkers have reported some synthetic details and structural
elucidation of Dilulin™ [54-56], but a more detailed characterization is necessary to explain

our results. Two distinct components are isolable from Dilulin™ by simple silica gel column
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chromatography (SiO,, hexanes) [57], one fraction consisting of modified linseed oil (70%
by weight) and the other of cyclopentadiene (CPD) oligomers (30% by weight).

The individual CPD oligomers were difficult to separate, but EI-MS of the bulk
mixture shows prominent m/z peaks at intervals of 66 (66, 132, 198, 264, 330, 396 and 462,
see supplementary information), evidence of observable amounts of monomer to 7-mer. *H
NMR spectral analysis of the oligomer mixture shows complex groups of multiplets
corresponding to significant and equivalent amounts of norbornyl and cyclopentadienyl
protons at 6 = 5.9-6.3 ppm and 5.4-5.7 ppm, respectively (data not shown). The presence of
olefins corresponding to these peaks makes radical oligomerization unlikely since these
double bonds, especially norbornyl, react very rapidly through such mechanisms. Instead,
the existence of these olefinic protons is likely the result of a thermal Diels-Alder
oligomerization. Gas phase thermal oligomerization of cyclopentadiene is known to be very
facile at high temperatures and pressures [58], both being conditions by which linseed oil’s
norbornylization occurs. Due to the ROMP-reactive norbornene groups on these oligomers,
they were not removed from Dilulin™ prior to polymerization.

A 'H NMR and a mass spectrum of the oil fraction of Dilulin™ is shown in Figure
6.3 and in the supplementary information, respectively. All sp® methyl, methylene and
methine proton peaks in Figure 6.3 are in agreement with what is expected for triglyceride-
based linseed oil [59]. The mass spectrum data (available in the supplementary information)
shows both a group of molecular ion peaks at 860-880 Da corresponding to the molecular
weight of linseed oil (the “group” of molecular ions is a function of the natural variance in
fatty acid chains on vegetable oils, creating several oil molecules differing in the number of
double bonds), and small groups of peaks at 924-944 and 990-1100 Da corresponding to
linseed oil functionalized with one or two molecules of cyclopentadiene . Integration of the
sp? proton peaks shows about 3.9 linear olefins and 0.6 norbornyl olefins, resulting in an
average of 4.5 total olefins per molecule of modified linseed oil. This is unusual, since
linseed oil contains an average of approximately 6 double bonds per molecule, and most
common types of pericyclic additions of cyclopentadiene (or oligomers of CPD) to oil would
not result in a reduction in the total number of double bonds formed in the product. It is

likely that during the synthesis of Dilulin™ a significant amount of thermally-initiated
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intramolecular cyclizations of the oil occurs to add allylic carbons and allylic protons across
double bonds—a reaction well-represented in the literature over the past 30 years [60-65].
This reaction is known for all unsaturated fatty acids, but is particularly favorable in linolenic
chains, which compromise over 50% of linseed oil [66]. The most common type of
intramolecular cyclization of a linolenic chain is shown mechanistically in Figure 6.4. The
initial oil (1), upon heating, undergoes a [1,6] prototropic migration to form a cyclopentenyl
unit (I1). Further heating of this intermediate induces a rearrangement to form a
cyclohexenyl group (111) in the oil chain [67]. In Figure 6.3, there is a small, but noticeable,
peak occurring in the range of 6 = 5.6-5.7 ppm (marked with an arrow) that could arise from

either or both of the cyclized products illustrated in Figure 6.4.

NN ﬂh JUL%

T ! T T T T ALY T
7 6 5 4 3 2 1 epm

Figure 6.3. "H NMR spectra of oil fraction isolated from Dilulin™.

Two important observations can be made from analysis of the oil fraction. First, it is
clear that the intramolecular cyclization of linseed oil is the dominant reaction in the
synthesis of Dilulin™, occurring possibly multiple times per molecule (a reduction of about

™, .
’s oil fraction corresponds to at

1.5 double bonds per molecule from linseed oil to Dilulin
least an average of 1.5 cyclizations per molecule). Second, the major products expected to be
observed upon these cyclizations—cyclopentenyl and cyclopentahexenyl groups—are minor.

The aforementioned peaks in Figure 6.3 ranging from 6 = 5.6-5.7 ppm integrate to only 0.3
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protons, corresponding to only 0.15 total cyclopentenyl and cyclohexenyl groups per
molecule. While other types of intramolecular rearrangements are known to be minor
reactions upon heating vegetable oils, we believe the reduction of
cyclopentenyl/cyclohexenyl groups results from the addition of cyclopentadiene during
heating of the linseed oil. The double bonds of linseed oil are linear, unstrained, non-
conjugated, and alkyl-substituted, making them poor dienophiles. Their Diels-Alder reaction
with cyclopentadiene is expected to be slow and low-yielding, even at high temperatures and
pressures. But upon intramolecular cyclization, to form intermediate 11 in Figure 6.4, these
olefins become slightly activated by the introduction of ring strain, and they become better
dienophiles than their linear precursors. Cyclopentadiene conceivably acts as an intermediate
trap by forming a norbornyl unit by Diels-Alder cycloaddition on to the cyclopentenyl group.
The newly formed, norbornyl-substituted cyclopentyl group could still undergo the expected
rearrangement, but this would probably be somewhat inhibited by both the slight deactivation
of the formerly bis-allylic carbon to a monoallylic carbon and the bulkiness of the norbornyl
group, thus preventing the large degree of molecular ordering required for pericyclic
reactions. A proposed chemical structure for the modified oil fraction of Dilulin™ is
presented in Figure 6.5, but the natural variance in the fatty acid chains of linseed oil along
with the unpredictability of intramolecular cyclizations makes this structure merely a guide
for the types of functionalities that may exist in the oils. A more detailed structure
elucidation of Dilulin™ and similar modified vegetable oils is currently underway in our

labs.

R = remainder of triglyceride
Figure 6.4. Mechanism of the thermally-initiated intramolecular cyclization of a linolenic

acid chain of linseed oil.
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6.4.2 Microphase Analysis

When the Dilulin™ and CL are blended, they form a homogeneous transparent
mixture. However, as the resin mixture begins to cure (after the addition of Grubbs’
catalyst), the materials become cloudy (especially for CL loadings of 30 wt. % and higher).
This change in transparency with cure is an indication of a reaction induced phase separation
(RIPS), which is commonly seen in reactive polymer blends [68]. The difference in ROMP
reactivity and structure between the CL component and the Dilulin™ may cause the more
reactive CL monomer to be consumed faster, causing polymer that is formed later in the
reaction to have a higher composition of the slower reacting monomer, which in turn results
in microphase heterogeneity and property gradients throughout the structure [69]. Cured
polymer samples with various crosslinker loadings are shown in Figure 6.6. These show a
trend towards increased cloudiness (and more microphase separation in the copolymers) with
higher crosslinker content. DMA plots for crosslinker loadings of 30, 40 and 50 wt. %
(Figure 6.7a) show very broad step changes in the storage modulus drop and broad tan 6
peaks containing as many as three identifiable peaks and shoulders, also indicative of
microphase separation. The broad glass transition region may be due to a combination of the
large number of relaxation modes available to triglyceride-based polymers [70] and to the
overlapping of the relaxation regions from the immiscible phases. A complex system
containing three ROMP-reactive components—norbornyl-functionalized oil, oligomers of
CPD, and crosslinker—would intuitively have multiple phases rich in specific comonomers,

but detailed interpretation is not straightforward.
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Figure 6.5. A representative structure of the oil fraction of Dilulin™.
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For homogeneous polymers, the glass transition is often defined from a DMA curve

as either the onset in the storage modulus drop (TgE' onsety - the peak in the loss modulus

curve (TgE" peaky "or the peak in the tan & curve (T, opey  The T, values obtained from these
methods is different and, especially for highly crosslinked thermosets with a broad transition
range, can vary by up to 25 °C with T~ o™ < TgE" peak Téan&peak [71]. For non-

homogeneous systems, when more than one phase exists, the material may exhibit multiple
glass transition temperatures represented by multiple peaks (or shoulders) in the loss modulus
or tan 6 curves, which correspond to the glass transition temperatures of the various phases.
However, peaks and shoulders below the primary glass transition temperature also show up
in homogeneous systems as sub-Tj transitions (Tp) related to very localized main or side
chain movement [71]. Thus, it is difficult to say conclusively that the additional shoulders in
the tan d curves relate to the glass transition temperatures of the various phases and not
simply to sub-Tg transitions. Nonetheless, because of the evidence for phase separation from
the change in transparency (Fig. 6.6), we postulate that the additional shoulders in the tan 6
peaks are related to the primary glass transition temperatures of at least three phases (with
distinct T4 temperature ranges) and that these somewhat overlapping transitions are
responsible for the broad range in the overall glass transition relaxation. Assigning T4 values
from the DMA plot alone is difficult, so the three phases will be referred to simply as the low

Tg, medium Ty, and high T4 phase.

www.manaraa.com



153

PORRNS

0% CL 10% 20% 30% 40% 50%

Figure 6.6. Thin strip samples of Dilulin™/CL copolymer at various crosslinker loadings.

The glass transition temperature of the low Ty phase is expected to be near the
temperature corresponding to the onset of the storage modulus drop. The tan d peak of the
low T4 phase manifests itself in the overall tan & curve as a shoulder with a peak that appears
to roughly correspond to this drop at all three crosslinker loadings, so the T4 can be estimated
by the onset temperature from the storage modulus curve. This predicts that the glass
transition temperatures for the low T, phase are -52.1, -43.2, and -42.0 °C at 30, 40, and 50%
CL loading, respectively. It is likely that this phase is oil-rich. The crosslinker is expected to
have the highest glass transition temperature of the comonomers, and the T of the CPD
oligomers, all of which have similar structure and reactivity to the dimer, should not deviate
significantly from that of DCPD, which was measured to be 140 °C at identical loadings of
1*" generation Grubbs’ catalyst [72]. Also, extremely low T values are expected for a phase
that consists of large amounts of unreacted oil (25 wt% of Dilulin™ is not norbornylized)

and a polymer chain with large molecular weight triglyceride side groups.
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Figure 6.7. Thermal-mechanical behavior from DMA experiments of Dilulin™/CL
copolymers (a) temperature dependence of storage modulus and tan 9, (b) major transition

temperature as measured by E’ onset, tan d peak, and E” peak.

Without further knowledge of the glass transition temperatures of the medium and
high Tq phases, it is difficult to interpret the composition of those phases. Due to the high
reactivity of CL with Grubbs’ catalyst, sample preparation of the homopolymer is difficult,
but it is estimated that the Ty of pure CL polymer is approximately 300 °C [73]. Because of
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this extremely high theoretical glass transition temperature for CL, we can make an
assumption that the medium T phase is rich in oligomers of CPD and the high T4 phase is
crosslinker rich. However, the high Ty phase has a glass transition temperature that is no
greater than 150 °C, so calling it “rich” in crosslinker may be an overstatement. A high
degree of miscibility between the crosslinker and CPD oligomers is expected in the high Ty
phase since all molecules are structurally similar polycyclic dienes with equally reactive
norbornene groups.

Figure 6.7b shows the overall effective glass transition temperatures as measured by
the E” onset, E** peak, and tan & peak for Dilulin"™/CL copolymers with CL loadings ranging
from 20-50% (we were not able to evaluate specimens with lower loadings of CL, because of

the fragile nature of the samples at these compositions). There is a very large difference

between T, ot and T,™ opeak \vhich increases substantially with increasing CL loading.

Similar behavior, showing a strong divergence between the TgE" Peakand TgtarléSpeak with

increasing co-monomer concentration, has also been observed for acrylated epoxidized

soybean oil (AESO)-styrene based systems by Wool and Sun [69].

6.4.3 Crosslink Efficiency

The efficiency of CL in crosslinking the polymer network has been analyzed by
Soxhlet extraction for Dilulin™/CL samples at all loadings of CL. Figure 6.8 (left y-axis)
shows that when Dilulin™ is polymerized without the addition of crosslinker, over 30% by
weight of material is removed, and, as the amount of crosslinker in the matrix increases, the
weight percent of material extracted steadily drops in a non-linear fashion. Table 6.2 shows
the data from Figure 6.8 along with the calculated percent of non-norbornyl-functionalized

linseed oil for all crosslinker loadings.
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Figure 6.8. Soxhlet extraction with methylene chloride (Y1 axis) and weight-based swelling

(Y2 axis) of Dilulin/CL polymers at various comonomer volume fractions.

From Table 6.2, it appears the extract weight percent of all polymer samples
containing crosslinker is comparable to the calculated weight percent of the non-norbornyl-
functionalized oil that is not expected to be incorporated into the polymer matrix. In a
sample of pure Dilulin™ polymer, however, the weight percent of extracts is considerably
higher than the calculated percent of non-norbornyl-functionalized oil, the difference being
low molecular weight oligomers extracted by the hot solvent. These low molecular weight
Dilulin oligomers consist of both oil and the CPD oligomers that are not incorporated into the
bulk thermoset due to the low levels of crosslinking. This shows that even at low loadings,
the crosslinker is efficient enough to incorporate nearly all small oligomers into the

crosslinked polymer matrix.
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Table 6.2. Comparison of Extract Weight Percent and Calculated Amount of Non-

Norbornyl-Functionalized Linseed Oil at Various Crosslinker Loadings.

Crosslinker Loading % Extracted % Dilulin without

norbornyl group?

0% 326 +£2.4% 25.4%
10% 23.3+1.4% 22.9%
20% 17.0+1.1% 20.3%
30% 18.4 +£2.4% 18.8%
40% 15.1+1.7% 15.2%
50% 11.4 +4.5% 12.7%

2 Dilulin™ calculated to contain 30% CPD oligomers, 45% norbornyl-functionalized oil, and

25% non-norbornyl-functionalized oil.

6.4.4 Crosslink Density

Swelling tests were conducted on samples of all CL loadings to qualitatively
determine crosslink density (Figure 6.8, right y-axis). Dilulin™ polymer with 10% CL
loading swells to nearly double its original weight in methylene chloride after 48 hours.
Swell percentage decreases with increased crosslinker content until it levels off at about
150% using 30% crosslinker. This implies a non-linear relationship between crosslink
density and crosslinker loading. This is corroborated by comparing the storage modulus at
the rubbery plateaus in Figure 6.8a, which also has a non-linear relationship with crosslink
density. The plateau for 30% crosslinker loading occurs at 31.96 MPa, while the plateau for
40% and 50% loadings are essentially equivalent at 56.19 MPa and 54.17 MPa, respectively.

It is likely that this trend results from the complexity of the microphase separation at
different comonomer compositions. The composition of each phase (especially the phase
presumed to be rich in CL) clearly changes with crosslinker loading, as evidenced by their
changing glass transition temperatures, which can be roughly estimated from the tan 6
curves. Since the high Ty phase glass transition temperature increases with CL content, the
volume fraction of CL in this phase is also likely increasing, but probably not increasing in

the other phases where the majority of the swelling is likely occurring. This effect should

www.manaraa.com



158

increase the crosslink density of the high T4 phase with increasing crosslinker content, and
not increase the crosslink density of possibly both the low and middle T phases with
increasing crosslinker content. Further analysis without detailed information of individual
phase compositions and crosslink densities is difficult, but for such complex behavior, it is
reasonable to expect that the weighted average of each phase’s crosslink density (which

manifests itself in the storage modulus of the rubbery plateau) shows a nonlinear dependence
on CL loading.

6.4.5 Thermal Stability
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Figure 6.9. Thermogravimetric analysis of Dilulin™ and crosslinker.

Dilulin™/CL copolymers show good thermal stability over the complete composition
ranges investigated. All crosslinker loadings lose less than 5% by weight up to 315 °C and
lose less than 10% by weight up to 380 °C (Table 6.3). A 5% weight loss occurs in a small
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step in the range of 300-330°C for all CL loadings. This temperature range is in good
agreement with the approximate boiling point for fatty acid triglyceride vegetable oils.
Major degradation mechanisms occur over 400 °C for all samples. Careful analysis of the
inset in Figure 6.9 shows the onset temperature of the large step drop slightly increases with
higher crosslinker loadings. The onset temperature ranges from about 400 °C for pure
Dilulin™ polymers to nearly 430 °C for 50% CL loading.

Table 6.3. Thermal Stability of Dilulin™/CL Copolymers.

Crosslinker Tmaxloss (°C)  Tsop10ss (°C)  T100 10ss (°C)
Loading
0% 460.02 317.70 390.85
10% 460.11 319.13 378.17
20% 463.49 334.00 406.09
30% 463.30 324.14 378.00
40% 461.86 322.14 393.20
50% 461.33 320.89 394.42

6.5 Conclusions

Herein, we characterize a norbornyl-functionalized linseed oil monomer, Dilulin™,
and its ROM-initiated copolymer with a crosslinking agent. Dilulin™ consists of several
small thermal oligomers of cyclopentadiene and a cyclized oil chain containing a norbornyl
pendant group. The resulting polymer shows complex phase behavior at high loadings of
crosslinker, consisting of at least three total phases. Only small amounts of crosslinker are
required to incorporate nearly all small oligomers into the polymer matrix, and increasing the
crosslinker content increases the thermal stability and crosslink density, but the dependence

of the latter on CL loading is complex.
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CHAPTER 7: BLOCK COPOLYMERS DERIVED FROM THE ACYCLIC DIENE
METATHESIS (ADMET) POLYMERIZATION OF A MODIFIED VEGETABLE
OIL

Timothy C. Mauldin,* Ella F. Spiegel,” and Michael R. Kessler

7.1 Abstract
Acyclic diene metathesis (ADMET) of an a,w-diene, in the presence of a small amount of
monoene, derived from a vegetable oil was used to synthesize new telechelic polymers with
hydroxyl endgroups. These polymers were synthesized in good yields (generally greater than
90%) with number-average molecular weights greater than 30,000 g/mole and PDI values
near 2.0. Ring-opening polymerization of lactide was grown with the ADMET polymer

endgroups serving as initiator sites, from which ABA triblock copolymer were synthesized.

7.2 Introduction

In recent years there has been a surge of interest in engineering block copolymers
with custom material properties, achievable by varying block structure and chain length.
Notably, block copolymers exhibiting microphase separation have found a commercial niche
as a valuable class of materials known as thermoplastic elastomers [1], but several new
applications—such as uses in adhesives, surfactants, drug delivery, templating materials,
nanocomposite fabrication and lithographic techniques—also show promise for commercial
use. However, the growing industrial demand for these materials is beginning to conflict
with the now ubiquitous goal to reduce our dependency on petroleum-based monomers (e.g.
styrene, butadiene, isoprene, etc.) from which many commercial polymers are derived.
Olefin metathesis polymerization [2, 3] of renewable chemicals—such as the unsaturated
fatty acids of vegetable oils—are ideally suited to form biopolymers capable of mimicking

commercial polymers based on petrochemicals. Ring-opening metathesis polymerization

! Department of Chemistry, lowa State University, Ames, 1A 50011, USA.
2 Department of Materials Science and Engineering, lowa State University, Ames, 1A 50011,
USA.
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(ROMP) [4-6] in particular has seen enormous use as a route to block copolymers, due to its
“living” chain-growth reaction. However, ROMP’s mechanism towards producing block
copolymers stems from polymer growth from a single chain end, whereas growing polymer
from the endgroups of telechelic polymers is often a more straightforward and direct route to
the commercially useful ABA-type block copolymers. Acyclic Diene Metathesis
polymerization (ADMET) [7-9] of a,w-dienes, on the other hand, has shown much precedent
as a versatile route to telechelic polymers [10, 11]. Here, we develop a bio-derived,
telechelic polymers made via ADMET polymerization of a modified vegetable oil; use this
polymer to grow triblock copolymer materials from lactic acid, another bioderivative; and

characterize the resulting copolymer properties.

7.3 Experimental

7.3.1 General Considerations

All reagents were purchased from Aldrich Chemical Co. Toluene and
tetrahydrofuran (THF) were distilled over Na/benzophenone immediately prior to use,
pyridine was purchased anhydrous and stored over molecular sieves (4A), and all other
chemicals were used without further purification. Molecular weight measurements were
determined either by size exclusion chromatography (SEC) with polystyrene standards in
HPLC-grade tetrahydrofuran. *H-NMR spectra were recorded with a 300 MHz spectrometer
using d-trichloromethane as solvent and residual chloroform as an internal standard.
Differential Scanning Calorimetry was performed with a Q2000 Model DSC (TA
Instruments) under a flow of dry nitrogen gas (50 ml/min) at heating/cooling rates of 15
K/min. Thermogravimetry of polymers was done with a Q50 Model TGA (TA Instruments)

under air (60 ml/min) at a rate of 20 K/min.

7.3.2 Synthesis of ethane-1,2-diyl bis(undec-10-enoate) (1)
Thionyl Chloride (50 ml, 0.42 mol) was added dropwise to a solution of toluene (50
ml) and 10-undecenoic acid (36.9 g, 0.20 mol) in an oven-dried flask under dry nitrogen gas.

After stirring for 6 hours at room temperature, toluene and excess thionyl chloride were
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removed by vacuum distillation. To the resulting product, 25 ml of fresh toluene was twice
added and removed under vacuum to eliminate residual thionyl chloride. Without further
purification, 100 ml THF was added to the product, to which a solution of pyridine (17.7 ml,
0.22 mol) and ethylene glycol (6.2 g, 0.10 mol) in 25 ml of THF was added dropwise. After
14 hours stirring at room temperature, the reaction mixture was concentrated to ~75 ml,
diluted with 200 ml diethyl ether, and washed with water (2 x 100 ml) and brine (1 x 100
ml). Volatiles were evaporated, and the crude product was purified by silica gel
chromatography (hexane/ethyl acetate = 7/1 (v/v)) to reveal a clear liquid (83%). *H-NMR
(300 MHz, CDCls) 8: 5.73-5.86 (m, 2H); 4.89-5.04 (m, 4H); 4.26 (s, 4H); 2.31 (t, 4H,J=7.2
Hz); 1.99-2.06 (m, 4H); 1.55-1.67 (m, 4H); 1.15-1.43 (m, 20H) ppm.

7.3.3 ADMET Polymerization.

A typical polymerization was as follows: 1% generation Grubbs’ catalyst (5 mg, 6.1 x
10 mmol) was lyophilized [12] in a 10 ml, oven-dried flask to aid its dissolution in the
ADMET monomer. ADMET monomer (0.5 g, 1.25 mmol), either neat or containing 1 wt. %
dissolved monoene, was added to the catalyst at ambient temperature, which was stirred
rapidly under mild vacuum. After ~30 minutes the viscosity of the reaction rapidly
increased, at which point the heat was increased to 80 °C and the reaction flask opened to
heavy vacuum. After 24 hours, vacuum was broken and the bulk solid was dissolved in 10
ml THF, precipitated with 50 ml methanol, and vacuum filtered. The resulting polymer was

dried under vacuum at 90 °C until constant mass to reveal a tan, opaque film, shown in

Figure 7.1.

Figure 7.1. Bioderived polymer made from ADMET polymerization.
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7.3.4 Ring-opening polymerization of lactide.

Alcohol end-capped ADMET polymer (0.25 g), L-lactide (0.3 g, 2.08 mmol), and a
stirbar were added to a 7.4 ml vial and dried at 25 °C under vacuum overnight. The vial was
flushed with N for 20 minutes and 20 pl of a 1 M solution of stannous octoate in toluene
was added. The vial was immersed in a 130 °C oil bath. After 12 hours, the vial was
removed from heat and allowed to cool under N, dissolved in 10 ml THF, precipitated with
50 ml methanol. The product was vacuum filtered, and the resulting solid was dried at 50 °C

under vacuum overnight.

7.4 Results and Discussion
Acyclic Diene Metathesis is a condensation polymerization of an a,m-diene, which in
this study was synthesized from a vinyl-terminated fatty acid, derived from the steam-
cracking of castor oil, and shown in Figure 7.2. ADMET is an especially well-suited
polymerization technique for fatty acids, which typically contain a high degree of
unsaturation; ADMET polymerizations of fatty acid derivatives have yielded a wide array of
polymers with different properties [13-15].

(o] o} o
1. SOCl, —
fMJSLOH 2. Ethylene MLO OJLM&
Glycol 1

Figure 7.2. Synthesis of ADMET monomer.

The olefin metathesis catalyst Bis(tricyclohexylphosphine)benzylidine ruthenium
dichloride, (1* generation Grubbs’ catalyst), was used to perform the ADMET reaction. The
polymerization was run at elevated temperatures and under vacuum in order to remove
ethylene gas byproduct, hence driving the reaction to form polymer. All polymerizations

(Figure 7.3) performed in this study were done in bulk (i.e. solvent-free) conditions.
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Figure 7.3. Synthesis of ADMET and triblock polymers.
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Before attempting to form block copolymers, it was necessary to find the optimal
conditions under which polymer 2 forms; Table 1 outlines these efforts. Yields for the
ADMET polymerization were typically high (89-95%), and PDI values for most entries were
moderately low (1.47-1.90) for step-growth polymerization mechanisms. Significant drop-
offs in molecular weight were observed after 24 hours reaction time, presumably due to
undesired cross-metathesis or back-biting reactions on the polymer chain once internal
olefins began to significantly outnumber terminal olefins. Optimal reaction temperature was
found to be 80 °C with significantly lower molecular weights and higher polydispersity
indices above this temperature. Temperatures lower than 80 °C also yielded lower molecular
weight polymers. The reason for this is related to the fact that once the polymer reaches a
sufficient molecular weight, it begins to crystallize and therefore lacks the molecular
mobility to further react. Visual inspection of entry 5 in table 1 clearly revealed that this
polymer was a solid after ~1 hour reaction time, while all other entries existed as polymer
melts throughout the course of the reaction. Hence, entry 3 in table 5 was chosen as the

optimal reaction conditions and was used for all subsequent polymerizations.
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Table 1. ADMET reaction optimization of 1.

Trial [ Rxn time (h) | Rxn temp. (°C) | Yield | M, (g/mol) | PDI
1 25 80 86% | 24700 1.90
2 6 80 89% | 33500 1.89
3 24 80 90% | 33700 1.81
4 48 80 90% | 28500 6.82
5 24 70 93% | 13400 1.47
6 24 90 95% | 25500 1.47
7 24 100 91% | 9400 2.23

The conversion of terminal monomer to internal polymer olefins allows for easy

monitoring of the polymerization reaction via *H-NMR (Figure 7.4). Three proton peaks

resulting from terminal olefins are observed in the ADMET monomer in the ranges of 5.73-

5.86 (H. of the monomer) and 4.89-5.04 ppm (H, and Hy, of the monomer). These peaks are

absent in polymer 1 and are instead replaced with peaks representative of two internal vinylic

protons (H, and Hy of the polymer).

Monomer S AEAWA

Polymer T L,,-‘J .L,_J LJ‘. "\_ﬁ

Figure 7.4. 1H-NMR spectra (300 MHz, CDCI3) of ADMET monomer (top spectra) and

ADMET polymer (bottom spectra) with vinyl protons peaks assignments denoted as Ha, Hy,

or Hc.
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ADMET polymer 2 was characterized by Differential Scanning Calorimetry (DSC)
and Thermogravimetry (TG), the results of which are summarized in Table 1. DSC revealed
that polymer 1 is a semi-crystalline polymer, undergoing both a glass transition (42 °C) and a
melting transition (55 °C). Thermogravimetry revealed good thermal stability, with only 5%
weight by 388 °C.

Table 2. Molecular weight characterization and thermal properties for polymers 2, 3 and 4.

Polymer | M, PDI [Ty |Tm |To°

(9/mol) (°C) | (°C) | (°C)
2 33700 [1.81 |42 |55 |388
3 28500 [1.93 [41 |56 |374
4 54600 |2.14 |42 |55 [331

In order to synthesize block copolymers, a telechelic polymer with endgroups capable
of initiating polymerization mechanisms is needed. To achieve this, the ADMET
polymerization was ran on 1 in the presence of 1 mol. % of a terminal monoene, (which can
react via ADMET, end-capping the polymer) that also contained an alcohol (Figure 7.3),
capable of initiating ring-opening polymerizations of cyclic esters [16]. The resulting
polymer 3 had a slightly lower molecular weight and slightly higher PDI, which is expected
for a polymerization containing an end-capping monoene. This drop in molecular weight
was sufficiently small for our purposes, and polymer 3 was used for subsequent growth of
block copolymer. Thermal properties of polymer 3 were very similar to polymer 2.

From polymer 2, triblock copolymers were formed under standard ring-opening
polymerization (ROP) conditions of lactide monomer, yielding an ABA tri-block copolymer
with roughly equivalent A- and B-block weight fractions (estimated from polymer 3’s
roughly double molecular weight of polymer 2, shown in table 2). *H-NMR of the triblock
copolymer in Figure 7.5 confirms structure of the two blocks. Interestingly, the DSC
analysis of the triblock copolymer yielded nearly identical data as from the ADMET
homopolymer. It is believe that the glass transition of the poly(lactic acid) blocks, which is
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typically ~60 °C [17], is indeed present in the copolymer, but unobservable by DSC as it
overlaps with the melting transition of the center, ADMET-based block. Poly(lactic acid) is
generally known as a semi-crystalline polymer, with a melting temperature ranging from

130-180 °C [17], but no melting transition was observed at or near this temperature range.

a
5 d 9 4 o) o) . a
HOT b S 0~ ~o 0
c Y~ f 8 9
o €

g

b

T T T T T T T T T T T T T T T T T T T 1
6 5.5 5 4.5 4 35 3 2.5 2 1.5 1 0.5
f1 (ppm)

Figure 7.5. 1H-NMR of triblock copolymer 3.

7.5 Conclusions

ADMET polymerization of an o,m-diene derived from a renewable resource (castor
oil) was used to synthesize the center block of a triblock copolymer. The center block
copolymer was synthesized in good yield to form a semi-crystalline polymer with a
molecular weight of 33,700 g/mol. At the expense of a minor loss in molecular weight, the
ADMET polymer was made in the presence of an end-capping monoene, which was able to
form a telechelic polymer with endgroups capable of initiating further polymerization. Ring-
opening polymerization of lactide was grown from these endgroups to synthesize an ABA
triblock copolymer.
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CHAPTER 8: GENERAL CONCLUSIONS

8.1 General Discussions

The first topic of this thesis reports on the investigation of a number of factors
influencing the mechanism of self-healing with encapsulated healing additives. Self-healing
is influenced by several kinetic events, such as polymerization kinetics of the encapsulated
healing monomer, dissolution kinetics of catalyst in monomer, and diffusion of dissolved
catalyst throughout the dynamic rheological environment of a polymerizing monomer. This
thesis presents one of the first thorough investigations of all of these kinetic parameters, en
route to the development of practical self-healing materials.

Initial efforts focused on manipulating the latency of the ring-opening metathesis
polymerization (ROMP) of dicyclopentadiene with a ruthenium metathesis catalyst, which in
a self-healing polymer could be used to allow for time for a buildup of other kinetic events,
such as dissolution and diffusion of catalyst through monomer, prior to chemical reaction.
An analogue of the 1* generation Grubbs’ catalyst was prepared with a less labile
coordinated ligand, which was shown to significantly delay the initiation of polymerization.
Also, it was observed that, in the presence of a varying amount of free phosphine ligand,
olefin metathesis could be tuned to a desired extent of latency.

A model was developed to predict the dissolution rates of Grubbs’ catalyst in various
ROMP-active monomers. This model, borrowing ideas from the concept of solubility
parameters, was shown to be reasonably efficient in providing a quick and convenient
method to design monomers and blends of monomers capable of rapid catalyst dissolution. It
1s expected that this model can aid in the selection of reactive “dissolution additives” to be
combined with other healing monomers that are otherwise known to produce polymers
possessing superior adhesive and mechanical properties. Successful implementation of this
technique is expected to accelerated the healing process and promote a more efficient use of
catalyst, both of which can aid in reducing the amount of potentially costly catalyst required
self-healing polymers.

Finally, a novel rheokinetic technique was developed in which reaction progress of a

monomer, as well as the resulting polymer’s material properties, could be monitored in a
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self-healing mimic environment. Our efforts in this technique were twofold. First, from a
purely analytical perspective, we demonstrated the utility of this technique to identify various
healing monomer properties under a wide variety of reaction conditions that could potentially
be experienced in self-healing (e.g. different healing monomers, catalyst loadings,
temperatures, crack sizes, etc.). Second, we used this technique to identify a previously
unknown phenomenon affecting the self-healing mechanism—property gradients through
thickness of polymerizing healing monomer, related to slow diffusion of catalyst from its
source (i.e. the self-healing crack surface) throughout the monomer.

The second topic of this thesis involved the synthesis and characterization of
polymers initially derived from vegetable oils. Early efforts demonstrated that a derivative of
linseed oil, modified to contain norbornenyl groups, could be polymerized in the presence of
an olefin metathesis catalyst to form a series of highly crosslinked thermoset polymers with
ambient temperature storage moduli (~1 GPa), glass transition temperatures (70-125 °C) and
decomposition temperatures (320-330 °C) comparable to petroleum-based plastics.
Additionally, a new class of linear, telechelic biopolyester was developed from the acyclic
diene metathesis (ADMET) polymerization of a modified vegetable. Synthesis of near fully
bio-derived ABA triblock copolymers were formed by growth of poly(lactic acid) from the

endgroups of the telechelic polymers.

8.2 Recommendations for future research

The implementation of self-healing polymers in commercial applications seems to be
limited by a combination of the quality and economics of its healing chemistry. For
example, ROMP with Grubbs’-type catalysts has always worked quite well as a healing
chemistry since its inception [1], but incorporating ruthenium catalysts into large-scale
polymer production paradigms is probably not economically feasible. Our hope is that the
research presented herein has provided a basis for improvements in self-healing polymers
that can, among other things, aid in the reduction of catalyst loadings, but olefin metathesis
chemistry with ruthenium catalysts is still probably only limited to small, specialized
applications. On the other hand, healing chemistries that are attractive from an economic

standpoint, such as the ring-opening of epoxy resins and amine curing agents that are widely
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available, often require reaction conditions (e.g. elevated temperatures, external agitation)
unrealistic for practical applications [2-4]. Hence, the discovery and development of a new
healing chemistry is the most logical recommendation for future research in this field.

In late 2007, we had the epiphany that a set of reaction characteristics presumed to be
“ideal” for a self-healing chemistry was nearly identical to that of another chemical reaction
methodology called “click” chemistry (Table 8.1), the initial report of which was
coincidentally first published a mere few months prior to the first report of self-healing
polymers [5]. Considering that “click” chemistry was, at that time, dominated by one
specific reaction—the copper-catalyzed azide-alkyne [2+3] cycloaddition (CUAAC)—we
proceeded to synthesize a variety of azide- and alkyne-based monomers and test these
monomers’ reactivity in the presence of a copper catalyst under the solvent-free conditions
that would be required in self-healing. These initial results were met with moderate success
[6], but unfortunately azide substrates that were safe enough to isolate and handle neat
exhibited unexpectedly slow bulk “click” reaction kinetics. While our interest has somewhat
weaned, others have followed our example and attempted to implement the CUAAC in self-
healing polymers [7]. But perhaps identification of the ideal self-healing chemistry is

intertwined with the fate of new fundamental discoveries in the field of “click” chemistry.

Table 8.1. Lists of reaction characteristics of the ideal healing agent chemistry (left column)
and “click” chemistry (right column). Conceptually similar characteristics are marked with

arrows. List contents were taken directly from seminal papers in both fields [1, 5].

Healing chemistry requirements “Click” chemistry requirements
Quantitative yields <€ > High-yielding reactions
Ambient and sub-ambient reactivity €—t=——> Reactive in ambient conditions
Bulk polymerization <€ > No or benign (e.g. water) solvents
Rapid polymerization <€ > Fast reaction kinetics

Non-condensation polymerization <€—=——> Minimal or inoffensive byproducts

Long shelf life Harmless reagents

Low viscosity, volatility High atom economy
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With regards to the second part of this project, it is recommended that efforts be
refocused on yielding useful polymers and composite materials ultimately derived from
highly sustainable vegetable oils (e.g. soy and corn oil in North America, palm oil in Asia,
etc.). The work presented in this thesis uses linseed oil (chapter 6) and castor oil (chapter 7)
as sources, each of which do have their own commercial niche, but are produced on
considerably smaller scales than some other plant oils. Although the plant oils used here are
extremely attractive in that they have high olefin contents (linseed oil) and some
synthetically useful naturally occurring functional groups (castor oil contains hydroxyl
groups), wide scale use of these oils may still be limited by relatively low worldwide
production levels. Conversely, production of polymers from more abundant vegetable oils
would probably require more elaborate synthetic routes towards useful monomer, but large-
scale use of these oils in the polymer industry would converge, and not conflict, with
worldwide trends of agricultural oil production that, for example, has seen roughly 10-fold

increases in soy and palm oil over the last 30 years [8].
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 4

A.1 Calculation of Norbornene’s Group Contributions
The four Beerbower “group contributions” of norbornene are identical to the four
corresponding cohesive energies of norbornene (Er, total cohesive energy; Ep, cohesive
energy related to dispersion forces; Ep, cohesive energy related to fixed dipole forces; and
En, cohesive energy related to hydrogen bonding forces), which were determined using
previously established methods [1]. Their calculation is detailed in the subsections below:

A.2 Calculation of Et for norbornene
Total cohesive energy, Er, is defined as the energy of vaporization (AEyap), which can be
calculated from enthalpy of vaporization (AHy,p) at room temperature using equation A.1

(where R is the ideal gas constant and T is room temperature, taken as 25 °C).

E; =AE,,, =AH,,, —RT (A1)

Enthalpy of vaporization (AHy,) Was measured with a differential scanning calorimeter
(DSC, Model Q20, TA instruments). All DSC experiments were conducted under a flow of
nitrogen gas at a constant rate of 50 ml/min. In a typical experiment approximately 10 mg of
solid monomer was loaded into a DSC sample pan, and the pan was covered and pressed
with a sample lid containing a pinhole-sized puncture. A dynamic scan was performed on
the sample at a heating rate of 40 K/min over a temperature range of 50 °C — 175 °C. The
average of 5 experiments yielded a AH4, for norbornene of 292 + 13.2 J/g. Then, Er was
determined from equation S4.1 to be 28.55 * 1.4 kJ/mole.

A.3 Calculation of Ep for norbornene
The cohesive energy related to dispersion forces for a chemical is defined as the total
cohesive energy for that chemical’s homomorph (saturated, hydrocarbon analogue). Hence,
the same DSC measurements outlined above for calculating the total cohesive energy for

norbornene was applied to norbornene’s homomorph—norbornane (Aldrich, used as
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received). For norbornane, AHy,p Was measured as 268 + 4.0 J/g, and Ep for norbornene was
then determined to be 26.85 £ 0.4 kJ/mole. A typical DSC plot showing the vaporization of

norbornene and norbornane is shown in Figure A.1.

40
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Figure A.1. Vaporization of norbornene and norbornane measured by DSC. The enthalpy of
vaporization (AHy,p) is defined as the area under the endothermic vaporization peak, denoted

by arrows.

A.4 Calculation of Ep for norbornene

Ep of a chemical is conveniently calculated by the Hansen-Beerbower equation:
E, =1398.76- 1/ (A.2)

where p is the chemical’s dipole moment and the constant 1398.76 gives the parameter in SI
units. With a dipole moment of 0.396 D [2], Ep for norbornene was calculated to be 0.22
kJ/mole.
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A.5 Calculation of Ey for norbornene

There is no way to directly measure Ey for a chemical. Instead, Ey is generally determined

by first calculating the other three cohesive energy densities (Et, Ep, and Ep) and using

equation A.3.

E, =E,+E, +E,

En was determined to be 1.47 kJ/mole.

(A.3)

A.6 Summary
Ex Equation Value Ex/V (MPa) | 61 (MPa*)
(kJ/mole)
= E, =AE,,, =AH,,, —RT 28.55 + 1.4 256.2 16.0
Eo | Ep =AE, . nomonmne=AHyapnonome— RT | 26.85 £0.4 241.0 15.5
Ep E, =1398.76- 1/ 0.22 2.0 14
En E. =E,+E,+E, 1.47 13.2 3.7
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 5
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55 mm
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Figure B.1. Schematics of custom designed mold to coat rheometer bottom parallel plate.
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Figure B.2. Dispersion of various loadings of 1 Generation Grubbs’ Catalyst in fully cured

epoxy polymer.
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 6
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Figure C.1. EI-MS of the CPD oligomers isolated from Dilulin
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Figure C.2. EI-MS of the oil fraction isolated from Dilulin.
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APPENDIX D: DIFFERENTIAL SCANNING CALORIMETER-BASED CURING
KINETIC ANALYSES OF THE RING-OPENING METATHESIS
POLYMERIZATION OF SUBSTITUTED NORBORNENYL DERIVITAVIES.

D.1 Introduction

Successful completion of the work presented herein, especially chapters 3-5, required
a general knowledge of the bulk reaction kinetics of various ring-opening metathesis (ROM)-
based monomers. Differential scanning calorimetry (DSC), which can measure heat
evolution as a function of time or temperature, is a well-suited technique to achieve this goal.
Hence, reaction Kinetics of a small library of norbornenyl-based monomers (chosen for their
typical high reactivity towards ROM) was monitored by DSC. The monomers studied here,
shown in Figure D.1, were selected on the basis of their physical properties (liquids at
ambient temperature were favored over solids, for ease of sample processing) and known
functional group compatibilities with Grubbs’ olefin metathesis catalyst. Reaction kinetics
was monitored via the Ozawa-Flynn-Wall Isoconversional model free method [1, 2],
described in more detail below.

Figure D.1. Chemical structures of monomers used in this study.

D.2 Experimental
D.2.1 General Considerations
Dicyclopentadiene, 5-ethylidene-2-norbornene, 5-vinyl-2-norbornene, and
Bis(tricyclohexylphosphine)benzylideneruthenium dichloride (1% generation Grubbs’
catalyst) were purchased from Aldrich and used as-received. Literature procedures were

used to prepare 2-(chloromethyl)-5-norbornene [3], 2-(bromomethyl)-5-norbornene [4], ethyl
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5-norbornene-2-carboxylate [5], and 2-acetyl-5-norbornene [6] without modification. Prior

to use, Grubbs’ catalyst was freeze-dried [7] to aid in rapid dissolution in all monomers.

D.2.2 General DSC technique

Liquid monomer was added to the 1% generation Grubbs’ catalyst at a loading of
2mg/ml. Catalyst was able to completely dissolve in monomer by the end of monomer
addition. The solution was immediately flash-frozen in liquid nitrogen. A small amount of
the resulting solid was slightly melted to remove sample for experiments and refrozen in
liquid nitrogen between tests. Samples were loaded into a DSC (Model Q20, TA
Instruments) at a standby temperature of -50 °C. DSC experiments for all catalyst systems
were under a flow of nitrogen at a constant rate of 50 ml/min. Dynamic curing experiments
were performed over a temperature range of -50 to 200 °C at heating rates of 5, 10, 15, and
20 K/min.

D.2.3 Ozawa-Flynn-Wall Isoconversional Model Free analysis
Degree of cure (o) measured by differential scanning calorimetry is defined as the
fraction of heat or enthalpy at a given time:

where AH; is the heat evolved at time t and AHx, is the total heat evolution during the curing

process. Curing kinetics can then be modeled using the typical curing equation
da/dt =K(T) f(a) (D.2)

that includes reaction model f(«) and the temperature-dependant rate constant k(T). The

latter can be further expanded

k = A ¥R (D.3)
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to reveal the activation parameters A (pre-exponential factor) and E, (activation energy). The
isoconversional model-free approach assumes that both of these activation parameters are a
function of degree of cure (), and they can be calculated by performing dynamic DSC scans
and monitoring how the temperature to reach different degrees of cure changes with different
heating rates. To achieve this, Ozawa [8] and Flynn and Wall [9] developed an approach by
which equation D.2 is integrated, and the resulting integral partially solved to give an

equation of the form:
In g =-1.052(E./RT;) + C (D.4)

where S is the heating rate, T; is the temperature required to reach a specific conversion, and
C is a combination of other terms, including the pre-exponential factor (A). Ata given
conversion i, a plot of In g vs. 1/T; over all heating rates then yields a straight line with a

slope proportional to E,.

D.3 Results
8
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Figure D.2. Heat evolution of various ROMP-active monomers measured by DSC. Each
plot represents a 2-norbornene derivative functionalized in the 5-position with the chemical

moiety listed in the legend. Data shown represents the dynamic scan at 10 K/min.
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Figure D.3. Conversion-dependant activation energy (E,) for various ROMP-active
monomers, determined by the Ozawa-Flynn-Wall approach. Each plot represents a 2-
norbornene derivative functionalized in the 5-position with the chemical moiety listed in the
legend.

D.4 Conclusions

Based on the above results, dicyclopentadiene, 5-ethylidene-2-norbornene, 2-
(bromomethyl)-5-norbornene and 2-(chloromethyl)-5-norbornene were identified as
monomers with relatively rapid reaction kinetics. Given that bulk reaction kinetics is linked
to the speed of healing in self-healing polymers (see Chapter 2.3.1), these monomers were
chosen for additional screening in Chapter 5. Also chosen for further screening in Chapter 5
was ethyl 5-norbornene-2-carboxylate, due to its slower reaction kinetics, for proof on
concept of the technique described in that chapter. All monomers were selected for use in
Chapter 4, in which a moderately sized norbornenyl-derivative library was necessary for

experimentation.
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