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ABSTRACT

Cycloaddition polymerizations
Adzima, Brian James, Ph.D., Dept. of Chemical and Biological Engineering
Thesis directed by Patten Professor, Christopher N. Bowman

Cycloadditions are a broad class of reactions where unsaturated species combine to form a
cyclic adduct with reduced bond multiplicity. Consequently, unlike condensation reactions,
no small molecule species are produced. This permits the formation of high molecular
weight species and avoids plasticization. Furthermore, problems plaguing addition
polymerization mechanisms such as reactions with water and oxygen are avoided. Despite
such inherent advantages and widespread use in small molecule synthesis, cycloadditions
have been seldom utilized by the polymer community. The unique reversibility of the Diels—
Alder reaction received little mention until 2002, and the Huisgen cycloaddition was not
widely utilized until the discovery of its copper catalysis in the same year. This work focuses
on the synthesis, mechanisms, and unique attributes of cycloadditions for the fabrication of
functional materials.

The Diels—Alder reaction was used to synthesize a network polymer with reversible
crosslinks. When heated the polymer network depolymerizes and reverts to a liquid.
Rheological and spectroscopic measurements demonstrate that the gel point temperature of
the material is consistent with the extent of reaction predicted by the Flory—Stockmayer
equation. Furthermore, in the gelled state a relaxation process occurs at the rate of bond
cleavage in the material. The addition of magnetically susceptible particles causes the
material to heat when placed in an electromagnetic field. The self-limiting nature of this
heating process enables the material to achieve its native properties over ten cycles of
fracture and repair. The reversible nature of the crosslinks also allows the material to
function as a photoresist. The reversibility of the Diels—Alder adducts can be selectively
eliminated using masked or focused laser light. Upon depolymerization the unexposed
material is removed allowing for the fabrication of arbitrary two and three dimensional
objects.

The photochemical catalysis of the CuAAC reaction via the radical meditated reduction of
Cu(II) was also examined as a method of fabricating cycloaddition polymers. This approach
affords comprehensive spatial and temporal control of the CuAAC reaction using standard
photolithographic techniques. Advantageously, in this process the CuAAC reaction is the
rate determining step, and undesirable side reactions of Cu(I) such as disproportionation,
reduction of Cu(l) by radicals, and the reaction of Cu(I) with oxygen are avoided, likely by
ligand protection. Such interactions explain the high fidelity of patterning in systems where
rapid diffusion of the photogenerated catalyst would otherwise be expected.
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CHAPTER I: Introduction

Cycloadditions are a broad class of reactions where unsaturated species combine to
form a cyclic adduct with reduced bond multiplicity.' Consequently, unlike condensation
reactions, small molecule species are not produced, which permits the formation of high
molecular weight species and avoids plasticization of the product. Furthermore, problems
plaguing addition polymerization mechanisms such as reactions with water and oxygen are
avoided. As such, cycloadditions are well suited for both polymer synthesis and

modification.

Despite such inherent advantages and widespread use in small molecule synthesis,’
cycloadditions have been seldom utilized by the polymer community as evidenced by their
near or complete omission in the tomes of the field,*" and their rare use in commercial
products.” The unique reversibility of the Diels—Alder reaction received little mention until
2002," and the Huisgen cycloaddition was not widely utilized until the discovery of its copper
catalysis in the same year.”* Both reactions have subsequently received considerable

attention since the emergence’ and popularization''" of the “click chemistry” paradigm.

Click chemistry emphasizes modular, high yield reactions that occur under simple

conditions. The core tenant of click chemistry is an emphasis on properties rather than



reactions. Thus, chemistry takes a back seat to ultimate structure of the material and enables
non-chemists to create elaborate structures with ease. An example would be the synthesis of
block copolymers from monomers of dissimilar reactivity and solubility."" Cycloadditions,
such as the Huisgen and Diels—Alder reactions fit the click criteria and were among the first

click reactions identified.’

A chief criticism of click chemistry has been that it is merely an exercise in
rebranding." For example, two reactions frequently associated with it, the Diels—Alder and
Huisgen reactions (Figure 1) are frequently used in organic synthesis, and were discovered in
1928 and 1893, respectively'> M ctdin 3 Barly practitioners in the polymer community
focused on synthesizing high molecular weight linear polymers from these reactions.'*'>
reviewedind3 and 16 A ¢ 5 result, few functional materials were created or well understood.
However, examination of a small number of recent publications shows workers producing
diverse materials such as oligonucleotide labels,” oriented molecular wites,'® and Janus

particles all from these reactions.” While much of the chemistry behind these reactions may

be old, the goals and implementations are indeed often new.

a) . o b)
o N R?‘N/\\[/R
R - 4
e T =
o] R,

FIGURE 1| a) The Diels—Alder reaction of furan and maleimide. b) The Husigen
cycloaddition of azide and alkyne functionalities. Only the 1,3,5-triazole, the sole product of
the copper catalyzed variant, is shown.



Unlike small molecule chemistry, temporal control of a reaction is often important in
the synthesis and modification of polymer networks and functional materials. Coatings,
adhesives, metamaterials, contact lenses, dental materials, and photoresists™*' all utilize
patterned reactions, while techniques such as parallel protein synthesis,” cell

25,26

encapsulation,” tissue engineering,”* and 3D prototyping”*° also rely on them. The ability to

spatially and temporally control a reaction greatly extends its capabilities and ultimate utility.

The Diels—Alder reaction

The Diels—Alder reaction is a [4+2] cycloaddition occurring between a conjugated
diene and olefin, typically termed a dienophile. One of the most studied reactions in organic
chemistry, it is the subject of more than 17,000 papers."" The Diels—Alder reaction possesses
broad utility in chemical synthesis because of its ability to form both carbon and heteroatom
bonds while tolerating a variety of reaction conditions and solvents. Mechanistically the
Diels—Alder reaction is pericyclic, and the reactivity of diene and dienophile pairs is well
understood by frontal molecular orbital theory. The most reactive pairs have a minimal gap
between the HOMO of the diene and the LUMO of the dienecophile. The resulting adduct
is usually a mixture of the endo and exo regioisomers. Often the exv product is kinetically
favorable while the endo product is thermodynamically favorable. This balance often results

in the slow conversion from one form to the other.

The superb attributes of the Diels—Alder reaction allow it to be used as a click type
reaction for the fabrication or functionalization of complex macromolecular structures.”’
Unlike other click reactions, the Diels—Alder reaction is often reversible and can be used for

synthesizing materials containing dynamic covalent bonds.'****” While all bimolecular



reactions are in principle reversible, few reactions are robust enough to synthesize a polymer
that can be repeatedly polymerized and depolymerized. Often, the chief difficulty is the high
temperature decomposition reaction common to all organic materials. Such problems are
also observed in polymers formed by addition mechanisms where the ceiling temperature is
not readily observed because of reactions with atmospheric oxygen. Other problems
include crystallization, vitrification, side reactions, and the loss of a small molecule. Workers
have explored many potential reactions: 1,3-dipolar cycloadditions,” nucleophilic addition
reactions,”' ™ dimerization of nitroso groups™ and carbenes,” [2+2] cycloadditions,”
alkoxyamine bond scission,” and ring opening reactions.” Unfortunately, only a handful of
Diels—Alder reactions have emerged as robust systems capable of tolerating repeated cycling

outside of carefully controlled conditions.””*

Three potential routes to Diels—Alder polymer networks have been demonstrated in
the literature: the polymerization of multifunctional monomers," the crosslinking of linear
polymers,“’ and the incorporation of Diels—Alder adducts into monomeric species and a
subsequent polymetization via another reaction.”” Each approach has a significant impact on

the resulting behavior of the gel and is an important design consideration.

When a crosslinked material is formed, the substituent species transform from a
liquid to a solid. First, bimolecular and then oligomeric materials are formed by the coupling
reaction. Eventually, the non-linear nature of the polymerization reaction results in the
formation of a single molecule that percolates the sample and the weight average molecular

weight diverges.” This critical connectivity transition from a liquid to a solid is referred to as



the gel point, and assuming equal reactivity of functional groups the extent of reaction at the

4347

gel point, p,, can be predicted by the Flory—Stockmayer equation,

1
Pe = ra-D(rp-1] /2 @

where ris the stoichiometric ratio of functional groups, £, is the number of functional
groups per monomer « (its functionality), and f, is the functionality of monomer 4. Equation

(1) reveals that as the functionality of each species increases, the gel point is reduced.

Uniquely in a polymer network formed from the Diels—Alder reaction, the
equilibrium constant, K, provides a direct relationship between the conversion and
temperature at which the gel point occurs. Defining the equilibrium constant in terms of the
conversion, p, the initial concentration, c,, of the limiting functional group, and the ratio of

the initial concentrations of limiting and excess functional groups, t, gives K as,

P

K=—2 @)

Co(1=p)(1-7p)
Using the relationship between the Gibbs free energy and the equilibrium constant,

_AH¥ ¥
1nK:ﬂ+Ai 3)
RT R

the relationship between the heat of reaction, AH ¥ entropy of reaction, AS ¥ and
the temperature, T, can be derived to be:

AHY
T = T D “)

i lp—— ¥
AS RlnCo(l—p)(l—rp)

where R is the gas constant. Thus, at the gel point the conversion, p,,, the gel point

temperature, Ty, is

AH?
Tpgel (5)

co(1-pget)(1-7Pget)

Tgel =

$_1
AS Rln



Equation (5) reveals that as long as the heat of reaction is negative, a unique
temperature exists above which the network will not exist. Equation (5) also shows that the
gel point temperature depends on both the nature of the chemistry utilized (heat and entropy
of reaction) and the functionality of the monomers which controls the gel point conversion.
Consequently, species that gel at low conversions may decompose by other irreversible
reactions before a temperature is reached where the system can be driven far enough
backward to reverse the gelation process. As such, highly functionalized polymers or
oligomers bearing tens to hundreds of pendant functional groups are more difficult to revert
to a liquid than less functionalized species. As such, the polymerization of small
multifunctional monomers is the easiest way to make a material that is capable of reverting

to a liquid from a solid.

While thermodynamics predicts the gel-point temperature, kinetic considerations are
also important in describing the mechanical behavior of materials formed by the Diels—Alder
reaction. Gels are classified as either strong or weak gels based on their behavior on an
infinite timescale.” Strong gels are formed by irreversible bonds and do not possess any
terminal relaxation mechanism. As such, they possess a finite zero frequency elastic
modulus. Weak gels are formed by reversible interactions that impart a terminal relaxation
mechanism occurring at the frequency of bond scission. Thus, while a weak gel may possess
an elastic modulus on a finite time scale, it vanishes on an infinite time scale. Weak gels are
typically formed by non-covalent interactions such as hydrogen bonding® and pi stacking.”
Classically, gels formed by covalent bonds are assumed to be strong gels, although
Toplansky demonstrated the relaxation behavior of disulfide linkages in vulcanized rubber.”

Thus, measurements at a single freq[uemcy5 >3 are only appropriate for describing the



mechanical properties over the time scale of the measurement. As the rate of relaxation in
these systems can be frustratingly slow, an understanding of chemical kinetics is necessary to

describe the behavior of these materials.

Applications of the Diels—Alder reaction

Polymers formed by the Diels—Alder reaction are useful for applications that require
the mechanical properties of a typical polymer network, but simultaneously benefit from a
lack of permanence in the structure typical of a conventional thermoset. An associated
potential disadvantage of these materials that must be considered is their long-term creep
behavior that, depending on the specific chemical nature of the covalent adaptable network
(CAN), may lead to long-term changes in the material shape, particularly for those materials
held under stress during their implementation. The creation of an easily recyclable material
that possesses the characteristics of a thermoset has been a motivating idea since the
inception of Diels—Alder based polymers'* and a number of systems have been synthesized
that are readily manipulated post-polymerization.'*>*"** Such materials have been
employed in so-called hot-melt applications, such as hot-melt inks™ and hot-melt

55,60

adhesives,”” where the material is manipulated in a heated liquid-state and then cooled to

produce a crosslinked solid.

Electronic components are often protected from the environment in a thermoset
encapsulate. If the component is found to be faulty after encapsulation, rework of the
circuit requires shearing off the component and the thermoset encapsulate. Accordingly, the
use of thermoreversible materials that are easily removed has been explored as alternative

encapsulates and anisotropic conductive adhesives." Interestingly, in such applications the



reverse reaction can be driven far from equilibrium by flushing sol fraction away with
solvent. As a consequence, it is no longer necessary to drive the material past the conversion
required for reverse gelation, rather only a sufficient rate of the reverse reaction is required.

This strategy enables the use of polymers that are highly functionalized with crosslinking

groups.

Thermoreversible crosslinks have also been used to align dendritic non-linear optical
chromophores to achieve high electrical optical coefficients.”** Crosslinking of the
dendrimers reduces the free volume, improving the long term stability of the material.
Furthermore, the reversible nature of the Diels—Alder reaction permits the materials to be
cured until alignhment is achieved. It is also possible to incorporate a second chromophore,
without inducing phase separation that improves the poling efficiency.”” Thermoreversible
materials have also been employed as the cladding material in light guides and other electro-

optic devices.”

More recent work has been directed at the use of thermoreversible bonds for
creating self-healing or mendable materials.””****" Self-healing materials possess the ability
to recover their initial mechanical properties after damage. On small size scales healing is
neatly universal in polymers due to reptation of polymer chains though this behavior is
severely limited in crosslinked polymer networks;® however, macroscopic crack healing is
always a significantly more difficult challenge. Autonomic self-healing schemes, where
monomer is encapsulated in spheres, fibers, or channels and is released upon fracture to
flow and subsequently polymerize in the crack, have been shown to be successful, but suffer

from a limited number of healing cycles as the monomer is depleted,(’9 While polymers



incorporating reversible bonds do not permit macroscale autonomous healing, they do offer
a simpler approach to healing. For cracks where two surfaces are in close contact, bond
rearrangement alone permits material healing. Chen et al.”” synthesized multifunctional
furan and maleimide monomers and demonstrated, for a material above its gel point, 50%
fracture toughness recovery after initial fracturing and 41% after a second fracture.” Second
generation materials by the same group recovered approximately 80% of their initial fracture
toughness after two subsequent sample fracture and healing cycles.” Since reverse gelation
in thermal CANs results in material flow, complete mechanical strength recovery is possible
provided that irreversible side reactions, particularly common at elevated temperatures, are
suppressed. Unfortunately, reverse gelation also results in slump or deformation in the
overall material shape; thus, for many structural applications, near gel reversion is more

desirable.

The copper-catalyzed azide—alkyne cycloaddition and the radical mediated reduction of Cu(1l)

Like the Diels—Alder reaction, the Husigen cycloaddition is an old reaction. It
reemerged as a powerful synthetic tool after the discovery of the copper-catalyzed azide—
alkyne cycloaddition (CuAAC).”* While the Husigen cycloaddition is sluggish for most
alkynes, a rate acceleration of approximately 10 is achieved by the addition of Cu(I), and
high yields are then readily obtained.”” Furthermore, the invisibility of azides and alkynes to
many functional groups, the ability to use a variety of solvents, and the reaction’s tolerance
of a wide pH range" facilitate reliable results in diverse applications. Telechelic azide and
alkyne polymers are readily synthesized by controlled radical polymerization techniques such
as atom transfer radical polymerization (ATRP)" and reversible addition fragmentation chain

transfer polymerization (RAFT).” These advantages have ultimately led to a “Lego-like”



approach to the fabrication of complex macromolecular structures,'' and the CuAAC

: : : 10,70,73
reaction has become ubiquitous. "

Typically, Cu(l) is added directly as a copper salt,’ formed by the reduction of copper
sulfate pentahydrate via ascorbic acid,” or generated by the comproportionation of copper
metal and Cu(II)."" Spatial control of the CuAAC reaction has been limited to surfaces,

using techniques such as microcontact printing”* and scanning-probe lithography.”

An alternative approach to spatial and temporal control is photolithography, where
masked or focused light is applied to a photoresist, causing a chemical reaction that changes
the resists solubility.”” Frequencies employed range from the infrared to soft x-ray region,
although the visible to deep UV range corresponds to the electronic transitions in many
molecules and is more commonly used. Negative photoresists that form polymer in
irradiated areas typically utilize one of two reaction motifs: photochromic groups can
undergo cycloadditions such as the [2+2] cycloaddition of cinnamate;™ or a chain process

can be initiated via the generation of an active species.

A limited reactant and reaction set has traditionally been directly photopolymerized;
primarily, radicals and carbocations can be used to initiate the polymerization of a variety of
olefins. Photochemical Huisgen cycloadditions are symmetry forbidden,” the CuAAC
reaction is believed to proceed via a stepwise process,” and neither reaction is initiated by
common active species. Thus, conventional photochemical mechanisms fail in their ability to
initiate this reaction. A limited solution that has been implemented utilizes the protection of

a strained cyclo-octyne via a propenone. The propenone can be cleaved by UV light and

10



subsequently the cyclo-octyne undergoes a Husigen cycloaddition.” In addition to the
inherent limitation requiring the synthesis of strained cyclopropenones, one photon is
required for each reaction event, whereas chain reactions enable a single photon to lead to

the reaction of tens to millions of coupling events.

Another solution is the generation of Cu(I) as an active species. Such an approach
would extend spatial control to all materials developed to date. One possible component of
such a methodology was developed in the work of Sakamoto e /. who demonstrated the
radical mediated generation of copper nanoparticles from Cu(Il).” Conceivably, if
appropriate conditions were utilized, the transiently generated Cu(l) would catalyze the

Husigen cycloaddition.

Research Overview

In this thesis research was conducted to explore the utility of cycloadditon reactions
for the synthesis of polymer networks. Both the Diels—Alder reaction and the copper-
catalyzed azide—alkyne cycloaddition (CuAAC) were studied. Spectroscopic experiments
were conducted to demonstrate these reactions, and explore their mechanisms, while
mechanical measurements examined the relationship between the underlying chemical
reactions and the material properties. Both reactions were utilized in the fabrication of
functional materials owing to efficient bond formation and tolerance of other functional

groups, which allowed their modular use in a number of potential applications.

Following this introduction and the objectives laid out in the next chapter, chapters

three through five detail the use of the Diels—Alder reaction for synthesizing polymers and

11



creating functional materials. The superb nature of the Diels—Alder reaction is demonstrated
in a variety of applications. In chapter three a polymer network is synthesized using the
Diels—Alder reaction. Fourier transform infrared (FTIR) spectroscopy is used to determine
the equilibrium conversion as a function of temperature and reaction kinetics. These results
are coupled with dynamic mechanical analysis to examine the gel point and explore the
relationship between the chemical and mechanical properties of the material. Chapter four
examines the combined use of ferromagnetic particles and an alternating magnetic field for
remotely heating the polymer examined in chapter three. The self-controlled nature of the
heating process allows the composite material to be healed from multiple fractures without
changes in the mechanical properties. In chapter five a polymer formed by the Diels-Alder
reaction is utilized as a photoresist, in a process termed “photofixation.” The benefits of
utilizing a crosslinked material as a photoresist are demonstrated in both conventional

lithography and for microstereolithography.

Chapters six and seven explore the radical mediated reduction of Cu(Il) as a method
for catalyzing the CuAAC. In chapter six the use of conventional photoinitiators for
generating Cu(I) and catalyzing the CuAAC reaction is demonstrated. It is shown that this
process enables spatial and temporal control of the reaction, allowing for both the patterning
of hydrogel formation and the 7z sit« functionalization of hydrogels. In chapter seven the
mechanism of the reaction is examined by a series of initial rate experiments. Several side
reactions thought to consume Cu(I) are shown not to play a role in the mechanism, while
the interactions of Cu(I) ligands present in the system are found to be important to both the

mechanism and the spatial control of the reaction.
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CHAPTER II: Objectives

This thesis explores methods for conducting, controlling, and utilizing cycloaddition
polymerizations in polymer networks. Two reactions are examined in detail: the Diels—Alder
reaction of furan and maleimide along with its accompanying retro reaction; and the copper
catalyzed azide—alkyne cycloaddition (CuAAC). These reactions are employed to synthesize
several functional materials: thermally reversible covalent adaptable networks (CANSs),
electromagnetic field responsive polymer composites, photoresists, and spatially patterned
hydrogels. This thesis tests the hypothesis that cycloadditions are well-understood, efficient,
and modular reactions, and that such attributes enable the facile synthesis of polymeric

materials with unique properties.

To test these hypotheses, I have outlined these specific aims:
1) Synthesize a crosslinked polymer network using the Diels—Alder reaction, and use
this material to,
1. Measure the thermodynamic and kinetic constants of the Diels—Alder
reaction between furan and maleimide, and relate these constants to

polymer properties;



i. Examine hysteresis heating as a mechanism for remotely controlling
depolymerization and repeatedly healing damage by this mechanism;
and

iii. Create a photoresist based on the concept of photofixation in which
light will be used to locally prevent the retro Diels—Alder reaction.

2) Examine the radical mediated reduction of Cu(Il) as a method for catalyzing the
Huisgen cycloaddition. Employ this system to develop temporal and spatial control
of the CuAAC reaction and to gain a mechanistic understanding of the
photoreduction of Cu(Il), the CuAAC reaction, and the relationship between the

two processes.

While a number of crosslinked polymers have been prepared using the Diels—Alder
reaction, to date none have been thoroughly characterized. Typically, spectroscopic
measurements have been qualitatively analyzed and dynamic mechanical tests have utilized
single frequency experiments that are incapable of accurate gel point determination. The
synthesis of such a network will allow the exploration of the interrelationship of the
chemical and mechanical properties of the material to be established. Understanding this
relationship will allow for the successful implementation of Diels—Alder based polymer
networks in functional materials. This embodiment will include being able to create
materials that can be repeatedly healed from fractures and developing crosslinked materials
that are capable of functioning as a photoresist. In both cases classes of materials developed
to date can be improved by a thorough understanding of the impact of the undetlying

chemistry on the material properties.
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The second objective seeks to establish a method for spatially and temporally
controlling the CuAAC reaction. Various workers have sought to gain spatial control of the
reaction by utilizing dip pen lithography, soft lithography, or other approaches. While
successful in patt, all of the techniques to date are limited to surface reactions, or require
lengthy synthetic routes that are not amenable to all materials. Moreover, photolithographic
steps employing other reactions are requisite in most schemes. Alternatively, the radical
mediated reduction of Cu(Il) promises to be a universal route to spatial control of the
CuAAC reaction that employs common equipment and techniques. The development
procedures for patterning technique for the CuAAC reaction will allow a vast array of
materials and chemical species already developed to be readily patterned. Examination of
the mechanism will allow for improvements to the protocol, such as increased reaction
kinetics, possible methods for reducing the required concentration of coppet, or other

mechanism for reducing the cytotoxcity of the reaction.

Combined the objectives seek to demonstrate that cycloaddition reactions are

efficient and modular reactions for the synthesis of functional polymeric materials with

controlled and desired properties.
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CHAPTER III: Rheological and chemical analysis of reverse gelation in a covalently
crosslinked Diels—Alder polymer network*

Abstract
A network polymer, incorporating dynamic and reversible crosslinks, was synthesized using
the Diels—Alder reaction. Fourier transform infrared (FTIR) spectroscopy was used to
characterize the reaction rate and thermodynamic equilibrium over a broad temperature
range. Equilibrium conversion of the furan and maleimide varied from 74% at 85°C to 24%
at 155°C, demonstrating significant depolymerization via the retro-Diels—Alder reaction.
The gel point temperature, as determined by rheometry using the Winter—Chambon
criterion, was 92°C, corresponding to a gel point conversion of 71%, consistent with the
Flory—Stockmayer equation. The scaling exponents for the complex moduli, viscosity, and
plateau modulus, in the vicinity of the gel point, were determined and compared with
experimental and theoretical literature values. Further, the material exhibited a low
frequency relaxation owing to dynamic rearrangement of crosslinks by the Diels—Alder and
retro-Diels—Alder reactions.
Introduction

Traditionally, thermosets are irreversibly crosslinked polymeric networks possessing
essentially infinite molecular weight that cannot be melted, molded, or dissolved." Such
materials are durable and find use in a wide array of applications such as adhesives,*’
coatings,‘"5 dental materials,*” and composites.&9 In contrast, the incorporation of reversibly
labile functionalities into the polymer backbone enables manipulation of network
connectivity and allows behavior analogous to melting, molding, and dissolution through

depolymerization to low molecular weight species. This reversion significantly extends the

capabilities and utility of these crosslinked materials. Furthermore, polymers that contain

*Published in Macromolecules, 2008, 23, 9112-9117. Experiential information and a detailed
reaction model is provided in Appendix A.



reversible linkages have been used to create stimulus responsive polymers that display novel

10,11 : 12,13 :
! crack healing, " and stress relief."

properties such as shape memory,
In principle, most polymerizations are reversible; however, realizing
depolymerization often leads to complete and irreversible degradation of the polymer
network. Certain polymers, including those created by radical and ionic polymerization,
often depolymerize when heated above a ceiling temperature. Ceiling temperatures are
typically quite high and, at such temperatures, irreversible degradation of other molecular
structures generally occurs.” In condensation polymerizations, condensate removal favors
the forward reaction, thus the retro-reaction is only achieved when the condensate is present
in significant quantities. Consequently, polymers such as polyacrylhydrazones undergo
dynamic network rearrangement, but do not revert to monomer,'® and exotic approaches are
required to create systems that undergo a sol-gel transition, but do not exhibit dynamic

network rearrangement in the gel state.”

The Diels—Alder (DA) reaction, a [4+2] cycloaddition between a diene (e.g., furan)
and dieneophile (e.g., maleimide), is thermally reversible via the retro-Diels—Alder (rDA)
reaction (Figure 1)."* The DA reaction is attractive as a reversible linkage as the rDA
reaction occurs at moderate temperatures and does not liberate a small molecule. The
subject of more than 17,000 papers, the DA reaction is well studied,” but its use in polymer
chemistry is comparatively limited. Nevertheless, a variety of macromolecular structures
have been synthesized utilizing the DA reaction of maleimides and furans, including linear
polymers,zo networks, > hydrogels,23 and dendrimers.** Moreover, DA adducts have

been incorporated into monomers bearing other polymerizable functionalities, allowing
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DA/tDA reactions to be exploited in materials polymerized via common mechanisms such
as the reaction between epoxy and amine functionalities,” and free-radical (meth)acrylate

: : 26,27
polymerizations.™

FIGURE 1| a) The Diels—Aldet/retro-Diels—Alder reaction between a functionalized furan
and maleimide. Polymer networks are formed when the Diels—Alder pathway is utilized in
monomers with multiple reactive functionalities. The monomers used include: (b) DPBM,
and (c) PPTF.

Network reversibility owing to the rDA reaction has been demonstrated through
solubility studies;”"*>* however, the temperature dependence of the equilibrium constant,
and therefore conversion, in these networks remains relatively unexplored. Typically,
polymers above their glass transition temperature have sufficient molecular mobility to reach
thermodynamic equilibrium when sufficient time is allowed for completion of the reaction.

Accordingly, in polymers formed by the DA reaction, the final conversion is a function of

temperature, as demonstrated in linear polymers crosslinked by the DA reaction.”
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The molecular weight evolution during a step-growth polymerization, such as a DA
polymerization, proceeds geometrically and is accompanied by an exponential increase in
viscosity. Moreover, for systems capable of crosslinking, the material undergoes gelation, a
critical point that occurs when a single macromolecule first spans the sample, and the
material transitions from a liquid sol to a solid gel. The creation of a macromolecular gel is
accompanied by a divergence in the viscosity and an emergence of an elastic modulus.
Typically, as the reaction proceeds, the elastic modulus increases until complete conversion
is achieved or the material vitrifies. The mechanical properties of all polymeric materials
vary with temperature as they pass through transitions such as crystallization, glass transition,
or other molecular relaxations. Unlike conventional, non-reversible networks, the crosslink
density of polymers containing DA adducts is dependent on the temperature, leading to the

establishment of a gel point temperature.

The gel point conversion for the step-growth polymerization between maleimide and

furan monomers is well-predicted by the Flory—Stockmayer equation,

1

Py = oy 0
where p, is the gel point conversion, 7 is the stoichiometric ratio, and f,, and f;. are the degree
of functionality for the maleimide and furan monomers, respectively.”””' The gel point
conversion is shifted by changing either the monomer functionality or the stoichiometric
ratio and determined experimentally using rheometry to compare with the predicted value.
Observation of a material’s complex response to an oscillatory shear stress allows application
of the Winter—Chambon critetion,

G'(w)~G"(w)~w", 2)
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which states that the real and imaginary moduli follow identical power law frequency scaling
at the gel point, for w < 1/7, where 7, is the characteristic relaxation time of the smallest
molecular species.” The gel point conversion for an irreversible polymerization is typically
determined by quenching the reaction, leading to a trial-and-error process. Nevertheless,
several researchers have performed accurate mechanical measurements near the gel point,
validating the Winter—Chambon criterion in a theometer.”” Others have utilized off-
stoichiometric monomer ratios so that the gel point is achieved near the final conversion.™
Khan et al. monitored the polymerization of thiol-ene resins using theometry and inferred
the conversion at the gel point by IR spectroscopy.” In contrast, DA-based networks
display inherent coupling of conversion and temperature, thereby allowing fine and

reversible control of the conversion near the gel point, all within a single sample.

Here, the reversible reaction between furan and maleimide functionalities is exploited
to examine the complex interplay between the Diels—Alder equilibrium, kinetic limitations
associated with the mobility in the crosslinked network, the glass transition, and the sol-gel
transition using IR spectroscopy and rheometry over a broad temperature range. The
mechanical properties of the material are also examined using rheometry as a function of
temperature, and therefore conversion, which facilitates the examination of several

theoretical descriptions of the gelation process.

Results
Furan conversion (as determined by FTIR spectroscopy) versus time for PPTF-
DPBM copolymerizations at several temperatures is shown in Figure 2a. FTIR

spectroscopy enables facile determination of both furan and maleimide conversion
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independently and simultaneously; however, as the functionalities are consumed at equal
rates in the DA reaction, for clarity, maleimide conversions are not shown. Whereas the
polymerization reaction rate increases monotonically with cure temperature, the ultimate
conversion is not monotonically dependent on the temperature. As the polymerization
proceeds, there is an increase in the crosslinking density and the glass transition temperature
(T,); however, once the T, of the polymerizing material equals or exceeds the temperature
(T....), mobility limitations become significant and thus the polymerization rate is severely

reduced, i.e., the network vitrifies. Typically, higher cure temperatures result in greater

conversions until T exceeds the ultimate attainable Tg at full conversion.” The increased

cure
maximum conversion when the polymerization temperature is raised from ambient to 60°C
is attributed to a delay in the onset of vitrification at the higher temperature. While it might
be expected that vitrification should be further delayed at 80°C, a dectease in the conversion
is observed. As the polymerization temperature is increased above approximately 45°C, the
reaction transitions from kinetic control (a consequence of vitrification) to thermodynamic
control associated with the attainment of the equilibrium reaction extent as dictated by the
thermodynamics of the DA reaction. This transition can be inferred from Figure 2b where,

below 45°C, vitrification limits the attainable conversion; wheteas, above 45°C, the DA

reaction is at or near thermodynamic equilibrium.
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FIGURE 2| (a) Fractional furan conversion during isothermal polymerizations of 1:1
stoichiometric mixtures of PPTF and DPBM, at various temperatures. (b) Ultimate furan
conversion after PPTF-DPBM polymerization. The dashed line represents the gel point
conversion predicted by the Flory—Stockmayer equation, where 4, = 2 and £ = 3 (i.e.,
bismaleimide and trifuran). Maleimide conversions are identical and not plotted for clarity.
Figure 2b illustrates that, above 45°C, as the temperature is raised, the equilibrium is
increasingly driven from the DA adduct to the reactants, via the rDA reaction. The gel point
conversion, as predicted by the Flory—Stockmayer equation (1), is 0.707 for bismaleimide-
trifuran polymerization; from the conversion data, the gel point temperature can be
estimated to be 92.5 £ 0.5°C (Figure 2b). Moreover, the temperature range neighboring the
gel point temperature is well within the thermodynamically controlled reaction regime,

allowing facile examination of the gel point without complications associated with

vitrification.

The equilibrium conversion is further decreased to 24% at 155°C; however, an irreversible
side reaction becomes apparent at higher temperatures. At long residence times, above
120°C, the maleimide peak area begins to dectease, while the furan peak area increases. This
decrease in the maleimide peak area likely can be attributed to maleimide

homopolymerization, initiated at high temperature as demonstrated by Hopewell et al.,”
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which is accompanied by a corresponding increase in furan concentration as the loss of

maleimide drives the equilibrium further towards the reactants.

The equilibrium constant for the reaction between a maleimide (M) and a furan (F),

producing a DA adduct (A),

_ 1 p
k= [FIIM] ~ co(1-p)? )

can be calculated for a stoichiometric mixture of reactants using the conversion, p (see
Figure 3), and the initial concentration of either reactant, ¢. A plot of the natural logarithm
of the equilibrium constant versus inverse temperature, F, allows the heat of reaction (AH,°)
and entropy of reaction (AS,°) to be determined from the slope and intercept. The heat and
entropy of reaction were found to be -40 = 1 kJ/mol and -102 * 3 J/K/mol, respectively.
This calculated heat of reaction is significantly lower than the reported values (ranging from -
84 to -104 kJ/mol) given for reactions between substituted furans with maleic anhydride,40
howevet, it compares favorably with an estimate of ~32 kJ/mol for the kinetically favored

endo conformation of a furan-maleimide adduct.*!
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FIGURE 3| A plot of the natural logarithm of the equilibrium constant (in M) versus
reciprocal temperature, allows determination of the heat and entropy of reaction through the

van’t Hoff equation. The fit excludes the data atlow temperature where vitrification is
evident, preventing the DA reaction equilibrium from being achieved.

The rate of consumption of furan by reaction with the maleimide is written as

S = ks [F1[M] + k. [4] @

where £-and £, are the forward and reverse rate constants, respectively. For a stoichiometric
mixture of furan and maleimide, the reverse rate constants were determined at 25, 45, 60,
and 80°C (see Supporting Information). The pre-exponential factor and activation energy
for the retro DA reaction are determined from an Arrhenius plot to be 5.6 + 0.3 X 10’ s’
and 88 & 2 kJ/mol, respectively (see Figure 4). Activation enetgies of 102 to 114 kJ/mol
have been measured for substituted furans and benzoquinones,42 suggesting that the
measured value is reasonable. The Arrhenius parameter determination allows for the adduct

half-life to be expressed as a function of temperature,

¢ _In(2) _ In (2)
V2= T e

©)

The adduct half-life, and thus the half-life of a crosslink, at the gel-point (i.e., 92.5°C) is

calculated to be approximately 600 seconds, demonstrating the dynamic nature of the DA
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crosslink. The Arrhenius temperature dependence significantly decreases the reaction rate,
and at 66°C the adduct half-life is approximately one order of magnitude longer. At room

temperature the adduct half-life is on the order of days.
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FIGURE 4| An Arrhenius plot of the natural logarithm of the reverse DA rate constant (in
s") versus reciprocal temperature. The dashed line represents a fit of the data that allows the
pre-exponential factor and activation energy to be determined from the intercept and slope,
respectively.
Rheometry

The application of a small-amplitude sinusoidal deformation to a material yields a
complex response, where the modulus is separable into the storage or elastic modulus, G/,
and the loss or viscous modulus, G". Here, the behavior of the DA material at low
temperatures, or high conversions, is that of a typical crosslinked polymer,43 demonstrating a
constant value for the elastic modulus at low frequency (i.e., a plateau modulus, G,) as seen
in a frequency sweep at 75°C for the PPTF/DPBM network (Figure 5). As temperature
increases, a drop-off in the low-frequency modulus occurs, and a cross-over in the elastic

and viscous moduli is observed (F), demonstrating liquid-like behavior and relaxation at long

timescales. Typical chemical gels form irreversible bonds; however, DA crosslinks are
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dynamic, constantly breaking and reforming over timescales dictated by the DA reaction
kinetics and mobility restrictions, resulting in continuous network rearrangement on
timescales associated with the temperature-dependent kinetics described above for the DA
and rDA reactions. This low frequency behavior is analogous to that displayed by physical
gels, such as gelatin,* which are connected by chain entanglements and other weak
associations such as hydrogen bonds or ionic interactions, allowing network relaxation at
long timescales. Network rearrangement has the consequence of adding a lower frequency

bound to the Winter—Chambon criterion (2), corresponding to the longest relaxation time of
the network, 7;. It should be noted that the relaxation in the DA network, as determined by

the G'—G" cross-over at 87°C, occurs on, the same order of magnitude, 10° — 10’ s, as the

half-life of the adduct determined from the kinetics.

Several distinguishing mechanical properties of the DA material, readily observed by
theometry, can be used to characterize its sol and gel states (see Figure 6). When the DA
material is heated to 95°C, above the gel point temperature (i.e., below the gel point
conversion), the viscous modulus is greater than the elastic modulus, characteristic of a
liquid-like sol. Conversely, the elastic modulus is greater than the viscous modulus at 87°C
for most of the frequency range, characteristic of a solid-like gel. At 91°C, the similar scaling
of the elastic and viscous moduli with frequency indicates that the material is near the gel

point as defined by the Winter—Chambon criterion, eq. (2).
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FIGURE 5| Elastic modulus versus frequency for a PPTF/DPBM network. Frequency
sweeps were performed at 75 (m), 80 (@), 85 (A), 87 (), 89 (¢),91 (), 93 (»), and 95°C
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FIGURE 6| Elastic (filled symbols) and viscous (open symbols) moduli versus frequency at

temperatures above  (95°C, A and A), near (91°C, ® and 0), and below (87°C, m and O)

the gel point temperature.

The Winter—Chambon criterion, eq. (2), can be re-expressed in terms of the ratio of
the viscous to elastic modulus (i.e., the loss tangent or tan §) which, at the gel point,
demonstrates frequency independence. A plot of constant frequency loss tangent curves
versus temperature (Figure 7) reveals an intersection that precisely marks the gel point. The

gel point temperature was thus determined to be 92.1 £ 0.2°C, corresponding to a
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conversion of 70.9 £ 0.5%, in excellent agreement with the gel point conversion predicted
by the Flory—Stockmayer equation (1). Whereas other researchers have demonstrated some
extent of reverse polymerization at raised temperatures, to our knowledge, this is the first
clear demonstration of a temperature controlled sol-gel transition in crosslinked DA
polymers, in the absence of a solvent. For example, high temperature BC-NMR
spectroscopy performed on crack-healing DA materials demonstrated reversion to 70%
conversion; however, the tetrafuran-trimaleimide system used in that work would require a
reversion to 40.1% conversion to achieve reverse gelation, indicating that “softening” and
“re-mendability” was achieved exclusively through network rearrangement rather than liquid

12
flow.
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Figure 7| The loss tangent is shown for several frequencies between 0.63 and 10 rad/s.

Frequency independence (i.e., a cross-over) occurs at 92.1°C. The upper and lower
frequency limits are within the valid range of the Winter—Chambon criterion, where 1<

1/7¢. Ditection of arrows indicate increasing frequency.

The frequency cross-over in loss tangent determines the frequency scaling of the

storage and loss moduli, #, through the relationship,45
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6 =— (0)
yielding #» = 0.56 * 0.02. As the conversion approaches the gel point from the sol phase
(i.e., the liquid side of Figure 8), the viscosity divergence is described by the power law,

n~lel™, )
while the emergence of a plateau modulus, beyond the gel point (i.e., the solid side of Figure
8), is described by the power law,

Gp~lel’, ®)

where ¢ is the relative distance from the gel point,
— ©))

and s and 7 are characteristic scaling exponents.

The diverging and subsequent emerging nature of the viscosity and modulus,
respectively, in the vicinity of the gel point are shown in Figure 8. A zero shear modulus is
not observed in DA networks owing to their long-time relaxation, and is thus supplanted by
the corresponding plateau modulus as determined by the inflection point in the elastic
modulus. The plateau modulus was normalized by the temperature to eliminate the entropic
contribution (G ~ T, i.e., via rubber elasticity) and fit to equation (8) (dashed line, Figure 8),

yielding #= 1.23 £ 0.03. The viscosity was fit to equation (7) (solid line, Figure 8) and

normalized by the activation energy (i.c., nexp (i—;)|6|_s), yielding s = 1.4 = 0.2.
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FIGURE 8| The plateau modulus (left) and the viscosity (right) as a function of the
relative distance from the gel point and temperature. The lines indicate the fits of the data to
(7) and (8) on the liquid- and solid-side, respectively.

The scaling exponents #, 5, and 7 are the foundation for a universal description of
gelation. Several theories attempt to predict these exponents, an overview of which is
shown in Error! Reference source not found. Mean field approaches have been used, but
are typically successful only at high values of ¢ or when the distances between branch points

: : 31,46
are large, e.g., vulcanization.” ™

*" De Gennes’ electrical-mechanical analogy establishes an
equivalent scaling of the modulus and macroscopic conductivity and, unlike mean field
theory, predicts the divergence of the viscosity.*® The Rouse model describes linear
polymers as a series of identical beads and springs, and assumes hydrodynamic interactions
are screened at sizes smaller than the monomer level. The Rouse model can be extended to
describe networks and has been shown to predict the scaling exponents successfully when

the distance between network junctions is small.**"
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TABLE 1| Experimental and theoretical values of scaling exponents associated with

gelation.
Ref.
Mean Field 1 0 B 31,51
Electrical-Mechanical Analogy (0.72 75 1.9 48,51
Rouse Model .67 1.3 2.6 49
0.56 1.23 +
Experiment 1.41+0.2 -
.02 0.03

For the DA material, the frequency scaling of the elastic and viscous moduli at the

gel point, #, is most similar to the Rouse model prediction. For other systems, experimental

values have been observed to be in the range of 0.19 to 0.92.>* Deviations of # from the

Rouse model prediction have been suggested to occur because of chain overlap,”” and the

discrepancy between the measured value and the Rouse model may occur because the

molecular weight of the PPTF monomer is sufficient to allow chain overlap. Such behavior

would be manifest by a value of # less than that predicated by the Rouse model.

The viscosity scaling exponent s agrees well with both the Rouse model prediction

and literature values.”* It should be noted, however, that the error indicated for s only

reflects random error and not the systematic error in the gel point conversion, which can

have considerable impact on the scaling determination. As the scaling exponents (i.e., , 5,

and /) are interdependent and are related through

SU 475053
t — 59V,

1-u

b

(10)
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the experimentally determined values for the exponents # and s can be used to calculate the
plateau modulus exponent, yielding #= 1.8 &+ 0.3. This value is inconsistent with the
experimentally determined value for 7, which could simply be due to the sensitivity of the

exponents to the precise location of the gel point conversion.

Conclusions

A crosslinked polymer was formed by the DA reaction between furan and maleimide
moieties, and the furan conversion was measured using FTIR spectroscopy. Below 45°C,
vitrification limited the ultimate attainable convetsion, while above 45°C, the final
conversion is determined by the thermodynamic equilibrium. At sufficiently elevated
temperatures, the equilibrium shift through the retro-DA reaction results in
depolymerization and reverse gelation. The gel point temperature of the material was
determined by the Winter—Chambon criteria to be 92.1 £ 0.2°C, which, in conjunction with
spectroscopic data, is consistent with the gel point predicted by the Flory—Stockmayer
equation for trifuran-bismaleimide system. The DA adduct half-life was on the same order
of magnitude as the longest relaxation time for the network at 87°C, further illustrating the
dynamic nature of the DA crosslink. The rapid and temperature dependent reversible DA
reaction enables facile manipulation of conversion and thus allows the scaling exponents #, s,
and 7 to be determined in the vicinity of the gel point. These exponents were found to be
similar to other values in the literature; however, they were not consistent with values

predicted from mean field theory, electrical-mechanical analogy, or the Rouse model.

Networks formed by the Diels—Alder reaction have been proposed for

remendability, recyclability, and removability, properties that are not accessible in
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conventional thermosets. The crack healing ability of these networks can be attributed to

the constant breaking and reforming of crosslinks, which allows affected areas to form new

crosslinks. Furthermore, because the reaction is controlled by thermodynamics over a large

temperature range, the crosslinking density can be controlled and these materials can be

removed and recycled by reversion to low molecular weight species. These results not only

demonstrate the utility of the Diels—Alder reaction in polymer science, but they also illustrate

the potential of reversibly labile crosslinks for the creation of novel materials.
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CHAPTER IV: Externally Triggered Healing of a Thermoreversible Covalent Network
via Self-limited Hysteresis Heating*

Thermosets are assumed to be crosslinked by irreversible covalent bonds that break
only during material fracture or destructive decomposition." Once a crack is formed, either
by a fabrication defect, mechanical deformation, or material fatigue, the material’s strength
rapidly deteriorates, generally necessitating its replacement. However, thermoreversible
covalent adaptable networks are novel materials capable of undergoing a reversible gel-to-sol
transition because they are crosslinked by thermoreversible bonds.” Herein, we use the
terms sol and gel as per the polymer definitions where the gel represents the infinite
macromolecular network and sol represents the portion of the material that is not attached
to the macromolecular network. Covalent crosslinks are an order of magnitude stronger
than hydrogen bonds, yet they permit the material to be reversibly transitioned from a
crosslinked solid to a non-gelled oligomeric state.” As a result, the material is both
mechanically strong and readily able to heal fractures and other defects.*” Unfortunately,
thermoreversible healing mechanisms are often limited by irreversible side reactions that
occur at elevated temperatures (well beyond the sol-to-gel transition temperature).”
Additionally, strategies for selectively heating a material that is either spatially confined or
surrounded by other thermally sensitive materials have their own set of challenges. In this

communication, we demonstrate the fracture healing of a novel Diels—Alder (DA)

*Published in Advanced Materials, 2010, 22, 2784-2787. Experimental information is available
in Appendix B.



crosslinked network embedded with magnetically susceptible particles that heat in the
presence of an electromagnetic field. This responsiveness allows the material to be heated 7/
sitn while also exploiting the self-limiting heating behavior of ferromagnetic particles, which
minimizes irreversible reactions. As a consequence the material is unchanged even after ten
cycles of fracture and repair, achieving its native properties after each and every fracture and
repair cycle. Furthermore, while photocuring in many optically opaque materials is
intractable, the electromagnetic fields used in this study are not readily absorbed. Thus, our
approach allows for an externally triggered depolymerization and subsequent polymerization

in materials such as composite laminates.

Two strategies dominate the field of self-healing materials: systems that release
reactive monomers at the site of fracture’ and networks that heal via reversible covalent
bond rearrangement.”” Monomer releasing systems heal in response to damage without
external intervention; however, few are capable of more than a single healing event unless
complex lithographic fabrication is utilized.”® In contrast, reversible networks are inherently
capable of healing multiple fracture events.””  Many reversible networks are thermally
triggered, typically by placing the sample in a convection oven. Additionally, 7z sitn
temperature control methods are possible for composite materials, including resistance
heating,  photothermal particle heating," and hysteresis heating.""> Hysteresis heating is
one of several heating mechanisms that occur when a ferromagnetic material is placed within
an alternating magnetic field."” Unlike the other two strategies, hysteresis heating does not
require internal circuitry nor does it suffer from light attenuation. By selecting appropriate
frequencies and particle sizes, the heating mechanism is limited to Néel relaxation. Above

the Curie temperature of the material, the magnetic susceptibility vanishes and heating

39



ceases. Thus, unlike super paramagnetic effects orinduced currents, hysteresis heating
provides a self-limiting mechanism that is precisely controlled by the Curie temperature of
the susceptible material. While common ferromagnetic materials, such as Ni, Fe, and Co, are
unsuitable for organic materials as their Curie temperatures are well above the temperature
where irreversible polymer decomposition occurs (i.e., 358, 770, and 1130 °C, respectively)"’

chromium IV oxide possesses a Curie temperature of 113 °C,'* making it an ideal candidate.
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FIGURE 1| (a) Diels—Alder reaction between furan and maleimide functionalities. At
lower temperatures equilibrium favors the forward reaction, resulting in bond formation and
gelation. At elevated temperatures the retro-Diels—Alder reaction is favored, and the bond is
reversibly broken. The monomers used in this work were (b) 1,1'-(methylenedi-4,1-
phenylene) bismaleimide (DPBM) and (c) pentaerythritol propoxylate tris(3-
(furturylthiol)propionate) (PPTF).

1

Figure 1 shows the monomers used in this communication, a trisfuran, PPTF, and a
bismaleimide, DPBM, possess a gel point temperature of 92 °C,? which is well below the

Curie temperature of chromium oxide (113 °C). The alternating magnetic field precludes the
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use of a thermocouple for bulk temperature measurement, and consequently, an infrared
pyrometer was used to measure the composite surface temperature. Figure 2 shows the
steady-state temperature reached by a polymer composite as a function of the magnetic field
strength for several compositions of chromium IV oxide. For a given particle concentration
each data set is divided into three regions: a low steady-state temperature region that is below
a critical magnetic field strength; a high steady-state temperature region that is above a
critical magnetic field strength; and a transition between these behaviors that displays path

dependence or hysteresis.
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FIGURE 2| The steady state temperature of three different compositions of CrO, particles
in a thermoreversible polymer network is shown as a function of the applied magnetic field
strength (0.0 % wt. (m), 0.1 % wt. (0), 1.0 % wt. (A), and 10.0 % wt. (0)). The grey boxes
denote regions where the system shows path dependence. Samples initially at an elevated
temperature will not cool to the lower temperatures, unless brought to field strengths lower
than the left side of the box. Samples at lower temperatures will not reach elevated
temperatures, unless brought to field strengths greater than the right side of the box.

Below a critical magnetic field strength (left of the grey box in Figure 2), both the

hysteresis heating and resistive heating of the coil produce a slight temperature rise. Despite

internal water cooling, the coil temperature increases linearly with power owing to AC
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resistive heating. As a consequence, the thermal gradient at the sample boundary decreases,
causing a small rise in the bulk temperature, observed in samples with no particles. Above a
critical magnetic field strength (right of the grey box in Figure 2) the steady-state
temperature becomes nearly independent of the applied field, with a slight temperature rise,
again associated with coil resistive heating. Further investigation reveals that the steady-state
temperature in this region has a weak dependence on the particle concentration. A 0.1 % wt.
loading results in a maximum steady state temperature of ~120 °C, while a 10.0 % wt.
loading results in a maximum steady state temperature of 146 °C, which is approaching the
temperature observed in the bulk material, 149 °C. Interestingly, all of these temperatures
are above the Curie temperature of chromium IV oxide, suggesting either the presence of
impurities in the particles, such as chromium III oxide, or viability of another heating
mechanism, such as by induction via particle agglomerates. Between the lower and upper
critical field strengths (within the grey box in Figure 2) there is a large path dependent shift
between low and high steady state temperature regimes, respectively. For example,
increasing the field strength in a 1.0 % wt. sample from 9.6 to 11.1 mT, results in a
temperature rise of 29.6 to 43.5 °C. However, decteasing the field strength from 11.5 to
11.1 mT, results in a steady-state temperature decrease from 126 to 119 °C, rather than the
expected 43.5 °C. This path dependence demonstrates the non-linear temperature effect of
heat generation in chromium IV oxide coupled with the heat transport in the surrounding

medium.

When heated to 110 °C the material shows liquid-like behavior with a viscosity twice
that of glycerol (~3 Pa-s). Accordingly, upon activation in a radio frequency field at a

suitable strength, the material with 1.0 % wt. CtO, readily flows and rapidly wets a teflon
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mold, as shown in Figure 3. This process is readily repeatable, allowing the material to be
repeatedly cycled between gel and sol states, which enables the material to be reshaped
multiple times. Numerous cycles can be achieved because the rate of irreversible side

reactions is minimal at the temperatures reached by the hysteresis heating mechanism.

FIGURE 3| A thermoreversible covalent adaptable network is shown being cycled
between gel and liquid states so that it can be reshaped. (Upper left) Sample of
PPTF/DPBM with 1.0 % wt CtO, cast as a hexagonal flat. (Upper right) The hexagonal
sample is placed in a mold and heated by a ~15 mT field at 390 hz for ~150 s. Pictures are
numbered sequentially as the sample depolymerizes and flows to fill the differently shaped
mold. (Lower right) After shutting off the field and allowing the sample to cool, the round
flat shown can be removed from the mold. (Lower left) The round flat is then fractured
and placed in the hexagonal mold and heated using the same magnetic field. After cooling
the hexagonal flat is recovered.

Suitable reactions for creating reversible covalent adaptable network are limited, as
such a reaction must be readily reversible, have products and reactants that lack competing
reactions, and be tolerant of environmental conditions. Several materials, such as

polyalkyhydrazones,">'® cycloadducts of [2+2] cycloaddtions,'” and alkoxyamines' (also see
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review by Engle'), have been used to create reversible covalent bonds in polymers; however,

only the Diels—Alder and [2+2] cycloaddition have been employed in crack healing systems.
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FIGURE 4| The flexural modulus (a) and ultimate strength (b) of a PPTF/DPBM sample
with 1.0 % wt CrO, after ten cycles of being fractured and repaired. No significant change is
observed in either material property, demonstrating the ability of this material to repeatedly
heal damage.

To demonstrate the reversibility of our system and its inherent ability to heal
damage, the flexural modulus and ultimate strength of the material were measured over ten
heating and fracturing cycles. In these experiments complete recovery of the flexural
modulus and ultimate strength was demonstrated, as shown in Figure 4. This result
compares favorably with other Diels—Alder polymers that have been shown to recover 80 %
of fracture toughness though two cycles,” and also with systems employing the [2+2]
cycloaddition that recovered 26 % of the flexural modulus.”” Furthermore, healing via the
gel-to-sol transition is advantageous as it negates the problem of perfectly aligning the
fractured surfaces. Alternatively, monomer releasing materials have been shown to recover

75 % of fracture load in microcapsule systems that heal a single fracture event.” The

microvascular network approach has been shown to permit healing of the sample over 30
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fracture cycles, with an average 50 % recovery of the fracture toughness.” The
thermoreversible chemical bond approach also shows advantages over the reptation based
healing that occurs in many thermoplastics. For example, poly(methyl methacrylate)
composites employing ferrimagnetic y-Fe,O; particles as a magnetic susceptor showed
complete recovery of the Young’s modulus and reduced elastic modulus over six cycles;

however, this material required 24 times the amount of heating time to heal.”’

The incorporation of magnetically susceptible particles in a thermoreversible
chemical gel results in a material that undergoes a reversible gel-to-sol transition when placed
in an alternating magnetic field. The gel-to-sol transition allows the material to flow, and
upon cooling macroscopic fractures are healed. Unlike other self-healing materials, this
approach is both repeatable and rapid, without requiring reactants to be dispersed in the
material or a detailed mechanical microstructure. The self-limiting nature of the heating
mechanism further protects the system from irreversible degradation during multiple healing
cycles. While reversible chemical gels have inherent limitations, such as thermal stability, in
appropriate applications they provide a successful route towards creating materials and
devices that can be readily repaired instead of being discarded upon crack formation or
material failure. The ability of electromagnetic fields to penetrate optically thick composite
materials combined with the ability of such materials to be repeatedly heated and healed
could prove particularly important in applications where large polymer composites, such as
wind turbines and helicopter rotors, are subjected to repeated stresses, and the fatigue

induced cracks must be healed to prevent catastrophic failure.
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CHAPTER V: Photofixation lithography in Diels-Alder Networks*

Abstract
Photoresists generally utilize a change in solubility upon irradiation to subsequently
“develop” a patterned image. In this work, a novel photolithographic resist that utilizes a
light sensitive, reversibly crosslinked polymer network scaffold is demonstrated. Reversibly
crosslinked networks are formed by the Diels—Alder reaction of furan and maleimide.
Spatio-selective fixation of the crosslinks by radical reactions renders them irreversible
within a well-defined, light exposed region. Subsequent reversion of the crosslinks in the
unexposed regions to monomer yields a patterned image. Both two and three dimensional
patterning is demonstrated, producing features as small as 2 microns. The use of a reversibly
crosslinked resist provides several key advantages including solventless preparation, reduced
diffusion of the active species, and the ability to pattern arbitrary three dimensional shapes.

The ability to selectively carry out chemical reactions using light to spatially and
temporally control the reaction plays a key role in many modern technologies including as
microfluidic devices,' metamaterials,” artificial tissues,’ parallel protein synthesis techniques,4
3D prototyping,™ and microchip fabrication.” Conventional photolithography begins with
the preparation of a photoactive thin film cast onto a substrate, typically using spin coating
techniques, followed by heat to remove the solvent. A pattern is then transferred to the
photoresist using actinic masked or focused laser light. The resulting image is developed by
immersion in a solvent which selectively removes the undesired material. Enhanced pattern
resolution is a continuing goal as researchers attempt to attain smaller feature sizes. There
are a number of subtle process variations that have been employed to reach this goal, such as

the use of block copolymers to increase the pattern density,’ or deactivation techniques that

allow sub diffraction feature sizes to be achieved.”"

*Experimental information available in Appendix C.



Photoresists are generally classified as being negative or positive tone resists.""
Positive tone resists are rendered soluble by irradiation, typically due to degradation or
modification of the polymer polarity, while negative tone resists utilize polymerization or
crosslinking reactions to render them insoluble after irradiation.” Photosensitive polymers
can be prepared that undergo direct photolysis (i.e. poly methyl methacrylate) or that are
polymerized by simple photochemical reactions (i.e., cinnamate or azide-olefin coupling);'
however, such approaches are inefficient and require at least one photon to be absorbed for
each reaction event. Photoresist sensitivity is greatly enhanced when an active species, such
as a radical, carbocation, or acid, is photochemically generated and propagates through the
reaction medium to initiate or catalyze a series of reactions.” The chief drawback of such an
approach is that the active species can diffuse away from the area of interest, thus reducing
the resolution of the photoresist. As modern photolithography is heading towards sub 38
nm resolution, molecular diffusion limitations pose an even greater problem.'*"
Furthermore, state of the art photolithographic techniques are approaching the characteristic
size of the linear polymers employed in common resists. As such, alternatives including
molecular glasses have been proposed for their decreased size."

To improve resolution we propose carrying out the patterning reaction within a
polymer network scaffold, where the diffusivity of the active species is significantly retarded
and the smallest characteristic size is reduced to the distance between crosslinks. While
conventional chemically crosslinked networks are insoluble, infusible, and inherently
incapable of functioning as a reversible scaffold, networks formed using reversible reactions

are readily able to depolymerize. Thus, patterning reactions can be carried out when the

scaffold is in a crosslinked state, where diffusion of active species is reduced and where the
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formation of three dimensional objects is facilitated. Subsequently, the unexposed scaffold

can be removed in a later processing step.

In considering approaches to achieve these goals, a wide variety of reversible
reactions that have been utilized to crosslink polymer networks were considered.”"
However, among those reactions, few are as robust or possess the unique behavior of the
Diels—Alder reaction between furan(1) and maleimide(2). Upon heating of reacted
structures, the resulting adduct (3) readily undergoes a retro-Diels—Alder reaction to recover
(1) and (2). Thus, polymer networks formed by the Diels—Alder reaction can be alternated
between polymerized (i.e., crosslinked) and depolymerized states simply by decreasing or
increasing the temperature.w If the Diels—Alder adduct participates in a subsequent reaction,
then the reversibility of this crosslink is eliminated. Thus, if one were to spatio-selectively
trigger such a reaction of the adduct, that location within the scaffold would be permanently
‘fixed’. Fortuitously, the adduct (3) bears a superficial resemblance to norbornene, a vinyl
group that exhibits excellent reactivity within the thiol-ene and other radical reactions. By
introducing a photoinitiator and a thiol-functional species into the formulation, the Diels—
Alder scaffold is readily photofixed wherever the material is irradiated. Upon heating the
material, the unexposed regions revert to their uncrosslinked or even monomeric state and
are easily removed, leaving the irreversibly crosslinked scaffold wherever the sample was
exposed to light. Figure 1 illustrates this negative tone ‘photofixation’ process and the

accompanying chemical reactions, while Figure 2 shows the specific species examined.
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\ 1) Diels-Alder
Reaction

Figures 1| A schematic of the photofixation process is shown with the accompanying
chemical reactions. I) First, a crosslinked polymer is formed by the thermoreversible Diels—
Alder reaction between multi-functional furan (1) and maleimide (2) monomers. II) The
crosslinks formed by the resulting oxy-norbornene groups (3) are then selectively converted
to irreversible crosslinks by the radical reactions with thiol molecules freely suspended in the
polymer network. III) The pattern is then developed by selectively removing the remaining
material containing reversible bonds via the retro-Diels—Alder reaction.

o]
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Figure 2| The specific species used throughout this manusctipt.

One interesting aspect to this proposed scheme is that the thiol can potentially
undergo the base-catalyzed Michael addition with maleimide. This ‘click’ reaction is often
employed in protein functionalization® owing to its ease and high yield. However, in the

absence of a nucleophile or base, the thiolate anion is never formed preventing the Michael
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addition reaction from occurring.”’ Therefore a stoichiometric mixture of (4), (5), and (6)
with 1% weight of the photoinitiator (7) was prepared and a 1/100" molar equivalent of HCI
added. After heating for 7 hours at 80°C the reaction reached steady state. IR spectroscopy
showed that 86% on the furan and 88% of the maleimide has been consumed (Figure 3).
The nearly equimolar consumption of both species suggests that the strong acid effectively
eliminates the Michael addition. Consequently, a mixture of maleimide, furan, thiol, acid,
and photoinitiator could be prepared, and then baked to form a hard film, retaining its
photosensitive properties for at least several weeks. Depending on the desired thickness,

such films can be prepared without the need of a solvent.

Upon irradiation, photolysis of the initiator produces radicals. IR spectroscopy
revealed the consumption of 40% of the Diels—Alder adducts, while nearly all of the free
maleimide was consumed. The particular thiol used in these experiments (0) is not IR active,
and its conversion is unknown. In separate experiments utilizing a different maleimide and
thiol, the combined extent of reaction of the maleimide and adduct exceeded that of the
thiol suggesting that coupling of all three components occurs (see Supporting information).
Regardless of the exact pathway followed, these reactions form a significant number of

irreversible crosslinks that prevent reverse gelation.
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Figure 3| After 4 hours at 80°C the IR spectrum shows the consumption of furan (1012
cm’) and maleimide (690™) as well as the formation of the Diels-Alder Adduct (920™).
Approximately 86% of the furan and 88% of the maleimide have been consumed,
demonstrating effective suppression of the Michael addition. After irradiation, all of the free
maleimide and 40% of the adduct is consumed.

When the material is selectively irradiated using masked light the crosslinking
reactions are restricted to the irradiated area. Thus when such a sample is immersed in a
heated solvent and the retro-Diels—Alder reaction occurs, and an image is developed (Figure
4). Using a collimated medium pressure mercury lamp in conjunction with a chrome mask
in contact mode features as small as 2 microns were readily fabricated. The resolution of
this process is severely limited by both the quality of the masks and the collimation of the
lamp, and more modern approaches are required for increased resolution. Development is
facilitated by the use of furfuryl alcohol as a solvent. Not only does this naturally derived
solvent possess a high boiling point,22 but the monofunctional furan reacts with free

maleimide to shift the equilibrium away from crosslink formation and towards the formation

of low molecular weight, non-crosslinked oligomers and monomers.
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Figure 4| The increased crosslinking density in the irradiated areas results in the
development of an image after the unreacted material is removed by the retro-Diels—Alder
reaction. Features as small as 2 microns were readily produced in both thin films (< 1
micron) that were stripped completely to the glass, and in thicker films (~10 micron) where
the etching proceeds 1-2 microns into the film (as shown in the SEM micrograph).

While the state of the art of two-dimensional lithography has moved to the
nanometer realm, the fabrication of three dimensional structures on the micron size scale
presents significant challenges. Unlike two dimensional lithography three dimensional
features must be built up layer by layer in a bath of liquid monomer when using a negative
tone resist.” Hach undetlying layer must support the next layer to be written and as such,
support structures are required for overhanging features which would otherwise undergo
settling from densification associated with the polymerization. These support structures are
easily removed in macroscale rapid prototyping applications; however, they are not readily
removed or formed for smaller structures. While complex shapes are possible with
conventional approaches,” arbitrary three dimensional shapes that require overhanging
features typically cannot be written with current negative tone materials. Positive tone
photoresists overcome this difficulty” and are efficient for writing channels and other
features where minimal material needs to be removed and where the hollow regions of the

structure are interconnected with exits. However, the efficiency of removing large amounts
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of material for other applications is problematic. The use of a photoresist that is a
crosslinked solid therefore represents a significant advantage as the need for supporting
structures is eliminated and complex structures can all be written prior to the removal of any

material.

The sample formulation utilized for the previous experiments proved equally useful
for the microstereolithographic applications. We found that the UV photoinitiator, 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 7) possess an adequate 2-photon cross-section
utilizing a 740 nm pulse femtosecond laser. Upon irradiation, the refractive index changed,
allowing immediate visualization of written shapes within the surrounding material by
confocal microscopy (Figure 5). After heating the sample in furfural alcohol, the unexposed
material depolymerized and the written features could be recovered by careful filtration from

the developing liquid.

The Diels—Alder reaction has been demonstrated as a viable approach to creating
photofixation-based negative tone resist. The addition of a small amount of strong acid
allows the Diels—Alder reaction between furan and maleimide to occur in the presence of
thiol and a photoinitiator. After curing, the films are stable and may be later irradiated using
masked or focused laser light to induce irreversible crosslinking reactions within the material.
The retro-Diels—Alder reaction subsequently allows the material in the non-irradiated areas
to be selectively removed, resulting in the development of an image or three dimensional
shape. The use of a reversibly crosslinked polymer network as a photoresist has a number of
potential advantages. It is expected that diffusion of the active species in such systems will

be significantly retarded enhancing the feature resolution. Further, as the starting materials
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are low viscosity monomers thin films can be prepared without the use of volatile organic
solvents. It is also theoretically possible that the use of solvents could be eliminated in the
image development step as well. As such, photofixation lithography presents a powerful

new approach to patterning polymeric materials.

(@ ‘
Figure 5| A set of three interlocked rings was written using a scanning confocal microscope
and 2-photon photoinitiator. The rings were then freed from the surrounding media by
immersion in furfuryl alcohol. An optical micrograph shows the rings swollen in the
solvent. After solvent removal the rings return to their original size as shown in the SEM
micrograph (b).
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CHAPTER VI: Spatial and temporal control of the alkyne—azide cycloaddition by
photoinitiated Cu(Il) reduction*

Abstract

The Click reaction paradigm is centered on development and implementation of reactions
that are simple to perform while being robust and providing exquisite control of the reaction
and its products. Arguably the most prolific and powerful of these reactions, the copper
catalyzed alkyne—azide reaction (CuAAC), is highly efficient and ubiquitous in an ever
increasing number of synthetic methodologies and applications, including bioconjugation,
labeling, surface functionalization, dendrimer synthesis, polymer synthesis, and polymer
modification. Unfortunately, since the Cu(I) catalyst is typically generated by chemical
reduction of Cu(ll) to Cu(l), or directly added, temporal and spatial control of the CuAAC
reaction is not readily achieved. Herein, we demonstrate catalysis of the CuAAC reaction via
the photochemical reduction of Cu(Il) to Cu(l), affording comprehensive spatial and
temporal control of the CuAAC reaction using standard photolithographic techniques.
Results reveal this technique’s diverse capability in small molecule synthesis, patterned
material fabrication, and patterned chemical modification.

The diverse implementation of the CuAAC reaction owes to its simplicity, high yield,
fast reaction kinetics, orthogonal reactivity, and tolerance of a wide variety of solvent

conditions'. As such, the CuAAC reaction is valuable across a vast library of materials

2,345, 6

applications and chemical modifications™®”"”. However, the conventional generation of

the catalytic Cu(l) species lacks spatial and temporal control. While this deficit may seem

trivial from a purely synthetic point of view, spatial control is necessitated in the creation of

11,12

numerous functional materials >~ such as inks, coatings, adhesives, metamaterials, contact

lenses, dental materials, and photoresists, and is employed in techniques such as parallel

protein synthesis'’, cell encapsulation', tissue engineering"”, and 3D prototyping'*".

* Published in Nature Chemistry, 2011, 3, 258-261. Experimental information available in
Appendix D.



Temporal control enables workers to initiate a reaction on demand, as is critical when
materials must be spin coated, or otherwise prepared after mixing of the components, but
before a reaction occurs. The ability to spatially and temporally control the CuAAC reaction
would extend the CuAAC reaction capabilities, improve its ease of use, and increase the

number of materials that are readily patterned.

The critical need for complete spatial control of the CuAAC reaction is
demonstrated by the extent to which researchers have gone to facilitate partial control of this
reaction. Dip-pen lithography, with a Cu(l) inked tip or a copper tip '*'’, has been used to
trace a pattern on the substrate, and catalyze the CuAAC reaction between a functionalized
surface, and the alternate click reagent in the bulk. This technique has produced features as
small as 50 nm, and micron scale features require one half second to complete. Similatly,
microcontact printing utilizes an elastomeric stamp inked with a solution of reagent to
promote spatial control®”. Here, the catalytic Cu(]) is either included in the solution, or
generated from a copper metal layer coating the surface of the stamp. The stamp is brought
into contact with a functionalized surface for 15 minutes to an hour. Features on the order
of tens of microns are readily fabricated using this technique. Electroclick chemistry utilizes

an electric potential applied across a pair of electrodes®*

. At the negative electrode Cu(Il) is
reduced to Cu(I) and the CuAAC reaction is subsequently catalyzed where features as small
as 10 microns have been produced. These techniques are not without their drawbacks.
Microcontact printing utilizes inexpensive elastomeric stamps than can rapidly reproduce
images. However, the master the stamps must be fabricated by another technique that is

capable of directly writing the master. Electroclick chemistry shares this drawback. Dip-pen

lithography is capable of directly writing high fidelity images, but is accordingly ill-suited to
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the reproduction of large images and features. Alternatively, photolithography utilizes
masked or focused light to irradiate a specific area, and induce chemical reactions that
change the solubility of the photosensitive material. An image is then developed by
immersion in a solvent. Photolithography can both directly write images and reproduces
images, even utilizing masks produced by inkjet printers®. Unlike all of the current
techniques utilized for patterning the CuAAC reaction, photolithography is also used to

16,17

. . . . . . . . . 4
produce three-dimensional images and reactions ', to write images within a material” and to

functionalize a material anywhere throughout the material.

Upon irradiation, photochemical reactions occur either by direct excitation of
chromophoric species, as in the case of [2+2] cycloadditions, or by the generation of an
active species that initiates multiple reactions, as typical of photopolymerizations.
Photochemical 1,3-cycloadditions are symmetry forbidden® and the photopatterning of
azides and alkynes has been limited to the photochemical decarbonylation of propenones to
dibenzocyclooctynes, which subsequently undergo the thermal 1,3-dipolar cycloaddition
(coppet-free azide—alkyne click reaction)”. Despite the success of this innovative approach

for labeling cells® and functionalizing surfaces™

, it is limited by the complexity and scarcity
of materials possessing the requisite cyclopropenone functional group, the synthesis of
which is non-trivial. Furthermore, this mechanism requires large irradiation doses to obtain
high conversions as each absorbed photon leads to a maximum of one bimolecular coupling
event. In contrast, unprotected, reactive azides are readily synthesized from acyl halides, and
typical photoinitiated polymerizations follow a chain reaction mechanism, where a single

absorbed photon leads to a reaction cascade that ultimately consumes many reactant

molecules per absorbed photon.
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While the 1,3-dipolar cycloaddition reaction is not influenced by conventional
photogenerated active species, such as carbocations and radicals, the reaction rate is
increased approximately 10" times by catalytic amounts of Cu(I)”’. This catalytic behavior
permits the photochemical generation of Cu(I) to be utilized in a manner analogous to
generation of radical or carbocation species in traditional photopolymerization processes,
and would enable spatial and temporal control of the CuAAC reaction. Further,
photochemical generation of Cu(0) from Cu(Il) was previously demonstrated in the
synthesis of three dimensional nanoparticles by photoinduced radical generation, where the
radicals reduce Cu(Il) to Cu(0)*. Here, we demonstrate that the Cu(l) transiently generated
in the course of such a process is able to catalyze the Huisgen 1,3-dipolar cycloaddition,

enabling a photoinducible azide—alkyne cycloaddition (pCuAAC) reaction (Figure 1a).

UV irradiation of an aqueous solution of monofunctional azide and alkyne species
(1-hexyne (1) ethyl azidoacetate (2)) in the presence of a cleavage-type photoinitiator
(Irgacure 819 (3)) and copper sulfate pentahydrate results in the generation of radicals that
subsequently reduce Cu(Il) to Cu(l) (structures are shown in Figure 1b). 'H-NMR
spectroscopy reveals complete conversion (98% yield) of azide and alkyne functional groups
and production of the expected triazole species without side products (see Supplementary
information). The use of TiO, as a radical source produced similar results, but due to
the heterogeneous nature of TiO, the system was not readily amenable to further
experimental analysis. The performance of the CuAAc reaction depends strongly on the
amplified character of this process, as each photointiated radical leads to Cu(I) species that
subsequently catalyze many reactions. Kinetic aspects of the reaction were explored by

monitoring the concentration of ethyl azidoacetate via Fourier transform infrared
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spectroscopy (FTIR). These experiments showed a maximum rate 9 x 10? mM/s, which
falls within the range of the two sodium ascorbate and copper sulfate systems measured by
Kasuga ¢t a/’. Control experiments, where the light, initiator, and copper were absent,
indicate that each component is necessary and thus support our proposed mechanism
(Figure 2). Off-stoichiometric experiments further verified the absence of side reactions
such as Eglintin coupling.
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Figure 1 | General scheme for a photo-catalyzed CuAAC reaction. a) A photoinitiator
is first used to generate radicals, b), which reduce Cu(Il) to Cu(I). c¢) The transiently
generated Cu(l) then catalyzes the 1,3-dipolar cycloaddition, c) before possibly being reduced
to copper metal. e) Disproportionation is another potential fate of for Cu(I). Reactions of
Cu(I) and oxygen are also possible (not shown). f) 1-Hexyne (1), ethyl azidoacetate (2), and
Irgacure 819 (3) were used in the 'H-NMR and FTIR expetiments, while a 3K PEG-dialkyne
4), a 10K PEG-tetraazide (5), and Irgacure 2959 (6) were used for hydrogel synthesis.

The persistence of catalytic Cu(I) was explored by monitoring the reaction behavior
following irradiation cessation, i.e., turning off the light, and prior to complete reactant
consumption, revealing that once initiated, the reaction persists for extended times in the
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dark (Figure 2). The continued reaction suggests that Cu(I) is not rapidly consumed during
the dark reaction (i.e., after the irradiation is ceased), suggesting that the disproportionation
of Cu(I) to Cu(Il) and Cu(0) occurs over a timescale longer than that of the CuAAC reaction
(as radicals are no longer available for reduction). This persistent behavior of Cu(l) enables
complete reaction to be achieved with a minimal amount of required irradiation. For
example, a sample irradiated for five minutes, reaches 20% conversion during irradiation, but
still proceeds to 80% conversion after 160 minutes in the dark. Accordingly, in a
continuously irradiated sample each photon absorbed results in the reaction of
approximately 20 azide and alkynes, while a sample irradiated for five minutes produces at

least 130 reaction-events per absorbed photon.
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Figure 2 | Photo-CuAAC reaction kinetics. The complete conversion of the azide species
is shown to occur in approximately 60 minutes for a DMF solution with 200 mM 1-hexyne
(1), 200 mM ethyl azidoacetate (2), 10 mM copper sulfate, and 10 mM Irgacure 819 (3)
irradiated with 10 mW/cm?” 400-500 nm light. Also shown is the azide conversion for
mixtures lacking Cu(II), irradiation, or photoinitiator. No significant reaction is noted for
any of these control samples and all three lines overlay. Conversion is also shown when
irradiation was ceased after five or ten minutes during the course of the reaction.
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While temporal control of material forming reactions increases their ease of use,
much of the interest in the CuAAC reaction is associated with its high conversion and
functional group tolerance, promoting efficient orthogonal synthesis as well as the facile
modification of materials, such as surfaces and polymers™. The spatial control enabled by
photopolymerization should extend the capability of the CuAAC reaction to creating
patterned devices, materials and structures. Hence, we explored the synthesis and 7 situ
modification of hydrogels, an important class of polymers that show promise as tissue
mimics'?, as well as alkyne functionalized silica surfaces. Multifunctional alkyne (4) and azide
(5) functionalized polyethylene glycol (PEG) monomers were readily synthesized (see
Supplementary Information) and irradiated in the presence of copper sulfate and
photoinitiator (Irgacure 2959 (6)), yielding hydrogels that were formed in less than four
minutes (as determined by rheometry, see Supplemental Information). The time to gel is
comparable with gels formed by similar concentrations of Cu(Il) and reduced via sodium
ascorbate, and is easily controlled by varying the light intensity. As a consequence of the
reduced functional group concentration, the ratio of Cu(Il) to functional groups is much
higher, and the reaction appears to proceed faster. Uniquely, this photopolymerization
proceeds by a step growth mechanism, an attribute of photopolymerizations that is currently
shared only with the thiol-ene and thiol-yne photopolymerization reactions. Compared to
chain growth polymerizations, this mechanism allows for delayed and readily predicted gel-
point conversions. The neatly ideal hydrogels formed by the CuAAC reaction have been
shown to possess improved mechanical properties compared to networks formed by radical
crosslinking of diacrylates™. Further, it has been shown that the cyctotoxic Cu(l) from the

CuAAC reaction can be removed by ethylenediaminetetraacetic acid (EDTA)™.
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The spatial resolution of a photolithographic process is either limited by the ability of
the optics to project the desired image, or the capability of the photoinduced process to
reproduce the image. The persistence of Cu(l) in the previous experiments suggests that the
diffusivity of Cu(l) may be an important consideration, and taking the diffusivity of Cu(I) to
be on the order of 10° cm?/s a characteristic distance of hundreds of micrometers is
calculated for relevant experimental timescales”. However, patterning experiments readily
produced 35 micron wide (4.2 micron depth) features that were only 5 um wider than the
mask (see Figure 3). This illustrative result suggests that translational diffusion of Cu(l) is
greatly limited by the nature of the reaction. Three potential explanations for this
observation are: 1) the binding of Cu(I) to the alkyne functionalized monomer, during the
course of the CuAAC reaction results in diffusion being dictated by the dynamics of the
telechelic polymer rather than Cu(l); ii) the ligandization of the Cu(l) with the triazole
product results in a similar decrease in diffusion of Cu(I); iii) Cu (I) is rapidly consumed once
it diffuses out of the irradiated area, likely via reactions with oxygen **. The exact
explanation remains an open question at this time. If indeed oxidation of Cu(l) is responsible
for the resolution of the system, then oxygen plays a much different role in these systems
than it does in other click reactions, such as thiol-ene and thiol-yne reactions. Perhaps,
pattern resolution could be improved by the intentional addition of an oxidizer that would
decrease the diffusion of Cu(l) outside of the irradiated area. Regardless, the resolution of
this process is suitable for numerous surface and 3D material patterning applications such as

the construction of hydrogel based microreactors™.

Post-synthetic modification of hydrogels was also successfully demonstrated (Figure

4). Gels were synthesized by the thiol-yne reaction with a stoichiometric excess of alkynes.
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A solution of photoinitiator, copper sulfate, and a functionalized fluorophore was then
swollen into the gel. Upon irradiation, the pCuAAC reaction between the functionalized
fluorophore and the pendant alkynes in the polymer network produces a fluorescent pattern
within spatially defined regions of the gel. It was determined that 25 um features could
readily be formed and discerned with only 50 seconds of irradiation. The ability to
selectively pattern hydrogels has been exploited to promote cell adhesion though RGD

peptides, and the fabrication of high-performance organic electronic devices*”.

a) Legend:
Azide

Alkyne
Irradiated area

e~

200 pm
—

Figure 3 | Hydrogel formation patterned by photo-CuAAC reaction. a) Hydrogels are by
formed irradiating a 3K PEG dialkyne (4) and a 10K PEG tetraazide (5) in the presence of a
Irgacure 2959 (6) and copper sulfate using masked light. The gels form only in the irradiated
area. b) The inset brightfield image show one such dehydrated gel, approximately 4 um
thick. The photomask used consists of 25, 50, 100, 200, 300, and 400 um bars separated by
100 um spaces.
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Figure 4 | Fluorescent patterning of a hydrogel by the photo-CuAAC reaction. a) The 7z
sitn patterning of a hydrogel (inserted photo) was achieved by first forming an alkyne rich gel
via the thiol-yne click reaction of a 10K tetrathiol and 3K dialkyne A solution of
photoinitiator, copper sulfate, and an azide labeled fluorophore was swollen into the gel.
Irradiation with a photomask (same mask as Figure 3) resulted in the generation of Cu(l) in
the irradiated areas and the subsequent pCuAAC reaction between the pendant alkyne
groups and azide functionalized fluorophore. b) After removal of the unreacted
fluorophore, widefield microscopy reveals the patterned of the fluorophore.

The photochemical generation of chemical species that locally reduce Cu(Il) to Cu(I)
for catalysis of the CuAAC reaction was studied by a combination of 'H-NMR spectroscopy,
FTIR spectroscopy, and dynamic mechanical analysis, while confocal and optical
microscopies confirm the fidelity of the patterned features produced using this technique.
This approach is readily adaptable to both aqueous and non-aqueous systems, with the likely
limitation being the copper salt solubility. Moreover, a variety of radical generators can be
employed. TiO, and cleavage type photoinitiators were demonstrated herein, and the
abstraction type photoinitiators frequently used in copper nanoparticle synthesis and should
work equally well”. Additionally, the uncanny resemblance of this system to reverse atom

transfer radical polymerizations (reverse-ATRP *') suggests that systems could be designed

to form persistent radicals. Not only would this allow for simultaneous click reactions and
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living polymerization, but some ATRP polymerizations are capable of utilizing mere ppm

levels of copper, suggesting perhaps that this approach could enable a dramatic reduction in

the copper concentration. Perhaps this reduction could permit the CuAAC reaction to be

utilized in biological systems as the irradiation conditions and initiators used are

cytocompatible.” In conclusion, this approach to catalysis of the CuAAC reaction is broadly

applicable, improving the implementation, robustness and control of the CuAAC reaction.
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CHAPTER VII: Mechanism of the photo-mediated copper catalyzed azide—alkyne
cycloaddition*

Abstract
The photo-mediated catalysis of the copper catalyzed azide—alkyne cycloaddition
(CuAAC) reaction using a photoinitiator was studied using infrared spectroscopy and
initial rate experiments. It was found the CuAAC reaction is the rate determining step,
and the undesirable side reactions of Cu(I), such as disproportionation, further reduction
by radicals, and reactions with oxygen are largely avoided, likely due to ligand
interactions. The lack of these reactions, and the protection of Cu(l) by ligands also
explains both the propensity for dark reaction and high fidelity spatial control of the
reaction. These results demonstrate that the photo mediated catalysis of the CuAAC
reaction has all of the advantages of using sodium ascorbate to reduce Cu(ll), while
enabling spatiotemporal control of the reaction.

While the 1,3-dipolar cycloaddition is a straightforward “no mechanism”
reaction, its popular variant, the copper catalyzed azide—alkyne cycloaddition (CuAAC),
exhibits reaction kinetics that suggests a more complex mechanism.>> The Cu(l) catalyst
is typically generated #n situ by the reduction of Cu(Il)* or by comproportionation of
Cu(I)/Cu(0),” although the direct addition of Cu(l) salts is also employed.” Sodium
ascorbate is the most common reductant; however, the photochemical generation of
reductants”® or use of light sensitive Cu(I) complexes is also possible.” Our recent
report demonstrating the spatial control of radical mediated reduction of Cu(ll)
produced two seemingly contradictory findings.” While the reaction exhibited a
significant dark reaction, that is the CuAAC reaction continued after irradiation was

ceased, masked images were reproduced with high fidelity despite the potential for Cu(l)

to diffuse into the masked area. Here, through a series of initial rate experiments a more

*Submitted to the Journal of the America Chemical Society. Experimental informaiton
available in Appendix E.



thorough understanding of the mechanisms involved in the photo-mediated catalysis of

the CuAAC reaction is developed and discussed with its implications.

The CuAAC reaction mechanism is understood as involving three general steps:
) the Cu(l)-acetylide formation, (II) the formal cycloaddition, and (III) catalyst
regeneration (see Figure 1).”” Under saturated conditions, where catalyst turnover is not
required, the CuAAC reaction shows first order dependence on both azide and alkyne
concentrations, consistent with an elementary bimolecular reaction.” In contrast, the
kinetics are highly dependent on any ligands, buffer, salts, and substrates present when
catalytic concentrations of Cu(l) are utilized.” This behaviour has been interpreted as the
consequence of a diverse family of copper coordination complexes that are formed i
sitn.” In general, these copper species are highly reactive as evidenced by the consistent
copper catalysis of the reaction for a large variety of terminal alkynes, but the reactivity of
these species varies subtly to influence which step is rate-limiting.
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FIGURE 1| The copper catalyzed azide—alkyne reaction is shown to occur in three
steps. The alkyne (a) reacts with Cu(I) to form the copper-acetylide (b). This species
then reacts with the azide (c) to form the cycloaddition product (d). The catalytic cycle is
completed when Cu(l) is regenerated and the triazole product (e) formed. In the radical
mediated process Cu(l) is generated by reduction of Cu(ll) (reaction R1). Once
generated, Cu(l) can potentially disproportionate into Cu(ll) and Cu(0) (reaction D), or it
could be expected to be further reduced to copper metal by radical reaction (reaction
R2). Any ligands present are omitted for clarity.
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Cu(]) is typically generated using sodium ascorbate as a reductant, which is used
in large excess (10:1) to compensate for oxidation and disproportionation of Cu(I).>" As
such, nearly quantitative reduction of Cu(Il) is assumed to occur. It is perhaps
surprising, given the CuAAC reaction’s susceptibility to other species, that the ascorbate
anion appears to have no effect on the reaction kinetics.” While the radical mediated

11,12
it has

reduction of Cu(ll) to copper metal has been observed for nearly 100 years,
recently attracted renewed interest for both removal of hazardous wastes” and
generation of copper nanoparticles.”* Due to Cu(Il)/Cu(l)’s half reaction (reduction)
potential of 0.16 V, a variety of organic radicals are capable of reducing it, e.g. ketyl,
phosphinoyl, and semi-pinacol radicals. The reaction is typically described as the
sequential reduction of Cu(ll) to Cu(l) and subsequently to copper metal (reactions R1
and R2, respectively in Figure 1).">"> Besides further reduction to copper metal, Cu(l) is
both air sensitive and prone to disproportionation (reaction D in Figure 1). '° It would

be expected that all three of these reactions could play a very complicated role in the

photo-mediated catalysis of the CuAAC reaction, as shown in Figure 1.

While a variety of radicals are capable of reducing Cu(ll), it is worth noting that
organic azides can photochemically decompose to nitrene when irradiated with UV light
below 400 nm." We found decomposition to be slow relative to the CuAAC reaction
when using a 365 nm light source; however, by utilizing a visible light photoinitiator
decomposition is entirely avoided. As such, we utilized a visible light source (400-500
nm) and a visible light photoinitiator, phosphine oxide phenyl bis(2,4,6-trimethyl
benzoyl) (Irgacure 819, Ciba), to generate copper-reducing radicals. The phosphinoyl
radicals generated via photolysis are expected to participate in electron transfer reactions

with Cu(1I)."
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The CuAAC reaction was monitored using Fourier transform infrared (FTIR)
spectroscopy, which allows for 7/ situ measurement of azide and alkyne concentrations.
Initial rate experiments performed with ethylazidoacetate and 1-dodecyne at catalytic
concentrations of copper(Il) and photoinitiator (ca. 20 to 1 molar ratios) verified the
overall reaction rate to be nearly independent of both azide and alkyne concentrations
(Figure 2). The independence of the reaction rate on the azide and alkyne concentration
is consistent with that observed for benzylazide and phenylacetylene,” and is believed to
be the general case for the CuAAC reaction in the absence of added accelerating ligands.’
The independence of the reaction rate on alkyne and azide concentrations would
tentatively imply that the regeneration of the Cu(l) is typically the rate-limiting step
(reaction IIT in Figure 1). This behavior then suggests that if the generation of Cu() is
rapid, as in the case of reduction by sodium ascorbate, that the CuAAC reaction

mechanism will not be influenced by the method used to reduce Cu(Il).
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FIGURE 2| The dependence of the reaction rate on the initial concentrations of 1-
dodecyne , ethylazidoacetate, and triazole product reveals that the rate is approximately
independent of all three (the slopes are 0.08+0.07,0.16£0.07, and -0.03+0.03,
respectively) The concentration of the non-varying component is 200 mM for all
experiments. The photoinitiator and copper sulphate concentrations were both 10 mM,
and the irradiation intensity was 20 mW /cm?® for all experiments.
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The reaction rate dependence on irradiation intensity is nearly zero-order
(0.097£0.02) at irradiation intensities greater than approximately 0.3 mW/cm?’, as shown
in Figure 3. The irradiation intensity is proportional to the photolysis rate, and therefore
the rate at which radicals are generated. Consequently, the independence of the reaction
rate on the light intensity implies that the generation of radicals is fast relative to the rate
limiting step. As in the case of reduction by sodium ascorbate, the cycloaddition appears
to be the rate-limiting step. This outcome is not surprising as the half-life of 1819 at 20
mW/cm’ is approximately 36 seconds. Comparatively, over the first 36 seconds less
than two percent of the azide is consumed by the CuAAC reaction. When the timescales
of photolysis and the CuAAC reaction become comparable, it is expected that the
reaction rate will no longer be independent of the light intensity. In Figure 3 it is
observed that the scaling value of the light intensity does indeed increase at irradiation
intensities less that 0.3 mW/cm’, which corresponds to when the half-life of the

photoinitiator is calculated to be of the same order as that of the CuAAC reaction.
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FIGURE 3| The effect of irradiation on the CuAAC reaction rate is shown. For
irradiation intensities greater than 0.5 m\W/cm? the effect of light intensity on the
reaction rate is negligible with a scaling constant equal to 0.09710.02 while for lower
light intensities, the scaling exponent was found to be 1.5. The azide and alkyne
concentration were 200 mM each, and the photoinitiator and copper sulphate
concentrations were both 10 mM for all experiments.
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Figure 4 shows that the kinetics of samples with equimolar concentrations of
photoinitiator and Cu(Il) prepared under ambient conditions possesses a similar reaction
rate to those sparged with argon or oxygen. When the ratio of photoinitiator to Cu(Il) is
reduced, oxygen is then seen to significantly retard the CuAAC reaction. Oxygen is
highly reactive towards phosphinoyl and benzoyl radicals,”® and the resulting peroxy
radicals are incapable of reducing Cu(Il).” In contrast, equimolar mixtures of Cu(ll) and
photoinitiator do not exhibit an induction period. The lack of inhibition is explained by
the excess of radicals from the photoinitiator which ensures complete consumption of
Cu(II), even though a fraction of the radicals are scavenged by oxygen. Unlike some
systems utilizing Noorish type II photoinitiators the excess radicals eliminate the need
for rigorous purging of oxygen.7 Importantly, the data also indicates that oxygen does
not irreversibly consume Cu(l). If oxygen did irreversibly consume Cu(l) then the
reaction rates of all the equimolar cases would not be similar. Whether Cu(l) reactions
with oxygen are prevented by ligand coordination or effectively reversed by the excess of

radicals is unclear from this data alone.
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FIGURE 4| When the concentration of photoinitiator and Cu(Il) are both 10 mM,
spatging with oxygen is seen to have no effect. When the concentration of
photoinitiator is reduced to 1 mM, radical scavenging by oxygen significantly retards the
CuAAC reaction. The azide and alkyne concentration were each 200 mM, and the
irradiation intensity was 20 mW/cm? for all experiments.
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The dependence of the reaction rate on copper and photoinitiator appears
significantly more complicated. When the photoinitiator concentration is held constant
at 10 mM the reaction rate shows an abrupt change in scaling at an initial Cu(ll)
concentration of 15 mM (Figure 5). Above the threshold value of 15 mM of Cu(Il), the
reaction rate is independent of the initial Cu(Il) concentration. The concentration of
Cu(l) resulting from the reduction of Cu(ll) could either be limited by the amount of
photoinitiator  available  to  reduce  Cu(ll), or from the resulting
disproportionation/comproportionation equilibrium. The independence of the reaction
rate from the initial Cu(II) concentration implies that while disproportionation of Cu(l) is
highly ~thermodynamically favorable,” and typically rapid,” it is not occurring in this
system. If disproportionation were occurring, the initial addition of excess Cu(ll) would
shift the equilibrium to produce more Cu(l) and the reaction rate would inctease.
Ligands that bind Cu(I) can protect it from disproportionation by shifting the
= 4.26)" to comproportionation

equilibrium from favoring disproportionation (log Ky,

(log Ky, = -2.20).” 1In this system whether the ligands responsible for this behaviour

isp

% or the reactants themselves

are the triazole products, which are known to protect Cu(l),
is unclear. The lack of an inhibition time and the absence of autocatalysis, could suggest
that the protecting ligand is present at the beginning of the reaction, implying the alkyne
reactant is the protecting agent. However, as the triazole concentration is greater than

that of Cu(l) after 5% conversion the resolution of these experiments may not be

sufficient to detect a slight inhibition while the protecting ligand is formed.

Likewise, when the initial Cu(Il) concentration is held constant at 10 mM, the
reaction rate shows an abrupt change in scaling at a photoinitiator concentration of
5mM. Above this threshold concentration of photoinitiator, the reaction rate is

independent of photoinitiator concentration. If the reduction of Cu(l) to copper metal
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were occurring, it would be expected that adding more photoinitiator would result in
more radicals and less Cu(l). As the CuAAC reaction rate typically shows a second order
dependence on Cu(l) concentration,” it would be expected that increasing the initial
photoinitiator concentration would reduce the CuAAC reaction rate. The independence
of the CuAAC reaction rate implies that the reduction of Cu(l) to copper metal is not
occurring to a significant extent under these conditions in this system. This behavior is
somewhat surprising as radical reduction has previously been used to synthesize copper
nanoparticles."* However, the alkyne or triazole ligands appear to protect Cu(l) from
each of these three side reactions: oxidation by dissolved oxygen, disproportionation, and
further reduction by radicals. Indeed the only time we have noted the formation of
copper metal is when working with very dilute hydrogels where the concentration of

Cu(Il) was nearly equimolar with the reactants.
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FIGURE 5| The average reaction rate versus the initial concentrations of Cu(II) and
photoinitiator (red circles and black squares, respectively), revealing two distinct regimes.
When Cu(ll) is in excess, Cu(ll) shows a scaling constant of 0.01+0.03 and the
photoinitiator scales with an exponent of 1.58+£0.004. When the photoinitiator is in
excess, the Cu(Il) shows a scaling constant of 2.0+0.3, and the photoinitiator scales with
an exponent of -0.0520.04.
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In both the case of Cu(ll) and the photoinitiator the threshold behavior appears
to result solely from a change in the limiting reagent. The threshold values suggest that
each molecule of 1819 results in the reduction of 1.5 to 2 molecules of Cu(l). As I819
can produce two benzoyl and two phosphinoyl radicals this would suggest that either one
of the radicals is ineffective in reducing Cu(II), or that many of the radicals are scavenged

by other reactions.

Below the threshold initial Cu(Il) concentration of 15 mM, the reaction rate
displays a second order dependence on the initial concentration of Cu(Il). In the
absence of disproportionation and reduction of Cu(l) to copper metal, it would be
expected that all of the Cu(Il) would be reduced to Cu(I) by the excess radicals that are
generated. Indeed, the scaling constant is measured to be 2.0£0.3, consistent with

. 2,39
previous measurements.”

Below the threshold photoinitiator concentration of 5 mM
the reaction rate shows an order of 1.58+0.01. When Cu(Il) is in excess, it would be
expected that the amount of Cu(ll) reduced to Cu(l) would be proportional to the initial
photoinitiator concentration, which would result in a second order dependence of the
CuAAC reaction rate on the photoinitiator concentration. The scaling exponent of 1.58
instead of 2.0 implies that as the photoinitiator concentration is increased, unproductive
radical reactions such as primary radical recombination, i.e., radical-radical termination,
become more prevalent. This value is similar to the scaling exponent of 1.5 that the light

intensity appears to approach at its lower extreme (Figure 3). It is expected that both the

light intensity and initial radical concentration should have similar scaling constants.

These results suggest that the photo-mediated CuAAC reaction is controlled not
by the rate of generation of Cu(l), but rather the amount of Cu(Il) initially present. Like

sodium ascorbate this process is fast relative to the CuAAC reaction under typical
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conditions. When used in a polymerization reaction, this attribute would make the
photo-mediated CuAAC reaction quite different from the typical radical
photopolymerization where the rate of polymerization depends on the rate at which the
active species are generated. Further, we have shown results that suggest oxidation by
dissolved oxygen, disproportionation, and reduction of Cu(I) by radicals are all
suppressed in these systems. This result likely occurs because of coordination with Cu(l)
coordination with either the alkyne or triazole ligands that are present. The persistent
nature of Cu(l) explains the dark cure reaction noted in a previous publication, while
coordination reactions which result in the diffusion of Cu(I) being dictated by the species
it is bound to, explain the high fidelity of the patterning of the CuAAC reaction as
previously noted.® Like recent work by Soriano e# a/. where the cytotoxicity of the
CuAAC reaction was reduced by the choice of appropriate ligands, this work suggests
that understanding the role of ligands in the CuAAC reaction is important not only for

understanding the reaction itself, but ultimately for engineering practical systems.”
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CHAPTER VIII: Conclusions and future directions

Cycloadditions reactions possess several desirable attributes for the synthesis of
polymeric materials: tolerance of both oxygen and water allowing for their use in regular
atmospheric conditions, high yields under appropriate conditions, and a tolerance of other
functional groups allowing subsequent reactions to be carried out. This thesis explored two
specific reactions for polymer synthesis: the Diels—Alder reaction and the copper-catalyzed
Azide-Alkyne cycloaddition (CuAAC reaction). The unique reversibility of the Diels—Alder
reaction was employed to create several unique materials including a thermally reversible
covalent adaptable network, an electromagnetic field responsive polymer composite, and a
negative tone photoresist. Concurrently, the photochemical generation of copper(I) was
explored as a method for catalyzing the CuAAC reaction. The ability to spatially control the
CuAAC reaction and the mechanisms that enabled spatial control of the reaction were

examined.

The Diels—Alder Reaction

The initial direction of this thesis was the development of a crosslinked polymer
formed by the Diels—Alder reaction. While the current literature suggests a variety of
approaches," it was found that the Michael addition of furfuryl mercaptan to commercially

available multifunctional acrylates provides a facile route to synthesize multifunctional



furans. Maleic anhydride and amines readily condense to form maleamic acids that can be
closed to yield maleimides by a variety of mechanisms.”'' However, 1,1'-(methylenedi-4,1-
phenylene) bismaleimide is commercially available and was used for the majority of this
thesis. When combined, these two monomers produced a glassy polymer that did not readily

dissolve in solvents.

The resulting material was carefully studied using FTIR spectroscopy to determine
the reaction rate and equilibrium conversion over a broad temperature range. The
equilibrium conversion of the furan and maleimide varied from 87% at 45°C to 24% at
155°C, demonstrating significant depolymerization via the retro-Diels—Alder reaction.
Rheometric measurements and application of the Winters—Chambon criterion showed the
gel point to occur at 92 °C, corresponding to 71% conversion, consistent with the Flory—
Stockmayer equation. Rheometric experiments also revealed a relaxation process occurring
near the calculated rate of bond cleavage in the material. This material presented the unique
opportunity to measure scaling of the viscosity and storage modulus near the gel point. Such
measurements are inherently difficult because most polymerizations only proceed in the
forward direction and cannot be precisely quenched. The reported values deviated

significantly from current models but were comparable to many other experimental systems.

The ability of the material to depolymerize to a liquid allows the material to be
readily reformed and reshaped. This behavior differs from most thermosets formed by
irreversible covalent bonds that break only during material fracture or destructive
decomposition. Once a crack is formed, either by a fabrication defect, mechanical

deformation, or material fatigue, the material’s strength and overall mechanical performance
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rapidly deteriorates. The ability to depolymerise allows the material to heal fractures and
other defects by allowing material to flow into the crack and form new bonds upon cooling.
While this outcome can be accomplished in a conventional oven, autoclave, or on a hotplate,
methods for selectively heating materials near thermally sensitive substrates and where the
material may not be directly accessible are desirable. Due to high temperature side reactions
(well beyond the sol-to-gel transition temperature), a controlled heating mechanism is
needed. These requirements lead to an exploration of polymer and magnetic particle
composites. When a ferromagnetic material is placed in an alternating magnetic field,
heating occurs via rearrangement of the magnetic domains. Known as hysteresis heating,
this phenomenon ceases when the material reaches the Curie temperature and becomes
paramagnetic. It was found that by adding a material with an appropriate Curie temperature
to the polymer network an inherently self-limiting heating and healing process was created.
This process enabled the material to retain its native properties over ten cycles of fracture
and repair, demonstrating the utility of these reversible polymer networks for creating self-

healing materials.

The ability of a reversibly crosslinked polymer network to depolymerize allows it to
function as a photoresist. Photoresists are used in many modern technologies including
microfluidic devices,” metamaterials,” artificial tissues,'* parallel protein synthesis
techniques,” 3D prototyping,'®'” and perhaps most prominently, microchip fabrication.' In
these applications a photosensitive material is irradiated and undergoes a chemical reaction
resulting in a solubility change. The soluble portion of the resist is then dissolved away and
the image developed. Accordingly, irreversibly crosslinked polymers can only function as

positive tone resists where the material is degraded by irradiation. However, it was
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demonstrated that otherwise thermoreversible polymer networks formed by the Diels—Alder
reaction can be selectively rendered irreversible by photochemical reactions. These networks
were subsequently developed by carrying out the retro-Diels—Alder reaction to remove
unwanted material. This “photofixation” approach presents a number of advantages.
Diffusion of the active species is reduced by the crosslinked network. Thin films can be
prepared without the use of a solvent as the starting materials are small molecules.
Furthermore, in micro-stereolithographic applications the use of a solid state photoresist
allows the fabrication of arbitrary shapes, as opposed to conventional liquid resists where

overhanging features are not readily fabricated.

Future Directions

The photofixation process warrants a more detailed exploration. This approach is
easily adaptable to a number of so called diffraction unlimited techniques were multiple
visible and near UV laser sources are used to generate sub-50 nanometer sized spots.'”’

These techniques could prove or disprove the hypothesis that improved resolution does

result from using a crosslinked photoresist.

Furthermore, the use of photofixation resists in nano-imprint lithography could
prove useful. Conventional nanoimprint lithography utilizes either plastic materials that are
embossed by a stamp, or liquid polymers that polymerize within the confines of a stamp and
retain the pattern when removed.”’ Photofixation resists would be able function in both
modes. As such, patterns containing both reversibly and irreversibly crosslinked areas could

be prepared. Such materials could be useful in micro and nano mechanical systems where a
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patterned device would be created and then portions of the device could be selectively

modified or removed at a later date while other features are permanently retained.

It is also conceivable that similar materials could be prepared by creating local
variations in the concentration of irreversible crosslinks using multiple exposures. Areas that
received no irradiation would develop at the lowest temperatures. Areas with a moderate
concentration of irreversible crosslinks could then be later developed at higher temperatures.
Finally, the regions with the highest concentrations of crosslinks would be developed at the
most forcing conditions. Depending on the developing conditions used, multiple patterns

could be developed from a single resist.

Furthermore, the photofixation process could be used to selectively incorporate
molecules in a polymer scaffold. Such processes are used to selectively modify the cellular
environment in tissue engineering applications.” Cysteine containing polypeptides could

easily replace the thiols currently used in the process.

The development of methods to systematically tune the reactivity of these reversible
Diels—Alder systems is perhaps the area with the greatest possible impact. While the gel-
point temperature can be varied by changes to monomer functionality and reactive group
concentration in accordance with equation 5 (chapter I), the kinetics of the reaction are
dependent on the particular functional groups chosen, and to some extent the solvent or
local chemical environment. The 2-substituted furans and aryl/akyl maleimides used in this
thesis require several hours to reach equilibrium at room temperature. Furthermore, the

half-life of the resulting adducts is on the order of days. As such, while materials can be
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made that have gel-point temperatures near room temperature, the transition between gel
and sol are incredibly slow. This behavior was illustrated when an attempt to make
hydrogels with a 30°C gel point temperature resulted in materials that only showed signs of
depolymerization after 6 months (albeit the aqueous environment played a role in slowing
the retro-reaction).” It would be desirable for other applications that reactivity be reduced
such that plasticity stemming from bond rearrangement only occurs at elevated

temperatures.

Wudl and coworkers have developed cyclopentadiene based systems that show
promise for high temperature systems.” Furthermore, Lehn and coworkers have developed
several systems with reasonable room temperature kinetics based on fulvene and tricyano
acrylate moieties.”** The stability of this system to ambient environmental conditions is not

clear, but these materials warrant further examination.

A somewhat cynical observation is that more than 50 years of, albeit limited,
exploration of reversible covalent systems has only produced one pair of reactants (furan
and maleimide) with robust tolerance of environmental conditions. Further, the furan and
maleimide system does not appear to be amenable to subtle tweaking of reactivity.”” It may

. .83
therefore be a advantageous to pursue non-covalent interactions

such as hydrogen
bonding and pi-pi stacking which have shown considerable promise as well as being the

foundation of all terrestrial life.
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The copper-catalyzed azide—alkyne cycloaddition

The copper catalyzed alkyne—azide reaction (CuAAC), is highly efficient and
ubiquitous in an ever increasing number of synthetic methodologies and applications,
including bioconjugation, labeling, surface functionalization, dendrimer synthesis, polymer
synthesis, and polymer modification.”” Unfortunately, since the Cu(l) catalyst is typically
generated by chemical reduction of Cu(Il) to Cu(l), or directly added, temporal and spatial
control of the CuAAC reaction is not readily achieved. The photochemical catalysis of the
CuAAC reaction via the radical meditated reduction of Cu(ll) was examined as a method of
fabricating cycloaddition polymers. Standard photoinitiators were shown to be capable of
reducing Cu(Il) to Cu(I) and catalyzing the reaction. This approach was demonstrated to
provide comprehensive spatial and temporal control of the CuAAC reaction using standard
photolithographic techniques. Both the patterning of hydrogel formation and the 7 situ

labeling of swollen hydrogels with fluorescent dyes were demonstrated.

One surprising result of the preliminary experiments was that even though Cu(I)
showed persistent behavior, that is the reaction continued even after irradiation was ceased,
Cu(I) did not appear to readily diffuse out of the irradiated area even in swollen hydrogels.
Initial rate experiments revealed that undesirable side reactions of Cu(I) such as
disproportionation, reduction of Cu(I) by radicals, and the reaction of Cu(I) with oxygen
were suppressed. The most probable explanation is that Cu(I) strongly interacts with the
ligands present in the system (both the alkyne reactants and triazole products) preventing
these side reactions from occurring. The ligand interactions also explain the high fidelity of
patterning. In these systems the Cu(l) interacts strongly enough with the macromolecular

species present that its diffusion becomes controlled by the polymer dynamics.
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Future directions of the CuAAC reaction

While the CuAAC reaction has enjoyed success in a number of areas, one of its chief
limitations is the cytotoxicity of the copper species employed. Several groups have
developed alkyne species that readily undergo the uncatalyzed Huisgen cycloaddition.””’
However, these species are synthetically taxing to prepare, making their universal
implementation questionable.” Sorino ez a/. developed ligands that bind Cu(l) strongly
enough to protect it from cellular interactions, significantly increasing the biocompatibility of
the process. Pursuing the development of protocols that either utilize reduced Cu(I)

concentrations or that prevent cells from interacting with Cu(I) may prove more fruitful than

the pursuit of alkynes that undergo the Huisgen reaction at room temperature.

Atom transfer radical polymerization (ATRP) is controlled radical polymerization
technique used for the synthesis of low polydispersity polymers and for grafting polymers
from functionalized surfaces.” In its most basic form it utilizes the reversible deactivation of
propagating radicals via the reduction of a transition metal complex, typically copper.
Equilibrium favors the deactivated state, and consequently most growing chains are in a
deactivated state, which results in a controlled polymerization. The similarity between these
systems, and the systems examined in this thesis for catalyzing the CuAAC reaction is
striking. Indeed, other workers have developed methods for catalyzing the CuAAC reaction
based on ATRP systems,” and explored simultaneous CuAAC and ATRP reactions.” The
kinetic experiments in chapter VII show no sign of an equilibrium radical reaction.

However, developing such a system may allow the reduction of the required copper
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concentration. ATRP techniques have been developed where copper concentration on the
order of parts per million are employed.*’

Finally, the development of polymerization reactions using the CuAAC reaction is a
relatively unexplored area, despite the use of the reaction for many other purposes.”’ The
triazole adducts formed by the reaction are thermally and chemically stable* and may
produce materials with superior mechanical properties. Azide-olefin resists were extensively
used in the microelectronics industry in the 1970s, a re-examination of that literature may

suggest azide monomers safe for routine use.”

Final remarks

While the pursuit of difficult synthetic chemistry has its place* and cannot always be
avoided, its value as a goal in and of itself is questionable.”* This is as true in the field of
material science as it is of pharmaceutical chemistry where the philosophy of click chemistry
emerged. When material properties are the ultimate goal, very similar results can be
produced from highly divergent approaches. For example synthetic polymers, mercury-

silver amalgams, and nacre* have all been successfully utilized in dental restorations.

This thesis generally utilized well established reactions: organo-silanes were employed
for generation of functionalized surfaces; the Michael addition was used for small molecule
synthesis; and the Diels—Alder and CuAAC reactions formed the main body of the work.
The ability to fall back on a significant body of research considerably aided both the
development and understanding of the systems explored in thesis. Seldom was it necessary
to resort to large numbers of experiments to locate the “Goldilocks regime” where reactions

would function reliably. The Diels—Alder and CuAAC reactions are well suited to such an
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approach and demonstrate that cycloadditions are well-understood, efficient, and modular

reactions, and that these attributes enable the facile synthesis of polymeric materials with

unique properties.
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APPENDIX A: Supplement to the Rheological and chemical analysis of reverse gelation
in a Diels—Alder polymer network
REACTION MODEL
For the non-diffusion controlled regime a simple model assuming a second order
reaction for the forward reaction and first order behavior for the retro-reaction can be
expected to describe the cure kinetics. The rate of consumption of furan, or maleimide,
d[F]/dt is then given as,

% — K [FIIM]+ & [A], (5-1)

where k; and k, are the forward and reverse rate constants, respectively and [F], [M], and [A]
the concentrations of furan, maleimide, and the adduct, respectively. Assuming a
stoichiometric mixture of furan and maleimide and applying the definition of conversion, [F]

=F, (1-x), gives

d
7’; =k, Fy(1-x) —k,x, S-2)

this can be rearranged to yield,

dx
Idt B '[kfFO(l—x)2 —k,x

(5-3)

The forward and reverse rate coefficients can be related through the equilibrium constant, K

= k; / k,, and integration of eq. (S-3) gives the complex form,



t= 2 arctan 2KFy(x 1)1 + arctan M (S-4)
ik JAKF, +1 i-\J4KF, +1 i-\J4KF, +1 ||

which through the identity,

arctan(y) = é{ln(i :L i iﬂ , (S-5)

the imaginary number, 7 can be eliminated to give,

|_2KF(x-D)-1 ], 2KF 41 |
o 1 ml L 4KF, +1 | 1/4KFO+1_ 56
EAAKE 41| OKF (o)1 2KF, +1

4KF, +1 JAKF, +1

A regression of the isothermal cure data from Figure 1(a) to eq. (S-6) allows the rate
constant, k,, to be determined in the temperature range from 25 to 80°C, as shown in Figure
S-1. An extrapolation of the equilibrium constant to 25°C is necessary, as diffusion prevents
measurement of that value. To avoid deviation from the effects of diffusion the data was fit

only to 50% conversion, although past 50% conversion the fit behaves well for the 45, 60,

and 80°C curves. However, as expected the fit of the 25°C cure shows deviation.
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Figure S-1. Plot of the conversion versus time, lines represent fits to eq. (S-6). Isothermal
cures were measured at 25 (m), 45 (@), 60 (A), and 80 (V)°C.
EXPERIMENTAL INFORMATION
Materials

Pentaerythritol propoxylate triacrylate (PPTA), 1,1'-(methylenedi-4,1-phenylene)
bismaleimide (DPBM), furfuryl mercaptan, triethyl amine, and dichloromethane were

obtained from Sigma-Aldrich and used without further preparation.

Synthests of pentaerythritol propoxylate tris(3-(furfurylthiol)propionate) (PPTF).

To a mixture of 10.0 g (0.019 mol) of PPTA and 7.1 g (0.063 mol) of furfuryl
mercaptan, a catalytic amount of triethyl amine was added, heated to 40°C, and allowed to
react for 24 hours while stirring. The triethylamine and residual furfuryl mercaptan were
removed under vacuum (0.2 mm Hg) at 45°C. Absence of peaks in the 'H-NMR spectrum
of the product due to residual acrylate (6.35, 6.06, and 5.82 ppm) or thiol (1.91 ppm)

confirmed complete reaction and subsequent purification of PPTF.
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Polymer Synthesis.

Polymer samples were prepared by combining PPTF and DPBM at a 1:1 furan to
maleimide ratio. The material was briefly heated (less than 5 minutes) to ~155°C to melt the
DPBM, and mixed until homogeneous. Upon cooling, a glassy yellow solid, insoluble in
common organic solvents, was formed. The solid material visibly reverted to a liquid upon

heating to ~110°C.

FTIR Spectroscopy

Spectroscopic studies were performed with a Nicolet Magna 750 series II Fourier-
transform infrared (FTIR) spectrometer equipped with a MCT detector and a horizontal
transmission temperature-controlled stage (accurate to 0.1°C). Samples for IR spectroscopy
were produced by casting a thin film of a freshly prepared solution of PPTF and DPBM in
dichloromethane (at a 1:1 furan to maleimide functional group stoichiometric ratio) onto a
NaCl crystal and rapidly evaporating the solvent under vacuum. Typically, less than three
minutes elapsed between mixing and the initial spectra collection. Reaction during the
sample preparation was assumed to be negligible as the DA reaction between furan and
maleimide proceeds slowly at ambient temperature. The number of scans per spectrum
(between 16 and 512) was adjusted based on the reaction rate. Conversion of the furan and
maleimide functionalities was evaluated by monitoring the evolution of the furan peak area,

centered at 1010 cm, and the maleimide peak area, centered at 690 cm'?
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Rbheometry

Rheological measurements were performed using an ARES rheometer (TA
Instruments), configured with a parallel-plate geometry. The lower fixture incorporated a
Peltier plate, providing temperature control, while the upper fixture was equipped with a
poly(p-phenylene sulfide) (PPS) plate to minimize the temperature gradient across the
sample. The polymeric material was heated on the Peltier plate at 115°C, liquefying the
material and enabling intimate contact with both plates. Above and below the gel-point
temperature, strain sweeps were conducted from 0.1 to 10 rad/s to verify the material was in
the linear viscoelastic regime. Viscosity experiments were conducted over a strain rate ramp

from 1.0 to 500 1/s to verify the material was strain rate independent.

REFERENCES
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2) Tarducci, C.; Badyal, J. P. S.; Brewer, S. A.; Willis, C. Chemical Communications 2005,
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APPENDIX B: Externally triggered healing of a thermoreversible covalent network via
self-limited hysteresis heating
EXPERIMENTAL INFORMATION
Pobymer synthesis.

Pentaerythritol propoxylate tris(3-(furfurylthiol)propionate) (PPTF) was synthesized
via the Michael-addition of furfuryl mercaptan and pentaerythritol propoxylate triacrylate,
Appendix A for further details. Deionized water and denatured ethanol were added to
chromium IV oxide (CrO,) particles (Magtrieve®) in the ratio of 200 g DI H,0: 200 g
alcohol: 1 g chromium IV oxide powder and the mixture was sonicated using a SharperTek
Ultrasound Cell Crusher for 10 minutes at 20 Watts power. PPTT was then added to the
mixture and the alcohol and water were removed iz vacuo. The mixture was then added to a
stoichiometric equivalent of 1,1'-(methylenedi-4,1-phenylene) bismaleimide (DPBM, Sigma
Aldrich, no further purification) and heated to 150 °C for 30 minutes (above the melt

temperature of DPBM). Upon cooling a glossy black solid was formed.

Temperature measurements.

All experiments were carried out in a Taylor-Winfield 7.5 kW Ther-Monic generator,
using a 3-turn solenoid coil (113 turns per meter). One gram samples of polymer were
formed in a glass scintillation vial, which was revolved in the coil at ~8 rpm to insure

uniform radial exposure to the RF field. An Omega Engineering OS552-V1-6 pyrometer



was used to measure the sample temperature. Field strengths were calculated from the coil

current.

Mechanical testing and healing.

The flexural modulus was measured for 2x4x25 mm bars in an MTS 858 Minibionix
11, using a 100 N load cell. The geometry of the testing apparatus was consistent with
standard ASTM D 790M. An actuator velocity of 10 mm per minute was used to insure
brittle fracture of the material. Samples were cast in molds formed from crosslinked PDMS
(Sylgard 184) coated with Rainex®, to further decrease adhesion of the polymer to the mold.
All samples were initially cast in a laboratory oven. After fracture, the samples were returned
to the mold and then revolved in the coil at field strength of 14.2 mT for 300 seconds. The
samples were allowed to cool for 12-20 hours to permit full curing of the material before

mechanical testing.
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APPENDIX C: Photofixation lithography in Diels-Alder Networks

REACTION KIENTICS OF ALTERNATIVE FORMULATIONS
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FIGURE S1]| IR experiments using 1,1'-(methylenedi-4,1-phenylene) bismaleimide and
pentaerythritol tetrakis 3-mercaptopropionate instead of (5) and (6) showed similar behavior
to those shown in Figure 3; however, the thiol behavior could be observed in these systems.
These materials were later abandoned due to the difficulty in preparing thin films containing
1,1'-(methylenedi-4,1-phenylene) bismaleimide.
EXPERIMENTAL INFORMATION
Materials

All materials were used without further preparation unless indicated otherwise below.

The synthesis of pentaerythritol propoxylate tris(3-(furfurylthiol)propionate) is described in

Appendix A.



Synthests of exo-7-Oxabicyclo[2.2.1 | hept-5-ene-2, 3-dicarboxylic anhydride (8)

Furan (65.6 g, Sigma-Aldrich) was first purified by short pass distillation, and then
combined with maleic anhydride (89.6 g, FLUKA). The maleic anhydride was then
dissolved in 90 ml of anhydrous THF. After approximately 4 hours a white precipitate
formed. The reaction was allowed to continue overnight. The supernantant liquid was

removed, and the remaining material was dried z# vacno and used without further preparation.

Synthesis of 1,13-Bismaleimido-4,7,10-trioxatridecane

The procedures was adapted from ['] with a furan protected maleic anhydride (8).
THF was dried using sodium and benzophenone under reflux. All other compounds were
extensively dried under vacuum. 19.0 g of (9) was added to 450 ml of dry THF under
nitrogen. To this solution, 12.0 g of 4,7,19-trioxa-1,13-tridecanediamine (Fluka) dissolved in
100 ml of THF was added dropwise. After 1 hour a cloudy solution formed. ZnBr (25.8 g,
Fluka) was added under nitrogen, followed by the dropwise addition of hexamethyldisilizane
(28 g, Sigma-Aldrich). After the complete addition of the hexamethyldisilizane all of the
material in the flask dissolved. A white precipitate then formed after approximately 1 hour.

The reaction mixture was then washed three times with 150 ml of 0.5 M HCL The
aqueous layer was then extracted with three washes of diethyl ether. The combined organic
extracts were then washed with saturated sodium bicarbonate, and reduced 7 vacuo at 120°C
for 4 hours. After purification, the crude produce was purified using a silica gel column
(100% ethyl acetate) to yield a white solid (62% yield). 'H NMR (CDCL): & 1.87 (4H, p), 3.47

(4H, 1), 3.54-3.64 (m, 12), 6.69 (4H, s).
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Polymer Synthesis.

A 0.225 wt. percent solution of hydrochloric acid (Sigma-Aldrich) in (6) was
prepared. This solution was then combined with (4), (5), and (7), such that furan, maleimide,
and thiol functional groups were equimolar and (7) was 1% of the total mass. Bulk solid
samples were prepared by heating the material at 80°C. The resulting solid material readily
reverted to a liquid upon heating.

Slides were spin coated using a Speedline Technologies Model P6700 at an initial
speed of 1000 rpm for 10 seconds and then a final speed of 4000 rpm for 30 seconds (ramp
times were 20 seconds for all steps). Thin films were prepared by the addition of a 10 wt%
equivalent of PEG 100 K (Sigma-Aldrich), and a 50 wt% equivalent of a solution of 0.5%
TWEEN 20(Sigma-Aldrich) in toluene(Sigma-Aldrich). Films cast by the latter methods
were on the order of 10 microns in thickness while those produced by the later were less
than 1 micron thick. In both cases, slides were baked at 80°C for 8 hours after coating,.

The gels were exposed for 200 seconds in an OAI Hybraalign series 200 Mask
Alighment system using a Photronics chrome mask. The light intensity of the i-line was
approximately 9 mW/cm® After exposure, the gels were immediately immersed in furfuryl
alcohol (70°C) to develop the image.

3D patterning was obtained via two-photon techniques, where the regions of interest
(x-y control) within the gel were selectively exposed to pulsed laser light (I = 740 nm, power
= 670 mW/mm>, scan speed = 1.27 msec/mm?) at T mm z-plane increments on a 710 LSM
NLO confocal microscope stage (Catl Zeiss) equipped with a 20x/0.8 Plan-Apochromat

objective (NA = 1.0, Carl Zeiss).
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FTIR Spectroscopy

Spectroscopic studies were performed with a Nicolet Magna 750 series 11 Fourier-
transform infrared (FTIR) spectrometer equipped with a MCT detector and a horizontal
temperature-controlled stage (accurate to 0.1°C). Samples for IR spectroscopy were
produced by casting a thin film of the reactants in dichloromethane onto a NaCl crystal and
rapidly evaporating the solvent under vacuum. In a typically run, less than three minutes
elapsed between mixing and the initial spectra collection. Reaction during the sample
preparation was assumed negligible as the Diels—Alder reaction between furan and
maleimide proceeds slowly at ambient temperature. The number of scans per spectrum
(between 16 and 512) was adjusted based on the reaction rate. Conversion of the furan and
maleimide functionalities was evaluated by monitoring the evolution of the furan peak area,

centered at 1010 cm™', and the maleimide peak area, centered at 690 cm™.>’
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APPENDIX D: Spatial and temporal control of the azide-alkyne cycloaddition by
photoinitiated Cu(Il) reduction
Materials
The following compounds 1-hexyne (Sigma Aldrich), methanol (Sigma Aldrich),

Alexo Fluor 488 5-carboxamide-(6-azidohexanyl), bis(triethylamine salt) 5-
isomer(Invitrogen), copper sulfate pentahydrate (Sigma Aldrich), Irgacure 819 (Bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide, Ciba), Irgacure 2959 (1-[4-(2-Hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one, Ciba), and PEG 100K (Polysciences) were
used without further purification. PEG 10K tetraazide was synthesized following previously

published procedures'.

Ethyl azidoacetate (~25% in ethanol, Sigma Aldrich) was mixed with
dimethylformamide and then reduced 7 vacuo. The ultimate ethyl azideacetate concentration

was determined by 'H-NMR.

Synthests of PEG 3K dialkyne

4-pentynoic acid (1.64 g, 16.7 mmol, Fluka) was added to N,N'-
dicyclohexylcarbodiimide (3.44 g, 16.7 mmol, Sigma), dissolved in minimal DCM, and stirred
overnight under argon. The 4-pentynoic anhydride product was filtered, concentrated, and

added to a solution containing vacuum dried poly(ethylene glycol) (5g, 1.67 mmol, Mn ~



3000, Fluka), pyridine (1.34 mL, 16.7 mmol, Sigma), 4-dimethylaminopyridine (200 mg, 1.67
mmol, Sigma) in minimal DCM, and stirred overnight under argon. The crude product was
concentrated, precipitated in diethyl ether, dissolved in deionized water, dialysed for two
days, and lyophilized to give the desired product at 95% yield. 1H NMR (CDCI3): 'H NMR
(CDCLy): 8 1.99 (2H, t, 2 x CH,CH,C=CH), 2.49-2.61 (8H, m, 2 x CH,CH,C=CH), 3.60-

3.70 (m, OCH,CH,0), 4.26 (4H, t, 2 x OCH,CH,00C)

Photo-CuAAC reaction of ethylazido acetate and 1-hexyne

Ethyl azidoacetate (20 mM), 1-hexyne (20 mM), CuSO, (10 mM), 12959 (10 mM),
and methanol were combined in a 20 ml scintillation vial and stirred rapidly at room
temperature. The sample was then irradiated for 50 minutes using 10 mW/cm’ from an
Acticure 4000 lamp using a 365 nm bandgap filter. The resulting mixture was extracted with
dichloromethane and 5% aqueous ammonium hydroxide. The organic layer was separated,
dried over MgSO,, filtered, and evaporated to give triazole product at 98% yield. 'H-
NMR(CDCL): 0.93 3H t), 1.29 3H t), 1.42 2H m), 1.67 (2H m), 2.74 (2H t), 4.25 (2H q),

5.12 2H s), 7.42 (1H s). X denotes residual dichloromethane in Figure S1.
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Figure S1| 'H-NMR of triazole product

Fourier Transform Infrared (FTIR) Spectroscopy

A Nicolet Magna-IR 750 Series II FTIR spectrometer, outfitted with a horizontal
transmission stage, was used in conjunction with a variable pathlength liquid cell with
calcium difloride windows (International Crystal Laboratories). A pathlength of 50 pm was
used for all experiments enabling greater than 90% transmission of light. The samples were
irradiated by an EXFO Acticure high pressure mercury vapor short arc lamp equipped with
a 400-500 nm bandgap filter. Light intensities were measured using an International Light

IL1400A radiometer equipped with a GaAsP detector and a quartz diffuser.

In a typical experiment, a solution of dimethylformamide (DMF) with 200 mM ethyl
azidoacetate, 200 mM 1-hexyne, 10 mM copper sulfate pentahydrate, and 10 mM 1819 was
injected into the liquid cell. Irgacure 819 was chosen as the photosensitive radical generator
for its absorbance at 405 nm. Irradiation was commenced between five and ten minutes.
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Approximately 1.8 scans per minute were performed. This delay time enabled the initial

peak areas to be determined, which are used to calculate conversion (discussed below).

The IR spectrum of ethylazidoacetate and DMF solutions clearly show the expected
asymmetric azide vibration at 2109 cm™ that is convoluted with the DMF peaks nearby”. In
the region between 2213 and 1900 cm™ the contribution of the azide group can be calculated
by subtracting the DMF spectrum from the solutions spectrum. When plotted against
concentration (Figure S2), the peak area shows linear behavior that gives an extinction
coefficient (¢) of 1.51+0.03 M um™. Although, an alkyne peak is observed in that range, its

extinction coefficient is two orders of magnitude less than the azide.
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Figure S2| Extinction coefficient of ethyl azidoacetate in dimethylformamide.
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To analyze the reaction the initial conversion was calculated using the extinction
coefficient, pathlength (1), initial concentration (c,), initial peak area (A(t,), and area (A(t)), as

shown in equation 1.

_ A®)-[A(to)—elco]
eleg

X=1

-

Rbheometry

Direct monitoring of the extent of reaction in hydrogels is often difficult owing to
both the dilute nature of the reactants and the formation of an incipient gel. In such
systems, dynamic mechanical analysis (DMA) has emerged as a useful technique for
measuring the time evolution of the mechanical properties and as an indirect measure of the
extent of reaction™'. While such measurements do not provide detailed kinetic information,
the emergence of a plateau modulus demonstrates the formation of a crosslinked solid and
the gelation time enables determination of sufficient exposure times for both

polymerizations and zz situ patterning.

In these experiments a 36 mM solution of Irgacure 2959 and copper sulfate
pentahydrate was prepared with DI water and combined with a stoichiometric mixture of 3K
molecular weight PEG dialkyne and 10K molecular weight PEG tetraazide so that the
polymers comprised 13.5% of the total mass, and an azide and alkyne concentration of 40
mM. A TA Ares rheometer with a parallel plate geometry employing a 20 mm quartz plate
was used in all experiments. An EXFO Ultracure high pressure mercury vapor arc lamp
with a 365 nm bandpass filter was used for irradiation. A constant strain of 10% and a

frequency of 10 rad/s were used. The gap was less than 250pum for all experiments, allowing
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for approximately 90 % transmission of light. Post-polymerization strain sweeps showed
strains of 0.5 to 10 % to be in the linear region at the applied frequency. Post-
polymerization frequency sweeps showed a constant modulus over time for the entire
frequency range considered (1-100 rad/s). The gel point was taken to be the emergence of a
storage modulus an order of magnitude above the noise (see Figure S3). All of these values
yield identical scaling constants of -0.72 + 0.3 for a log-log plot of gelation time versus light
intensity result (see Figure S4). More rigorous criteria could not be applied due to the rapid
time for gelation and non-linear behavior at higher strains. However, such experiments were

sufficient to interpolate exposure times for various light intensities.
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Figure S4| The evolution of the storage (®) and loss moduli (0) during the photocuring of
a 10K tetraazide and 3K dialkyne functionalized PEGs at an intensity 100 mW/cm® (365
nm). The crossover of the moduli occurs near the detection of the instrument at
approximately 10-20 Pa.
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Figure S5| Dependency of time to gel on light intensity. The time for samples to reach a
storage modulus of 10 Pa, assigned as the gel-point, is shown for several intensities.

Slide functionalization

Glass micro slides (Corning) were cleaned using piranha solution, rinsed, and dried
thoroughly. Subsequently, they were immersed in a (3-mercaptopropyl) trimethoxy silane, n-
butyl amine, and toluene solution (70 mM of the silane and amine) for approximately 4-12
hours. After rinsing in toluene, the slides were then immersed in a solution of 120 mM

propargyl acrylate and 40 mM triethylamine for 4-12 hours.

The contact angle of a pendant water droplet on the surface of the slides
functionalized with (3-mercaptopropyl) trimethoxy silane was found to be 58.3 £ 0.8°. The
contact angle of the slides that were further treated with propargyl acrylate was found to be
55.3+1.0°. Gels formed on the surface of both thiol and acrylate functionalized slides were

found to adhere to the surface and could only be removed with a razor blade. Gels formed

on native glass were easily removed after rinsing with water. This suggested that the gels
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were covalently bound to the surface via either the CuAAC reaction or radical mediated

thiol-alkyne reaction rather than through physical interactions.

Gel Patterning

A solution was prepared in identical proportions to those used in the photo-rheology
experiments. PEG 100K was added so that the final solution was 10% PEG 100K by mass.
The addition of the linear polymer enabled the liquid to be readily spin coated on an alkyne
functionalized glass slide. Slides were spin coated using a Speedline Technologies Model
P6700 at an initial speed of 750 rpm for 30 seconds and then a final speed of 4000 rpm for
60 seconds (ramp times were 20, 10, and 5 seconds). The gels were then exposed for 500
seconds in an OAI Hybraalign series 200 Mask Alignment system using a Photronics
chrome mask. The light intensity was 35 mW/cm’. After exposure, the gels were

immediately immersed in DI water to develop the pattern.

In Situ Gel Patterning

A 13.5 wt% PEG solution of 10K PEG tetrathiol and 3K PEG diazide (thiol to yne
ratio = 0.95) was prepared with 0.8% wt. (36 mM) 12959. To increase the viscosity of the
mixture and enable spin casting of the solution, PEG 100K was added such that the final
formulation was 10% PEG 100K by mass. This mixture was then spin coated on slides
functionalized with thiol groups using the same procedure as for the patterned gels (see
previous section) and irradiated for 50 s. The slides were subsequently immersed in DI

water for approximately 30 minutes.

126



A solution of 36 mM 12959, 36 mM copper sulfate pentahydrate, and 0.4 mM Alexo
Fluor 488 5-carboxamide-(6-azidohexanyl), bis(triethylamine salt) was then swollen into the
gel for 30 minutes before the samples were irradiated for 50 s. Afterwards the gels were

soaked in DI water for several minutes to remove residual fluorophore.
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APPENDIX E: Mechanism of the photo-mediated copper-catalyzed azide—alkyne
cycloaddition

Materials
All of the following compounds 1-dodecyne (Sigma Aldrich), dimethylformamide
(ACS or Biological grade, Sigma Aldrich), copper sulfate pentahydrate (Sigma Aldrich),

Irgacure 819 (Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide, Ciba), were used without

further purification.

Experiments were carried out as in Appendix D. Samples that were noted as being

sparged had either ultra high purity argon or oxygen bubbled through them for 15 minutes.
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