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Light-activated polymerizations are important because they allow spatially and temporally
controlled synthesis of polymers and polymer-based materials under ambient conditions. This capability
is greatly valued in numerous applications, such as coatings, adhesives, sealants, electronics, diagnostics,
dental materials, and biomaterials. Hence, the amount of precursors and synthetic routes available
increases every year. However, there is limited understanding of the often intricate mechanisms via which
many of these reactions work. As a consequence, this technology has not been exploited to its fullest. As
a result, a need exists for the elucidation of refined mechanisms and kinetic models that aid in better
understanding, predicting, and controlling such immensely valuable reactions for the production of
practically relevant materials and devices.

The present work delves into the refinement of the theoretical framework of free radically
initiated chain growth polymerizations in solvent-free (bulk) monomer(s). This project originated to
explain an unexpectedly long-lasting (>2000 s) latent polymerization observed after briefly exposing
certain (meth)acrylic monomers, like 2-hydroxyethyl methacrylate, to visible-light in the presence of an
organic photocatalysis composition including Methylene blue (MB"), Hiinig’s base and an Iodonium salt.
Free radical chain growth photopolymerizations in bulk typically stop shortly (< 17 s) after irradiation is
extinguished. Thus, it was clear that the available kinetic models and theories were not sufficient to
account for this atypical, and potentially advantageous, phenomenon.

We simultaneously monitored the photocatalyst (MB") and monomer concentrations with UV-Vis
and FT-IR spectroscopy, respectively, under several irradiation regimes. EPR spectroscopy was used to
determine the nature and lifetime of the light-generated radical intermediates. Rheology confirmed that

the vinyl groups consumed in the dark are in fact being polymerized. Quantum chemical calculations



v
guided the experiments and supported the proposal of a photocatalytic mechanism via which reactive
initiating free radicals can be produced long after the irradiation is extinguished. With these results, the
unusually extended latent polymerization was explained by two mechanistic conclusions: 1) organic
photocatalysis using MB'/Hiinig’s base/lodonium salt stores energy during irradiation in the form of
Leuco Methylene Blue via an e /H'/e” transfer process instead of the typical single e transfer; then, LMB
is later used to produce radicals upon reaction with the lodonium salts for even thousands of seconds after
light cessation, and 2) hydrogen bonding exacerbates the Trommsdorff-Norrish effect via which
bimolecular termination is hindered, thus resulting in the extension of the vinyl polymerization in the dark

by the well-documented radical occlusion process.
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Chapter I

Introduction

1.1 General significance

Polymerizations are chemical reactions that involve the linking of many relatively small
molecules, ‘monomers’, into bigger molecules called ‘polymers’, from the ancient Greek mono, polus,
and meros meaning “one”, “many or much”, and “parts”, respectively (Berzellius, 1833). The increase in
molecular size caused by polymerizations often correlates with a perceptible change in phase from liquid
to solid state. These polymers, also referred to as ‘macromolecules’ (Figure 1.1- Left), are arguably one of
the most important current topics in science, technology and engineering because of two main
realizations: first, that materials composed of or containing polymers, mainly in their solid state, are
uniquely advantageous in terms of versatility, accessible control of the molecular structure, broad set of
attainable properties, and accessibility (including their use in conjunction with ceramics and
semiconductors); and secondly, that Materials Science and Engineering in general is and has been
paramount in the accelerated progress of humanity since the 1800’s (from the Industrial Revolution to the
Materials Genome Initiative®). As a consequence, polymer-based materials and bulk polymeric materials
have permeated into arguably almost every field of the physical sciences, engineering, and, most
currently, biology and medicine; as well as into almost every aspect of our everyday life.

Currently, most efforts in research and development of polymers are being targeted towards the
synthesis of rationally designed or tailor-made organic macromolecular architectures via new
polymerization routes and with novel monomers as building blocks'?, as well as towards the engineering
of hybrid materials (which combine more than one class of materials: ceramics, metals, polymers, etc.)

that enable or enhance a broad array of technologies such as conductive polymers for solar energy

* The Materials Genome Initiative is a multi-agency initiative designed to create policies, resources, and infrastructure to support
U.S. institutions in an effort to discover, manufacture and deploy advanced materials twice as fast and at a reduced cost.
(http://www.whitehouse.gov/mgi)
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harvesting, photonics for optoelectronic devices, detection of biological molecules, and medical
diagnostics, to name a few. However, this growth in the library of materials and synthetic approaches
inherently opens up opportunities in areas related to the elucidation of the reaction mechanisms via which
both conventional and novel polymers are synthesized. The latter is important because the development of
advanced materials is strongly dependent on the availability of experimental data and theoretical models
that describe how materials are and can be created as well as how the material properties depend on the
molecular structure, reaction conditions, and post-processing, among other factors. Hence, elucidation of
the working mechanisms and structure-property relationships serves as platform for the rational design
and accelerated deployment of the next generations of advanced materials. We definitely have made
progress in understanding how many of these polymerizations work, but there is most certainly a lot that
can still be accomplished in this endeavor.

Additional contributions to the set of theoretical and physical frameworks employed to predict
and control such multitude of polymer syntheses has an immense practical value. With this in mind, we
embarked into the elucidation of the polymerization mechanisms by which certain types of polymeric
materials are produced using light (which is thought of as being composed of units called ‘photons’) as
energy source; thus working at the interface of polymer chemistry and photochemistry. This research
project originated after the discovery (which will be described later in this Introduction) of an unusual,
and potentially advantageous, latency in some photo-induced polymerization reactions; where latency can
be generally defined as the time-delay in or prolongation of the polymerization of the reacting
monomer(s) after activation by a relatively short initial exposure to light. After an initial exposure to light,
certain free radical-based polymerizations were found to continue over intervals (> 2000 s) much greater
than the expected lifetime or typical duration (< 17 s) of light-activated solvent-free polymerizations
under ambient conditions, as will be described. Hence, the main objective of this thesis was simply
answering the fundamental question: what reaction mechanisms are responsible for the uniquely long-

lasting polymerization of the monomers presented herein after initial exposure to light? To answer this
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question we had designed and built a novel analytical device that allowed us to expand the capabilities in
terms of the mechanistic analysis that can be performed in-sifu during polymerization reactions. The
application of this unexpected phenomenon will be introduced both as proof of the proposed
polymerization mechanisms and as motivator for the undertaking of the present research project. These
mechanisms are also placed in the context of Material Science and Engineering, and their significance

within the field of polymer chemistry is identified throughout the chapters of this thesis.

1.2 Background

1.2.1 Polymer chemistry

In practical terms, the use of organic polymers dates back to the Egyptians, as they employed
photochemically (using sunlight) induced reactions to solidify or harden liquid coatings made with
bitumen of Judea (which contains nature-derived polymerizable compounds) as part of their
mummification process’. Then, the Mayans were documented in the 1500’s to have recognized the utility
of the polymerization of liquid latex from trees into natural rubber to produce the first solid bouncing ball
for its unique mechanical properties, namely its elasticity. However, it was not until 1839 that Charles
Goodyear discovered that the vulcanization process improves durability and properties of natural rubber
(polymer of isoprene: ‘polyisoprene’) via crosslinking modification of its chemical structure, thus
initiating the industrial era of polymers with the introduction of elastomeric materials, specifically for
automobile tires. Then, in 1907 Leo Bakeland developed the first purely synthetic polymer, Bakelite (a
glassy material), as an electrical insulator. A few decades later (1917-1927) researchers finally gathered
enough evidence, e.g. X-ray crystallography, to support Staudinger’s theory (1920) about the
concatenation or addition of small molecules into macromolecules via the formation of covalent bonds
(by the sharing of electrons between atoms). In most cases, this concatenation of small(er) repeat
molecular units into high-molecular-weight covalently bonded macromolecules correlates with a

significant increase in viscosity (and a change of phase in some instances): a low-viscosity liquid turns
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into a solid precipitate (if in solution), or into a rubbery or glassy (higher-viscosity) solid if in bulk.
Staudinger was awarded the Nobel Prize in 1953 as it became evident that his theory provided the
physical framework to explain how the linking of monomer molecules occurs, and to understand the
connection between the macromolecular architecture (e.g. linear chains, branched chains, networks,
dendrimers or star-shaped) and the macroscopic properties of the final polymer material. Ultimately, the
experimental and theoretical work of Staudinger, Carothers and Flory (1974 Nobel Laureate) established
the fundamental relationships between the increase in molecular weight, the kinetics of polymerization
reactions, and the observed changes in the physical properties associated with the increase in molecular
weight from reactants to products: solubility, chemical resistance, toughness, refractivity, light scattering,
and viscosity, for example. Due to the latter, and aided by discoveries in other fields, like physics,
organic, analytical and theoretical chemistry, polymer research and development dramatically increased
between 1927 and 1980, culminating in an industrial shift from metals (steel, aluminum, copper) to
polymers in the USA, and subsequently world-wide. The theoretical set of rules designed by these
pioneers constitutes the foundations for the analysis of the polymerization reactions pertinent to this
research.

Efforts during the twentieth century also paved the way towards the classification of
polymerization reactions. Two types of classifications came into use: one, based on the structure of the
macromolecules formed®, and the other, based on the reaction mechanism by which they are produced’.
The former divides polymerization reactions into condensation and addition polymers. The latter divides
them into step growth and chain growth mechanisms. Although the respective terms may often be used
interchangeably because most condensation polymers are produced via step growth and most addition
polymers are formed by chain growth mechanisms, these terms are not always synonymous®’, as in the
free radically initiated step growth polymerization of thiols with vinyl monomers®.

Carothers, the pioneer of step growth reactions, proposed that condensation polymerization

includes polymers formed from multi-functional (bearing more than one reactive group per molecule)
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monomers by one of several condensation reactions of organic chemistry (polycondensations) with the
elimination of small molecule by-products, e.g. water. One example is the synthesis of polyamides from
reaction of diamines with diacids. Reactions that do not obey this principle were considered to form
addition polymers. However, it quickly became evident that this approach was not appropriate as several
cases were found that do not fall into Carothers’ definition for condensation-type reactions, but that
should be classified as such. As a result, a more rigorous definition was brought to use: a polymer can be
classified as condensation polymer if its synthesis involves the elimination of small molecules, or it
contains functional groups as part of the macromolecular chain, or its repeating units lack certain atoms
that were present in the precursor monomer(s). If the polymer does not fulfill at least one of these criteria,
then it is thought to be an addition polymer®. Note there are a few rare cases in of chain growth polymers
with functional groups in their backbone structure. This approach is still confusing and might not be

applicable to some of the ever-evolving routes for macromolecular synthesis.

Mechanisms for the
synthesis of
macromolecules

Step Growth Chain Growth
[ ]

—  Polyesterification Vinyl polymerization Ring opening
Polyamidation Radical Cationic
Polyurethanes Cationic Anionic

Thiol-ene — Anionic ROMP

— Thiol-Micheal — Ziegler-Natta

— Others

Figure 1.1 Left- Three-dimensional (3D) representation of entangled linear polymer chains or
macromolecules composed of small molecular units (monomers) depicted as beads. Right- Classification
of the most ubiquitous mechanisms for the synthesis of polymers. Emphasis of the present work is the
polymerization of vinyl monomers (containing at least one carbon-carbon double bond) using free
radicals, also called ‘radicals’, to initiate the polymerization reaction- labeled with orange boxes.
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A more recent and arguably more useful classification is the one proposed by Flory® based on the
mechanism via which the macromolecules are built-up: step growth or chain growth. This approach
makes the distinction based on several features, but the most important ones are perhaps the identities of
the reactants, and the dependence of the molecular weight of the macromolecules formed on the extent of
conversion (defined as the fraction of reactive functional groups consumed at a given point in time, and
labeled as p or ). Step polymerizations proceed by the stepwise reaction between the functional groups of
the monomers, like in the A-A + B-B type addition to form -A-A-B-B- units. As a result of such
mechanism, the size of the macromolecules increases at a relatively slow rate as a function of monomer
conversion. This classification is important because the polymerization reactions displaying the unusual
latent polymerization fall clearly in the chain growth category, and hence must display the particular
characteristics associated with this reaction mechanism (Figure 1.1).

In chain growth polymerizations, on the other hand, an initiator molecule (referred to simply as
‘initiator’) forms a reactive center (free radical, cation, anion, base, or acid), which starts the addition of
monomer in a chain reaction mechanism (Figure 1.1). In contrast, step growth polymerizations are
typically not initiated by reactive centers. However, examples have been reported in which this is not the
case, such as in thiol-ene polymerizations that react via a step growth mechanism despite being initiated

by free radicals®''".

Formation of the reactive centers can be induced thermally, chemically,
electrochemically, or photochemically (using radiation). Then, addition of hundreds, thousands, or even
hundreds of thousands and millions of monomer molecules proceeds due to the so called ‘propagation’ of
the reactive centers in a successive fashion; where the reactive centers are regenerated after addition of
each monomer unit (Figure 1.2-a and c). This addition of many molecules per reactive center is termed
‘chemical amplification’. Finally, the growth of the macromolecules ceases when the reactive center is
‘killed” or ‘terminated’ by one of the plausible termination reactions, such as radical-radical quenching,

hydrogen abstraction, or acid-base (Figure 1.2-a). Termination (with rate constant values on the order of

k. ~10” L*mol*s™) is kinetically and thermodynamically more feasible than propagation (k, ~10° L*mol
y y y p
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"*s) in conventional free radical chain growth polymerizations. Hence, if initiation is ceased and no
more reactive centers are produced, termination quickly reduces the concentration of the propagating
radicals to zero (or effectively zero in most cases), halting the propagation process as a consequence, and
stopping the polymerization reaction shortly thereafter (which was expected to occur in the
polymerizations discussed herein). However, if initiation does not cease, radical concentrations are kept
orders of magnitude lower (~10® M) than the usual monomer concentrations (10-10" M), and thus the
propagation of monomer can proceed at steady-state” rates of polymerization (Ry): 10'6<Rp<10'4 L*mol’s’
" (see Figure 1.2). The distinguishing characteristic of chain polymerizations is that polymer growth takes
place only by the reaction between monomer and the propagating reaction center(s). Monomer does not
react with in-activated monomer molecules, and the macromolecular species formed at a given point in
time do not react between each other. As a result, chain growth polymerizations will lead to the formation
of high-molecular-weight macromolecules from the very early stages of the reaction, as opposed to the
step-growth mechanism in which high-molecular-weight macromolecules are only present towards the
very end of the reaction. In consequence, kinetics are typically affected by the rapid growth in molecular
size from the early stages of the polymerization reaction. The four essential assumptions on which this
theoretical framework is founded are: 1) steady-state concentration of reactive centers prevails throughout
the reaction, 2) radical reactivity is independent of the chain-length (size of the macromolecules), 3) no
chain transfer reaction(s) occur, and 4) no auto-acceleration or gel-effect occur (defined in the next
paragraph). If any of these assumptions is not valid, then the associated kinetic expressions (Figure 1.2- b)
have to be re-examined. In this work, we will discuss how modifications to these assumptions could
explain the unusually prolonged polymerization observed so long (> 2000 s) after initiation is expected to

cease.

b A pseudo-steady state approximation is most often valid, which means that the rate of initiation can be assumed equal to the rate
of termination, as depicted in Figure 1.2-b.
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Figure 1.2 Elemental reaction steps, kinetic expressions and depiction of chain growth polymerization
reactions of monomers containing vinyl groups (C=C double bonds). This constitutes the basic theoretical
framework to explain and predict the formation of macromolecules via the chain growth mechanism.

The wvalidity of these assumptions and of the associated kinetic model of chain growth
polymerizations are also dependent on the experimental conditions at which the reactions are performed,
e.g. bulk (monomer only), in solution, in suspension, or emulsion. For example, modifications to this
general construct of chain growth polymer synthesis (Figure 1.2- b) have been proposed to explain
atypical experimental results observed in bulk polymerizations; namely the increase in the rate of
polymerization (R;), called ‘auto-acceleration’, that is due to the accumulation of propagating radicals
(deviating from the pseudo-steady state approximation) as a result of the increase in mobility restrictions
associated with the change in viscosity and free volume when the material solidifies. The latter

preferentially decreases the termination rate constant (k) for the dominant bimolecular radical-radical
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quenching reactions because bigger macromolecular propagating radicals have lower probability of
colliding as they are the most sensitive to increasing diffusion restrictions (Figure 1.2-a). The latter is
normally referred to as the Trommsdorff~-Norrish or gel effect. The polymerizations analyzed for this
work are performed in bulk conditions, and thus are not expected to obey the pseudo-steady state
assumption at all conversions due to this gel-effect.

Probably the only important ambiguities with the classification of step and chain growth
mechanisms are the cases in which a linear increase in molecular weight with conversion of monomer to
polymer is observed for some chain growth reactions, e.g. ‘living’ polymerizations, ring-opening
polymerizations, and in protein synthesis. In these cases, relatively minor alterations to the general
working mechanism for chain growth polymerization are responsible for the linear dependence of
polymer growth on the conversion or extent of the reaction, e.g. termination reactions are absent or
initiation is significantly faster than termination of the reactive centers. As a result, living polymerizations
and ring-opening polymerizations are classified as chain growth mechanisms despite such a discrepancy.
A subset of the living polymerizations category was then created, which is called controlled radical
polymerizations (CRP). This refers to reactions that work via a chain growth mechanism in which very
slow termination reactions allows sufficient control over the polymer growth to make more uniform sizes
and macromolecular architectures, as opposed to the stochastic growth in molecular weight associated
with typical free radical initiated polymerizations due to competing propagation and termination
reactions. CRP’s is relevant to the present work because this type of reactions is characterized by having a
hindered termination process (as will be detailed in Chapter 7), which could partially explain the unusual
latency observed in the polymerizations analyzed for this research.

Ultimately, the polymerization reactions that display the unusual latency fall into the free radical
initiated chain growth classification (Figure 1.1); and, hence would be expected to function via the
general mechanism described above (Figure 1.2). However, the prolonged polymerization of the

monomer after the expected cease of initiation indicates that some modifications to this general
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framework might be required. A plausible theory is that initiation is not ceasing when it is expected to. A
slightly altered initiation mechanism in the present polymerizations could lead to an extended production
of primary radicals, as will be discussed in Chapters 3, 4 and 6. On the other hand, if termination becomes
hindered by mobility restrictions, or is kinetically less feasible due to the formation of a dormant state (as
in controlled radical polymerizations), or due to competitive reactions, like chain transfer, then
propagation of the free radicals will not stop as quickly as expected after light cessation, discussed in
Chapter 7.

In chain growth polymer synthesis, vinyl monomers are by far the most commonly used’. These
are defined as monomers that contain one or more carbon-carbon double (called ‘pi’ or m) bonds,
commonly referred to as ‘unsaturations’, for example: ethylene, a-olefins, styrene, vinyl esters,
methacrylic esters, and vinyl ethers. Polymerization of vinyl monomers via reaction of the n-bonds with
either free radical, cationic, or anionic reactive centers has been reported. Monomer reactivity towards
any of these reactive centers depends on inductive and resonance effects, which alter the electron density
of the molecule, imposed by the substituent(s) attached to the carbon-carbon double bond, C=C, and is
based on thermodynamic and kinetic considerations. However, initiation of the chain growth
polymerization of vinyl monomers by free radicals is the most ubiquitous. As the reactive centers
propagate they convert every pi-bond into two sigma bonds after successive monomer additions (every
double bond can add two monomer molecules, one in each side, as opposed to what happens in step
growth polymerization), as depicted in the blue box in Figure 1.2- c. As a result, the backbone of most of
these macromolecules is exclusively composed of carbon atoms, which contributes to the often-useful
mechanical properties of materials composed from these polymers.

Vinyl monomers with one double bond per molecule (mono-vinyl) normally form linear or
branched polymer chains (Figure 1.1), whereas multi-vinyl monomers produce crosslinked polymer
networks shown in Figure 1.2. Differences in macromolecular architecture greatly influence what the

properties of the final material will be (Figure 1.3): typically crosslinked polymers are ‘thermosets’
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(meaning that once the polymer is created it can not be modified by thermal post-processing), whereas
non-crosslinked macromolecules tend to be soluble ‘thermoplastics’ (meaning that they can be melted and
reshaped, e.g. by extrusion). Regardless of their architecture though, bulk solid polymer materials can be
classified by their mechanical properties as well, namely viscosity, glass transition temperature (T,-
temperature at which a material transitions from a glassy to a rubbery behavior), moduli (rubbery or
glassy, loss or storage, Young’s). Thus, crosslinked polymer networks can have either rubbery or glassy
character. As will be shown later, the polymeric materials synthesized for this research project are
sometimes referred to as ‘densely crosslinked polymer networks’, which tend to extend the glassy (high
modulus) state to higher temperatures while providing higher rubbery modulus above the T, These are
different than the loosely crosslinked networks, which include hydrogels and typically form rubbery
solids or gels. The density of these networks will become important due to the Trommsdorff-Norrish
effect: kinetics of the polymerization reaction are significantly affected by the mobility of the propagating
radicals as the transition from a low-viscosity ‘liquid’ into a high-viscosity solid occurs, i.e. changes in
viscosity and free volume depend on the rate of polymerization (R,), but also affect the evolution of R,

themselves by effecting k, and k,"*".
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Figure 1.3 Versatility of polymer materials containing made with monomers containing vinyl groups.
Monomer structure, macromolecular architecture, polymerization mechanism, kinetics, processing
conditions and additives are the most important parameters that can be used to tailor the properties of the
polymer-based materials.

Acrylates and methacrylates, referred to as ‘(meth)acrylic’ monomers from this point on, are used
widely as vinyl monomers® to produce predominately linear polymer from monovinyl monomers as well
as densely crosslinked networks, which offer a variety of mechanical and optical properties (Figure 1.3),
when di- or multi-vinyl monomers are involved. These are preferred in applications such as coatings'’,
dental materials'®, photolithography for electronics manufacturinglg, 3D prototypingzo, holographym,

22,23

biomaterials™", adhesives24, sealants, contact and other lenseszs, micro device fabrication (integrated

21,26

circuits) , to name some. These polymer networks are useful because of their chemical resistance

(thermally stable and solvent resistant), mechanical strength and toughness (glassy materials) and optical

¢ (Meth)acrylic monomers contain a C=C double bond that is conjugated to an ester group (-CO-0-R).
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2127 Methacrylates (which generally display a slower rate of polymerization but higher T,

clarity
compared with acrylate analogs) are often preferred in dental and biomaterials where strength and
durability are major issues®™?' whereas acrylates are most widely employed for electronics and optical
materials since high strength is not a primary requirement, and their higher reactivity facilitates

: . 27,32
production efficiency™”

. Herein we discuss the synthesis of crosslinked networks as macromolecular
architectures built from acrylates and methacrylates; but focusing primarily on the latter. As a result, the
present work, although fundamental in nature, will pertain to the use of polymers as dental and orthopedic
materials’**?® but extends to many other application areas as well. The bulk polymerization of
(meth)acrylic monomers employed in these applications has been documented to generally obey the
reaction mechanism of free radical initiated chain growth polymerizations described above. Modifications

have been proposed to explain most of the existent experimental data'>'**"*

. However, the currently
available theoretical framework and models sometimes fail to correlate with experimental results; as for
the unusually prolonged latent polymerizations presented herein. The central problem addressed by this
thesis is then to explain the unusual latency in polymerization of mono-vinyl hydroxylated methacrylate
monomer, such as 2-hydroxyethyl methacrylate (HEMA), by refining the mechanistic framework

introduced in this section to account for discrepancies from the conventionally accepted mechanistic

standards.

1.2.2 Photochemistry applied to the synthesis of polymers

Photochemically induced initiation of chain-growth polymerizations of acrylates and
methacrylates has been exploited since the 1940°’s¥. The integration of polymer chemistry and
photochemistry is usually highly effective and practically advantageous since photochemical reactions
readily produce free radicals that efficiently initiate polymerization of (meth)acrylic monomers (Figure
1.2). Photoinitiated polymerizations (called ‘photopolymerizations’ from this point onward) of

(meth)acrylic monomers belong to the chain growth category, and thus, their reaction mechanism should
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obey the fundamental principles introduced in the Polymer Chemistry sub-section (above). Hence, the
role of the photochemical reaction(s) in a photopolymerization is most often restricted to the production
of primary radicals, labeled herein as ‘primary’ to differentiate them from monomer-based ‘propagating’
radicals (Figure 1.2). Immediately after the photochemical step, primary radicals initiate monomer
molecules that quickly turn into ‘propagating radicals’, which concatenate as vinyl groups add to the
macromolecules. It is important to note that radicals produced from the photochemical reactions are
typically highly reactive towards a variety of functional groups and molecules. Hence, initiation of
polymerization is typically inhibited at least slightly by the presence of molecular oxygen or any other
molecules that can compete with the vinyl groups for the reaction with the free radicals produced. Finally,

propagating radicals are neutralized or ‘killed’ by unimolecular and bimolecular termination processes***

via radical-radical quenching, radical scavenging by oxygen to form more stable peroxy radicals**
(Figure 1.2-a), and hydrogen abstraction (in a few cases). Almost always, photochemical production of
free radicals ceases completely when irradiation is extinguished. If in fact, no more radicals are produced
when the light is extinguished, then the propagation should be halted by termination, and the
polymerization should stop shortly after the extinction of irradiation. It is thus plausible that, in the cases
studied in this work, initiation does not cease when irradiation is no longer present. Hence, Chapters 3, 5
and 6 examine the photochemical mechanisms via which primary radicals are produced in the
formulations that display the long-lasting polymerization in the ‘dark’ (after irradiation is no longer

present), in order to assess whether or not primary radicals are somehow produced after an initial

exposure to irradiation.
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Figure 1.4 Left- Components of a photopolymerizable formulation. The focus of this work is on the
reactions involving initiator(s) and the monomer(s). Right- General Jablonski diagram for photochemical
and photophysical transitions. Primary radicals are most often produced from the triplet state (T,)
following intersystem crossing from the initially formed singlet excited state of the photoinitiator
molecule.

The photochemical and photophysical pathways of a chromophore are shown in the form of a
Jablonski diagram (Figure 1.4- Right). The atoms in the chromophore molecule are associated via the
interactions of their respective electrons. Depending on the energy level at which these electrons are
found, several ‘electronic states’ can be devised: Sy, Si, S,, T1, T, and so on. The nomenclature of said
states describes the spin multiplicity of the entire molecule, where S stands for singlet, and T stands for
triplet. The subscript then describes the ranking of a particular state relative to its energy. Thus, Sy is the
singlet state with the lowest energy, also referred to as ground state. All other states are excited states in
which at least one electron ‘jumped’ to a higher energy orbital, S, and S, for example, after the absorption
of one photon by the molecule. These electronic states are not discrete, but rather manifolds of several
states that are energetically close to each other. The absorption of one, or in some cases two, photon(s)
corresponds to the transition from the ground state singlet Sy to a higher energy excited state singlet, like

S,. From S,, several decay pathways can occur by which the absorbed energy is essentially released:

radiative, radiationless, or quenching processes. Radiative processes are those in which a photon of equal
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or lower energy is emitted by the excited molecule, such as fluorescence and phosphorescence.
Radiationless processes include internal conversion, vibrational relaxation, and intersystem crossing, from
which the absorbed energy from light is then released as heat. Intersystem crossing involves a change in
the spin of the electron found in the excited state. Any transition that involves a spin flip is said to be
spin-forbidden, and usually occurs at relatively lower rates. From any of the excited states, S1 or T1 for
example, a molecule can undergo bond cleavage, if the energy of said state is equal or higher than the
bond dissociation energy of a particular bond in the molecule (Figure 1.6-Left), or it can be quenched by a
ground state molecule. Quenching processes involve the reaction of a molecule in an excited state with
another molecule. Most frequently the other molecule is in its ground state. Quenching typically occurs
from one of the triplet states since they are longer lived due to the fact that the transition from a triplet T,
back to the original ground state manifold S, is spin forbidden. In some cases, quenching of one of the
singlet states, S; or S,, can occur despite the shorter lifetimes of these states. Triplet state quenching of
chromophores by amines (Figure 1.4- Right) typically leads to primary radicals, and will be analyzed in
detail in Chapters 3, 5, and 6. Analysis of such photochemical and photophysical pathways will allow us
to scrutinize the free radical production process to assess its effect on the latent vinyl polymerization.
Photochemical production of primary radicals to initiate polymerizations has several advantages
over thermal, chemical (redox) and electrochemical initiation: 1) polymerization proceeds rapidly under
ambient conditions, 2) polymer synthesis can be controlled spatially and temporally, 3) higher energy-
efficiency, and 4) no requirement for solvents (which are usually employed to control temperature of the
reaction)®. The spatiotemporal control attained in the photopolymerization of (meth)acrylic monomers is
mainly due to the fact that these reactions are chain growth processes, initiated by free radicals, and
activated photochemically’. Given this unique set of characteristics, photoinitiated free radical chain

growth polymerization of acrylates and methacrylates has been the preferred polymer synthesis method

d Radical production is restricted to where and when photons are present, free radicals are very short lived, and high-
molecular weight macromolecules are quickly formed. Thus, polymerization is restricted spatially and temporally to the
presence of photons. The role of these factors will be discussed throughout the thesis chapters.
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where materials need to be form in-situ or in-vivo under ambient conditions with no or little solvent

present (except for hydrogels*®*’

), and with control over when and where the reaction occurs. However,
photopolymerizations have arguably not been utilized to their full potential due to a generally limited
understanding of the polymerization process, as well as to unresolved issues, such as oxygen or water
inhibition (oxygen quenches radicals while water quenches anions and cations), volumetric shrinkage and
stress development (most important in solvent-free systems), and presence of potentially leachable
unreacted monomer*. The goal of this research is not solving any of the latter practical issues, but rather
contributing to the better understanding of how these photopolymerizations function and offer potential
opportunities for expanding the scope of how photocuring can be employed. Even though no direct
attempts were made to improve or eliminate any of the practical concerns just mentioned, some
connections will be drawn as we describe the mechanisms associated with the delayed polymerization of
monomer after initial irradiation exposures.

Photopolymerization of (meth)acrylic monomers (sometimes called ‘resins’) has mostly been
performed with ultra-violet (UV) irradiation, which includes the range of the electromagnetic spectrum
between 10 and 380 or 400 nm. Although, the practical wavelength range is 300 to 400 nanometers since
most organic molecules absorb light at shorter (< 300 nm) wavelengths, i.e. control over or specificity of
the light absorption is lost. This type of radiation is advantageous (as in photopatterning for electronic and
optical materials) because the relatively shorter wavelengths (considering the diffraction limit) readily
allow production of patterns on the micron scale, and more recently even on the nanometer scale'.
Additionally, the light emission from the sun at the earth’s surface and conventional lamps (use for
everyday human activities) has a relatively low intensity in the ultraviolet region. As a result, UV
photopolymerizable formulations are more photochemically stable than those that are visible-light
sensitive. Furthermore, UV sensitive components inherently lack color. Hence, optically clear polymers

required for many applications can be readily produced (except when yellow by-products are produced).
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Lastly, UV-initiated systems tend to have a sufficiently long shelf life under ambient dark conditions,
typically upon the customary additional of stabilizers or radical inhibitors.

However, demand has risen to design photoinitiators that can efficiently initiate chain growth
polymerization via production of free radicals in response to the lower energy, more benign visible-

48-50

light™", corresponding to wavelengths between 400 and 700 nm. One example is dental and other
biomaterials applications that typically use light in the 400-500 nm range due to the more stringent
requirements associated with these, and to the greater penetration of longer-wavelength visible-light
through the sample as a result of less scattering. Both industrial and academic efforts have been
undertaken to design photopolymerizable formulations that can be activated by these longer wavelengths.
While it has been confirmed that longer wavelength (lower energy) photons have a significantly lower
photo-toxicity, several issues have clearly been identified. First, visible-light sensitive photoinitiators are
inherently colored. Thus, for applications in which clear polymer materials are desired these are not
preferred. Secondly, these photoinitiators tend to be photochemically and thermally less stable than UV-
sensitive systems. Lastly, in most cases these photoinitiators require a combination of at least two
reactants and/or reagents in order to produce free radicals at competitive rates. The latter makes the
photochemical mechanisms more intricate. Finally, there seems to be a limited understanding of the
complex reaction mechanisms involved in the primary radical production, and how to design visible-light

multi-component photoinitiators that have a longer shelf life, polymerize monomers at fast rates, and that

can potentially be used to make optically clear polymer materials.

Reaction
speed

Reaction
mechanism

PI's key
variables

Absorption/
sensitivity

Figure 1.5 Most important factors determining the performance
of photoinitiators (PI’s) for the synthesis of polymer materials.

By-products
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Having stated the differences between photoinitiators based on the type of light they are sensitive
to, we can now classify them based on the photochemical pathways by which they tend to react (Figure
1.6- Left). This classification divides photoinitiators into Type I and Type II. The former involves light
absorbing molecules (called ‘chromophores’) that cleave into smaller molecules upon excitation by a
photon. This process is referred to as ‘cleavage’, since one or more atomic bonds (typically sigma C-C
bonds) are broken upon light absorption. The breaking of a covalent bond (homolysis) produces two free
radicals, which are typically both used to initiate the polymerization. So far, these initiators have been
synthesized to react only upon absorption of UV and blue light (UV-470 nm). Despite many recent
efforts, the synthesis of blue light (400-470 nm) sensitive chromophores is still complex and generally
more costly than the synthesis of UV (300-400 nm) sensitive photoinitiators. This typically requires the
synthesis of molecules containing heavier atoms, such as germanium. As a result, Type I photoinitiators
have not successfully displaced the Type II PI’s in applications where the use of UV light is preferentially
avoided, such as in dental materials’'. Examples of Type I photoinitiators are bis-acyl phosphine oxides

and acetophenones.

Photon BDE: T
A (nm) energy Species b g
Tl (kcal/mol)
200 143 Ketone (C=0) 173
250 114 02 (0=0) 119
300 95 ROH (H-0) 105 sl
unimolecular
350 82 Ketones (C-C) 80
(UV-470 nm)
400 71 ROOH (H-0) 88
450 64 H202 (H-0) 88
500 57 C-Br 65 al
550 52 S-S 52 eavage
600 48 H202 (0-0) 51
650 44 cl 45
700 40 Polyaromatics 40 (T,)
800 36 R202 (0-0) 37
1,000 27

Figure 1.6 Left- Table comparing Bond Dissociation Energies of typical organic compounds with triplet
state energies from most important functional groups in photochemistry. Right- classification of
photoinitiators by their primary photochemical pathways.



20

In contrast, Type II photoinitiators cannot undergo cleavage after light absorption, but rather
require the reaction with an additional ground state molecule (sometimes called a co-initiator). By
utilizing these bimolecular photochemical reactions, primary radicals can be produced with lower energy
photons from visible-light chromophores at practically competitive rates. Chromophores employed for
these photoinitiating systems are most often easier to synthesize and readily accessible, like quinones and
organic dyes, than Type I photoinitiators. After a photon is absorbed by the chromophore, bimolecular
reactions can occur if the excited state(s) is sufficiently long-lived to allow for the collision with the non-
excited (or ground state) co-initiator. Examples of some of the most ubiquitous reactions subsequent to
the absorption of one visible-light photon are hydrogen abstraction and electron transfer (Figure 1.7-
Right). Some of the most plausible photochemical pathways for molecules excited via n>7n* and n>n*
(where n stands for non-bonding orbital, & stands for the bonding pi-orbital, and n* stands for the anti-
bonding pi-orbital) transitions are describe in Figure 1.7-Left. The probability of each one of the plausible
pathways that follow after the initial photochemical step depends primarily on the nature of the light-
absorbing functional group, the structure of the co-initiator, and the medium in which the reaction is
performed. An example of a Type II photoinitiator is the combination of camphorquinone as a
chromophore, and an amine as a reductive co-initiator; this system is still the standard for the in-situ

photopolymerization of (meth)acrylic monomers used as dental restorative materials® ™.
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Figure 1.7 Left- Frontier molecular orbitals in a carbonyl compound. Right- Plausible photochemical
pathways for molecules excited from the via the electron jump from a & orbital to a n* orbital.

Around the 1970’s, it was identified that in many cases the addition of a third component, e.g. an
onium salt as an oxidant, to the conventional Type Il chromophore/reductant combinations most often
leads to an increase in the rate of polymerization and also often in the final limiting conversion achieved.
Since the rate of polymerization and final extent of polymerization are probably the most important
practical parameters, these so-called ‘three-component’ (as they require at least three different molecules)

photoinitiators immediately attracted interest within the photopolymerizations community*’

. However,
it was not realized until 2010 that these photoinitiators usually fall into the field of organic and
organometallic photocatalysis (also called photoredox catalysis). Detailed mechanistic studies of three-
component initiator systems were reported in our lab beginning in 2009 but it is recognized that Fouassier
and coworkers review publication on this class of photoinitiating compositions made the first reported
connection between these two topics®. Such realization is important because of two main reasons: first,
photocatalysis has recently gained much attention in organic chemistry due to the development of better
catalysts for more efficient and ‘greener’ synthesis of pharmaceuticals, fuels, and important organic

precursors; secondly, the photochemical mechanisms involved in the synthesis of small organic molecules

in solution using photocatalysis can serve as guideline for what can be expected to occur in polymer
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synthesis. Production of reactive centers for polymer synthesis via visible-light organic photocatalysis has
thus become arguably the most important topic in current photoinitiators literature. However, due to the
inherently complex reaction mechanisms involving photochemical and ground state reaction steps, and to
the almost infinite amount of possible photoinitiating combinations of three (or more) components, there
are still considerable challenges involving unresolved mechanisms. The unusually prolonged latency was
observed in photopolymerizable formulations containing a few of these combinations, including one
composed of an organic dye as the photocatalyst, a tertiary aliphatic amine as a reductant co-initiator, and
an onium salt as an oxidant. Hence, a significant effort was made herein to elucidate how the present

organic photocatalysis photoinitiating system(s) produces the radicals involved in the polymer synthesis.
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1.3 Initial observation of latent consumption of vinyl groups

a) Post-irradiation extent in multi-vinyl acrylates with b) Latent polymerization in mono-vinyl acrylates (HEA) with
conventional photoinitiators conventional photoinitiators
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Figure 1.8 Comparison of typical duration of a chain growth free radically initiated polymerization
reaction and the unusual prolonged latency observed for some visible-light organic photocatalysis
photoinitiators in (meth)acrylic monomers in bulk. a) shows the extent of the post-irradiation vinyl
consumption seen in dimethacrylates that are typically used for coatings applications™ . b) shows the dark
polymerization obtained for mono-vinyl hydroxylated acrylate monomers after the extinction of
irradiation at different conversions”. ¢) shows the uniquely prolonged latent polymerization seen when 2-
hydroxy ethyl methacrylate is irradiated for different exposure times when containing a visible-light
photocatalytic photoinitiatior that is introduced below.

Due to concerns about the photo-toxicity of UV and even blue light to some extent, a portion of
the research efforts in our laboratory have been aimed at the study and development of these three-
component photoctalaytic photoinitiators that can polymerize dental (meth)acrylic monomers at

competitive rates upon activation with wavelengths greater than 470 nm. Some of the initiator

components are fairly polar salt compounds that display quite limited solubility in many traditional non-
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polar monomers. Thus, slightly polar hydroxylated (meth)acrylic monomers were required to test the

photoinitiating combinations. Around 2008-2009°"%

, it was observed that polymerization of some of
these mono-vinyl hydroxylated methacrylates, such as 2-hydroxyethyl methacrylate (HEMA), in bulk and
initiated by >500 nm light in the presence of photocatalytic (three-component) photoinitiators, e.g.
Methylene blue/Hiinig’s base/Onium salt, displayed an unusually prolonged latency after an initial
irradiation with a broad-band halogen lamp: 100 W quartz halogen (Oriel) and a dental halogen lamps
(Coltolux 75)°, as shown in Figure 1.9. The unusually prolonged polymerization in the dark was
determined by quantifying the concentration of vinyl groups in real-time with Fourier-Transform Near-
Infrared Spectroscopy (FT-NIR). The use of this technique to analyze the kinetics of photopolymerization
reactions will be presented in Chapter 4 as we describe the design of a spectroscopy apparatus for the
improved kinetic analysis of the reactions involved in these polymerizations. Using FT-NIR it was
observed that the monomer continues to polymerize for over 5000 s after an initial 10 to 60 s irradiation
period. To put this in perspective, the post-irradiation consumption of vinyl groups is expected to last in
general for roughly 0.1-17 s, base on reported kinetic constants and rate values, after the production of
primary radicals has ceased at light extinction in conventional bulk free radical photopolymerizations via
the chain growth mechanism, as confirmed previously by Decker and by Hoyle and coworkers (Figure
1.8- a and b)**. Hence, these initial experiments seemed to indicate that some unique mechanisms might
be in play in these photopolymerizable formulations. The most plausible scenario based on the known
mechanisms introduced herein are: first, that production of primary radicals is sustained long after the
irradiation has ceased; secondly, that the termination of the propagating radicals is somehow slower than
in conventional reactions; and finally, that both conditions synergistically contribute to the unusually
prolonged duration of the reaction after the initial irradiation.

The set of formulations analyzed in the initial testing and discovery of the latent polymerization

(before the start of the present project) are listed below:

e Halogen lamps are typically used for applications in which visible-light emission is desired. The emission spectrum of
these lamps will be described in Chapters 3-6 of this thesis.
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Zn-tpp DABCO DPI-AsFg HEMA 0.15
Zn-tpp DABCO DPI-PF; HEMA 0.15
Zn-tpp DABCO DPI-C1 HEMA 0.15
Zn-tpp DABCO DPI-SbFg HEMA 0.15
Zn-tpp DIPA DPI-AsFg HEMA 0.15
Zn-tpp MDEA DPI-AsFg HEMA 0.15
Zn-tpp NaOH DPI-C1 HEMA 440
Rose bengal DABCO DPI-AsFg HEMA 0.15 Quartz
Rose bengal DABCO  DPI-AsF, HEA 0.15 H%Ogen &
ental
Methylene Blue ~ Hiinig’s Base DPI-Cl HEA 500 Lamps
Methylene Blue  Hiinig’s Base ~ DPI-CI HEMA 0.15 e
emission
Methylene Blue ~ Hiinig’s Base DPI-Cl1 HEMA 500 400-800 nm
Methylene Blue  Hiinig’s Base DPI-Cl HEMA 0.15
Methylene Blue ~ Hiinig’s Base ~ DPI-AsFg HEMA 500
Methylene Blue  Hiinig’s Base DPI-PF, HEMA 500
Methylene Blue TEA DPI-C1 HEMA 500
Methylene Blue DIPA DPI-Cl HEMA 500
RF Hiinig’s Base DPI-C1 HEMA 500
RZ Hiinig’s Base DPI-Cl HEMA 500

Formulations showing conventional duration of polymerization post-irradiation

CQ DABCO DPI-AsFg HEA 440
CQ EDMAB - HEA 500
Zn-tpp Hiinig’s Base DPI-CI HEMA 500 Quartz
RB Hiinig’s B DPI-CI HEMA 500 Halogen &
iinig’s Base -C Dental
Methylene Blue TEA - HEA 500 Lamps
Methylene Blue  Hiinig’s Base ~ TPS HEMA 500 Effective
emission
Methylene Blue  Hiinig’s Base Triazine HEMA 500 400-800 nm
Methylene Blue ~ Hiinig’s Base DPI-C1 TEGDMA 500
Methylene Blue  Hiinig’s Base DPI-Cl HDDA 500
Formulations with several degrees of latent polymerization
Methylene Blue  Hiinig’s Base DPI-CI HEMA/HDDA 500

Figure 1.9 Table listing of the formulations tested for the discovery and assessment of the prolonged
latency in the polymerization of methacrylate monomers HEMA and HEA. Formulations inside the black
box displayed the longest latent polymerization of vinyl groups in bulk monomer after brief irradiation.

Conclusions derived from the initial assessment of the latent monomer consumption:

1. HEMA shows more latent polymerization than its non-methylated analog: HEA
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2. Other monomers, such as TEGDMA and HDDA show no latent polymerization as expected

3. Presence of the electron donor (iodonium salt) leads to latent polymerization, absence of this
component causes no monomer consumption after light extinction (CQ/EDMARB)

4. Increasing the counter-anion size of the iodonium salt oxidant increases solubility, thus leading to
more latent polymerization

5. The combination of Methylene Blue/Hiinig’s Base/DPI-Cl in HEMA gives the highest latent
polymerization, whereas Methylene Blue/Triethylamine showed none

6. Lower light intensity increases the duration of the latent monomer consumption

7. The rate of polymerization immediately after light cessation changes based on the conversion at

the time of light shut-off

1.4 Project scope and significance within the field of polymer chemistry

The present work focuses on the mechanism of free radical chain growth polymerization of
(meth)acrylic monomers in bulk and initiated by visible-light organic photocatalysis with methylene blue
as photocatalyst (or chromophore), Hiinig’ base (N-N-diisopropyltheylamine) as a reductant and
diphenyliodonium salts as oxidant. We chose this particular three-component combination because it
displayed the most extensive latent polymerization in the initial experiments. Additionally, the three
components are readily accessible and are not as expensive as most of the organometallic photocatalysts,
such as zinc, ruthenium and iridium complexes. The latter seems more appropriate for applications in

which the photocatalyst is not recoverable, as is the case for bulk photopolymerizations.
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Figure 1.10 Components of the model formulations studied in the present thesis. The combination of
MB'/DIPEA/DPI" in HEMA leads to the most extensive latent monomer polymerization after an initial
irradiation.

Methylene blue belongs to the class of thiazine dyes. Thiazine dye/amine combinations have been
reported to initiate polymerization of vinyl monomers in solution since the middle of the twentieth
century, but limited mechanistic information has been gathered for bulk polymerizations, and for
MB/amine/oxidant combinations used in free radical chain growth polymerizations in general®®. The
Hiinig’s base (DIPEA) is a very useful non-nucleophilic base for organic synthesis. However, its use as a
ground state reductant co-initiator for photoinitiating systems has remained nearly non-existent. lodonium
salts are typically utilized as UV-sensitive cationic photoinitiators. However, their use as oxidants for
three-component systems to initiate both radical and cationic polymerizations as well as dual network and
hybrid polymers has been reported on numerous occasions.

As introduced in the previous sections, free radical initiated photopolymerizations are
characterized by rapid cessation of polymerization when the irradiation is extinguished. Continuous
irradiation is necessary to sustain the polymerization up to its completion since the reactive centers have a
very short lifetime due to highly favorable termination reactions. In contrast, cationic

photopolymerizations allow significant latent polymerization due to the longer lifetime of this type of
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active center. Thus, the latent monomer conversion, also referred to as dark cure, is a signature trait of
cationic photopolymerizations. However, monomers that are suitable for polymerization via cationic
reactive centers are less common and typically more expensive to synthesize. There are a few examples of
(meth)acrylic monomers that react via free radical chain growth photopolymerization and exhibit a longer
than usual latent polymerization”. These are also characterized by other unusual properties, such as
significantly higher reactivity than typically encountered, and formation of a certain amount of
unexpected crosslinks perhaps due to chain transfer reactions. However, these monomers are not
commercially available. As a result, the prospect of bringing the latent polymerization capability to the
free radical photopolymerization of readily accessible monomers is highly significant within the field of
polymer chemistry because of the following reasons: 1) reduced processing times could be attained, 2)
required photoinitiator concentrations may be lowered, 3) polymerization in shadowed regions adjacent to
irradiated areas could be achieved, 4) enhanced depth of cure, and 5) photopolymerization of pigmented
or highly filled (optically opaque) materials might be allowed. Fundamentally, the elucidation of the
mechanisms that cause the unique attributes of these monomers and of methods to control this latent
polymerization could open new vistas for the application of free radical chain growth
photopolymerizations to unexplored areas and needs.

Over the past three or four decades, developments in organic chemistry, quantum chemistry,
synthesis, catalysis, and supramolecular chemistry have shaped current polymer science and engineering.
Currently, the question is not whether we can synthesize macromolecules efficiently, but rather, if we can
achieve ever better control of the polymerization reaction, and the macromolecular architecture; thus
attaining unprecedented levels of precision in terms of the physical properties of the final material; the
ultimate goal being the design of entire libraries of materials with precise control of the properties from
the (nano-) molecular scale to the macroscopic scale. This comes from the realization that with the current
developments in processing techniques, characterization devices, and synthetic tools we have the

capabilities and the knowledge to direct molecular assembly, reaction, and/or interactions in specific ways
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as needed to create materials with a defined set of properties and desired performance, e.g. molecular
devices, layer by layer assembly, nanogels, dendrimers, DNA-mimics, among others. We hope this
fundamental work will contribute to the understanding of how to achieve such level of control in order to

design high-performance materials relevant for the future of the field of polymer chemistry and humanity.

1.5 Thesis statement
Despite the initial efforts to characterize the uniquely prolonged duration of monomer
consumption after relatively brief irradiation, the explanation of these phenomena was not found. The

hypothesis discussed in the following chapters is as follows:

“The unusually prolonged latent polymerization of the vinyl groups in the methacrylate monomer
molecules is due to synergistic contributions from the visible-light organic photocatalysis
photoinitiating system and from the secondary functionality of the mono vinyl methacrylates
utilized. On one hand, the photocatalytic cycle of Methylene Blue allows the very efficient
storage of the light energy in the form of meta-stable intermediates. This energy is then utilized
slowly to produce free radicals from ground state redox reactions over extended intervals in the
dark. On the other hand, the intermolecular hydrogen bonding associated with the secondary
functionality of the methacrylate monomer reduces the mobility of the system and the free
volume. Leading to a somewhat unique Trommsdorff-Norrish effect as a result of hindered

termination reactions.”

Hence, the focus of this research project was determining the role of both the photocatalytic
photoinitiating system and the hydroxylated monovinyl methacrylate monomers, and the extent to which

each one of these contributes to the latent polymerization observed. Along with this, an improved
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analytical technique that monitors both initiator and monomer consumption kinetics was developed to

help characterize the complex initiation/polymerization relationships involved here.
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Chapter 2

Objectives

2.1 Aims of the present thesis

Several papers were found discussing the photoreduction of Methylene Blue and other
thiazine dyes by amines upon visible-light irradiation, but no reports were identified dealing with
the photoreduction by the Hiinig’s base. This presented the first challenge since there are indications of a
strong influence of the structure of the reductant on light-induced single-electron transfer reactions.
Hence, it was clear that this initial photochemical step was highly important to understand where the
primary radicals are coming from. On the other hand, despite the relatively more abundant literature on
MB" photochemical, chemical, and electrochemical reductions, there seems to be a disconnect between
some of the mechanistic aspects reported. Based on this, one of the key aspects of this work was to
investigate the photoredox catalysis cycle involving the photobleaching and potential regeneration of
MB'’, as was theorized for other systems.

At the same time it was identified that monomer solutions containing MB'/DIPEA/DPI
eventually lead to spontaneous polymerization when stored at room temperature in the absence of light.
This is evidence of ground-state redox reactions leading to the production of primary radicals. This shows
an example of the intricacies of the reaction mechanisms of these three-component photoinitiators due to
the combination of multiple reactants, which can be involved in several reaction pathways. By judicious
selection of the concentrations of the initiator components, suitable stability was achieved to allow valid
study of the photo-activated processes of interest here. Such experimental findings were taken into
account when designing theoretical models and making quantum chemical calculations to support the
proposal of a photocatalysis mechanism that accounts for all previous and present experimental
observations.

While analyzing the probable reaction pathways related to the photocatalysis combination

(MB'/DIPEA/DPI"), it was necessary to obtain appropriate controls, including those for the
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polymerization of the monomers with other conventional photoinitiators. These experiments lead to the
finding that there was a lower, but still substantial latent polymerization associated with the conventional
photoinitiators, which did not display any spontaneous redox radical production in the dark after initial
exposure to light (as does the MB'/DIPEA/DPI" combination). Thus, the effect of the monomer on the
termination kinetics and on the latent polymerization had to be deconvoluted from that of the
photocatalyst.

Taking all this into consideration, the present thesis was divided into three major specific aims, as

follows:

Specific aim 1: Elucidate the mechanism via which the organic photocatalysis combination
methylene blue/Hiinig’s base/iodonium salt produces primary radicals, and identify if and how this

contributes to the unusual latent polymerization.

Specific aim 2: Build an apparatus for the simultaneous monitoring of the initiator (MB") and
monomer (vinyl group from the acrylates or methacrylates) consumption during photopolymerization
reactions in bulk using fiber coupled UV-Vis and FT-NIR spectroscopy in real-time with millisecond

resolution.

Specific aim 3: Determine if and how the monomer structure, namely that of hydroxylated
methacrylates, affects the propagation and termination kinetics of the bulk polymerization via

supramolecular effects.
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2.2 Roadmap of the thesis

Accordingly, the chapters of this thesis were structured as summarized in here:

Chapter 3

We present initial evidence for the latent production of primary radicals after the initial irradiation
period. Connections between Methylene Blue (MB") photobleaching and polymerization kinetics and
thermodynamics were established. We demonstrate that meta-stable intermediates from the reduction or
semi-reduction of MB" can initiate polymerization beyond the spatial and temporal reach of the photons.
Ultimately we present the first attempt to propose a photocatalysis mechanism that explains the prolonged
latency and the initial experimental observations. This mechanism accounts for the existence of MB" only
in its monomeric form.

Chapter 4

Next, we describe the design, troubleshooting and validation of a novel analytical apparatus to
monitor UV-Vis and FT-NIR absorbance simultaneously in real-time with up to millisecond resolution
and full spectral collection (250-2500 nm). This was required in order to correlate the consumption and
regeneration of the MB" photocatalyst at different extents of the polymerization process under several
conditions and irradiation regimes. This system was benchmarked with the camphorquinone/amine
photoinitiating system typically used in dentistry. Furthermore, interesting mechanistic details were found
on the photoreduction of camphorquinone by amine reductants. Finally, calculation of real-time quantum
yields of initiation and polymerization for the entire extent of the reaction are showcased as some of the
main advantages of successfully coupling these two spectroscopic techniques.

Chapter 5

Then, an iodonium salt was integrated into the CQ/amine formulations in order to assess the
effect of oxidant addition to a conventional Type II photoinitiator. The regeneration of CQ,
polymerization rate, final conversion, and extent of the latent polymerization were tested with the coupled
UV-Vis/FT-NIR monitoring apparatus. This information provided a benchmark, to assess the role of the

MB" photocatalyst in the unique primary radical production routes proposed in Chapter 3.
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Chapter 6

Prove that the formation of a ground state electron donor-acceptor complex between
photocatalysts, like MB’, and the Hiinig's base explains the lack of polymerization seen during
irradiation. The hypothesize is that the when MB" or Rubpy;>" for the complex with such amines one of
the alpha hydrogen is kept a sufficiently close proximity for H+ transfer to occur after an initial electron
transfer from the lone pair of the nitrogen. If this happens, the amine is not going to form alpha-amino
alkyl radical, as expected from a single e- transfer process, but rather closed shell species like iminium
cations, enamines, and imines. Additionally, Leuco Methylene Blue will be readily form as this reaction
becomes highly feasible if the ground state complex is formed prior to irradiation. We intend to provide
the first mechanistic explanation for the very unique way in which iPr,NEt, and other bulky amines,
behave under certain experimental, which has been identified to lead to high rates, yields and selectivity
in organic chemistry, as well as interesting advantages in polymer chemistry.

Chapter 7

Finally, the supramolecular effect of intermolecular hydrogen bonding was determined by testing
the partial irradiation of HEMA, and other monomers, with conventional Type I and Type II
photoinitiators. By running the photopolymerizations of these monomers at different temperatures and
analyzing the change in the mechanical properties after the light extinction we confirmed that a shorter
latent vinyl polymerization is still present in the absence of the MB'/Hiinig’s base/iodonium salt
photoinitiating system. The latter was then attributed primarily to the formation of collectively strong
hydrogen bonds between the propagating polymer chains. By organizing in a random configuration as the
propagation occurs these hydrogen-bonding interactions reduce the segmental and translational motion of
the growing macromolecular construct (most likely a loosely crosslinked network). By doing so, the
termination kinetics are significantly more reduced than what would be expected, essentially leading to a

type of slow controlled polymerization reaction.



39

Chapter 3

Visible-light organic photocatalysis for latent radical-initiated polymerization via 2¢/1H" transfers:
Initiation with parallels to photosynthesis1

Abstract

We report the latent production of free radicals from energy stored in a redox potential through a
2e¢’/1H" transfer process, analogous to energy harvesting in photosynthesis, using visible-light organic
photoredox catalysis (photocatalysis) of methylene blue chromophore with a sacrificial sterically-
hindered amine reductant and an onium salt oxidant. This enables light-initiated free-radical
polymerization to continue over extended time intervals (hours) in the dark after brief (seconds) low-
intensity illumination, and beyond the spatial reach of light by diffusion of the meta-stable leuco-
methylene blue photoproduct. The present organic photoredox catalysis system functions via a 2e-/1H+
shuttle mechanism, as opposed to the le- transfer process typical of organometallic-based and
conventional organic multi-component photoinitiator formulations. This prevents immediate formation of
open-shell (radical) intermediates from the amine upon light-absorption, and enables the ‘storage’ of
light-energy without spontaneous initiation of the polymerization. Latent energy-release and radical
production are then controlled by the subsequent light-independent reaction (analogous to the Calvin
cycle) between leuco-methylene blue and the onium salt oxidant that is responsible for regeneration of the
organic methylene blue photocatalyst. This robust approach for photocatalysis-based energy harvesting
and extended release in the dark enables temporally-controlled redox initiation of polymer syntheses
under low-intensity short exposure conditions, and permits visible-light-mediated synthesis of polymers
at least one order of magnitude thicker than achievable with conventional photoinitiated formulations and

irradiation regimes.

1 This work was published in the Journal of the American Chemical Society (JACS): 10.1021/ja502441d.



40

3.1 Introduction

Free radicals (radicals) participate in a wide variety of organic synthetic' and polymerization
reactions’, e.g., vinyl homo- and co-polymerizations’, thiol-ene click chemistry®, Cu-catalyzed azide-
alkyne cycloadditions’, Atom Transfer Radical Additions®’, and alcohol to halide conversions®. Radical
production by light activation provides unique temporal control of reactions. However, radicals must be
produced continuously by large irradiation doses to sustain the balance between competing creation and
termination of radicals. As a result, radical-initiated reactions characteristically halt quickly due to
efficient radical termination when the external energy supply (light) is extinguished. Persistent or trapped
radicals in dense polymer networks allow a limited degree of polymerization after light-cessation.*’
Whereas in Controlled or ‘Living’ Polymerization, the termination process is altered through an
equilibrium that favors radicals in a dormant state so active radical concentrations remain low and

essentially constant.'®"

However, living radical photopolymerization is usually slow and still requires
continued irradiation.'® Furthermore, no scheme has yet been devised to sustain radical production after
the energy supply is extinguished without altering the radical termination process. Here, we report the
first use of organic photoredox catalysis to continue radical production for extended time intervals in the

dark after a brief initial low-intensity light-exposure, opening new opportunities in photo-activated

polymer and possibly organic synthesis'>.

Conventionally, light-activated radical-based polymer synthesis entails radical production via
photolytic bond-cleavage, e.g. phosphine oxides or acetophenones", or by light-mediated electron
transfer or exchange between a chromophore, such as camphorquinone, and either a reductant or an
oxidant'®. In principle, radical generation in both of these approaches is restricted to where the excited
molecules reside, i.e. within the imprint and penetration depth of photons. Examples of applications that
rely on spatiotemporal controlled processing include the creation of patterned materials for nano- and

15-18

micro-scale devices, metamaterials, laser imaging and holography. However, in optically thick

materials, light absorption, scattering and reflection limit light penetration and thus polymerization to



41

mere millimeters, or often, to just tens to hundreds of micrometers from the irradiated surface while

19,20

requiring high irradiation intensities or extended photocuring intervals. As a result, through-plane

polymerization is severely limited, which is detrimental in applications such as dental and orthopedic
composites, irregular surface coatings, photolithographic resists, and cell-encapsulation hydrogels'”*' >,
where unintentional property gradients and residual monomer beyond the light penetration depth limit is

generally unacceptable. Ultimately, layer-by-layer polymerization is thus required if conventional free-

radical photopolymer initiators are to be used for optically thick materials.

In contrast, radical generation through chemically-activated redox initiation, such as with
peroxide/amine combinations, allows synthesis of thick polymeric materials under ambient conditions
upon in-situ mixing of two-part formulations, as in bone cements.”* However, this redox approach lacks
temporal control of the initiation reaction beyond the mixing process. In other instances ‘dual-cure’
systems require post-irradiation heating or moisture cure®. ‘Dual-cure’ systems, in which photo- and
redox-activated chemistries work more or less simultaneously, introduce some temporal control.
However, the two initiation modes work relatively independently and mixing immediately prior to use is

still required; thus, imposing similar temporal control limitations as redox systems.”®

Frontal polymerization has been reported to allow deep shadow cure in free-radically and
cationically initiated thick (centimeter scale) or opaque samples upon UV exposure.”” Despite its
attractive simplicity, limited storage stability of the peroxides-containing formulations and its inherent
dependence on the self-propagated (by polymerization exothermicity) temperature wave front (over 100

°C) have precluded the use of this technique in most applications.”*"

No reports were found of free-
radical photopolymerization of (meth)acrylates in which initiation extends beyond the irradiation space

and time under ambient conditions without depending on the polymerization exotherm to sustain

initiation in the dark.

In this contribution, we introduce the concept of organic photoredox catalysis as a novel approach

to combine the temporal onset control of conventional photo-activation with the spatial reach of redox-
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activated radical production. We demonstrate that the combination of these phenomena extends the
capabilities of prevailing photoinitiated processes and enables the practical synthesis of initially optically

thick, centimeter-scale vinyl photopolymers at ambient conditions.

In recent years, photoredox catalysis has gained attention as an alternative to achieve faster rates
of radical-initiated polymerization upon low-intensity visible-light irradiation.”’ Almost all of the reported
mechanisms, including those for similar methylene blue (MB")/amine/onium salt formulations, rely on
sequential le” transfers to and from the photocatalyst, as is characteristic of ruthenium and iridium

31-38
complexes.

In these mechanisms, transfer of a single electron allows production of (open-shell)
radicals from the photo-induced electron transfer (PET) step and essentially initiates the polymerization
process immediately after the light-absorption event. Then, the consecutive le transfer step(s),
responsible for the regeneration of the photocatalyst, occur(s) so fast that light-energy ‘stored’ in the
photocatalyst as chemical energy is used shortly (less than a few seconds) after the PET step; thus these
radical production approaches are incapable of sustaining the polymer synthesis for prolonged periods

(hours) following light cessation.'**?

To the best of our knowledge, we report the first energy-harvesting approach using organic
photocatalysis for latent light-induced radical-initiated polymer synthesis that relies on a two-
electron/one-proton (2e/1H") transfer mechanism. Using a sterically-hindered amine (N,N-
diisopropylethylamine, DIPEA) as a sacrificial donor that induces a 2e/1H" transfer to the organic
photocatalyst MB" in a 1-to-1 fashion, we prevent immediate free-radical initiation of polymer synthesis
of (meth)acrylate monomers upon light absorption, and enable visible-light energy storage as chemical
energy in a metastable closed-shell species: leuco-methylene blue (LMB). The stored energy is
subsequently utilized to generate two initiating phenyl radicals per photocatalytic cycle from the ground-
state redox reaction between the metastable LMB and the oxidizer (diphenyliodonium, DPI") for extended

time intervals (hours) after short, low-intensity irradiation.
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Using photocatalysis to store light-energy in a metastable species (via a 2e/1H" transfer
mechanism) in order to sustain ground-state reactions (e.g. radical generation that initiates polymer
synthesis) for extended periods (hours) after a brief light-activation is the basis of the approach presented
herein. Similar PET-based mechanisms have been envisioned as the basis for ‘molecular circuits’ and
‘molecular computing devices*”*, but we present the first example of a PET-based scheme for light
harvesting analogous to photosynthesis that allows photopolymerization be extended well beyond
irradiation. In this paper, we: 1) describe coupled experimental and quantum chemical studies that support
the photo-induced redox radical formation via the 2¢/1H" transfer mechanism and 2) demonstrate the
capabilities of this new radical production approach within the scope of radical chain-growth polymer

synthesis.

3.2 Experimental section
3.2.1 Materials

Methylene blue (MB"), N,N-diisopropylethylamine (DIPEA), and diphenyliodonium chloride salt
(DPI-Cl) were used as received. 2-Hydroxyethyl methacrylate (HEMA) and glycerol dimethacrylate
(GDMA) were selected as monomer because it readily dissolves MB'/DIPEA/DPI". Homogeneous
samples were prepared by vortex mixing. Methanol (MeOH), acetonitrile (ACN) and DI-water were used
as solvents (spectro grade). All materials were commercially obtained from Aldrich (Milwaukee, WI),

and used as received.
3.2.2 Light source

A halogen dental curing light (Max, DENTSPLY/Caulk, Milford, DE) modified to deliver
broadband 500-800 nm light was used in the MB'/DIPEA/DPI" photopolymerization experiments.
Incident irradiance was measured with a radiometer (6253, International Light Technologies, Peabody,

MA) within the 400-700 nm range, i.e. not all of which is absorbed by MB". For all the CQ/EDMAB-
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initiated formulations, the 400-500 nm output of an unaltered halogen lamp was applied with the incident

irradiance verified by radiometer.
3.2.3 Fourier transform-infrared spectroscopy (FT-IR)

Bulk polymerizations of HEMA were monitored in real-time with a FT-near-IR
spectrophotometer (Nicolet Magna-IR Series 1I, Thermo Scientific, West Palm Beach, FL) by following
the peak area of the first overtone absorption band for the methacrylate =CH, group (6167 cm™). The
spectrophotometer was equipped with a KBr beam splitter, a MCT/A detector, and an in-house fabricated
horizontal stage adapted for in-situ photopolymerization experiments.*' The distance between the light
source and the sample was ~7 cm to ensure uniform irradiation across the entire sample with controlled
irradiance values. An 800 nm cut-off filter was used to eliminate the 633 nm HeNe reference beam within
the NIR output signal. The sample holder for the in-situ polymerization, both in the dark and in the light,
consisted of a 1 mm height, 1.6 cm diameter disc fabricated by interjecting a perforated silicone rubber
shim in between two 1 mm thick glass slides. Rate of polymerization was calculated by numerically
differentiating the peak area as a function of time. Concentrations used were as follows: [MB'] = 4 mM,
[DIPEA] = 0.2 M, [DPI'] = 0.04 M, [CQ] = 0.02 M and [EDMAB] = 0.04 M. All FT-NIR-monitored
polymerizations with MB/DIPEA/DPI" were performed with 12-13 mW/cm?. For the CQ/EDMAB
system the intensity used was 22-23 mW/cm’. These intensities gave an approximate 3*10™
Einsteins/s*cm” of photons absorbed in both systems based on differences in molar absorptivities and

concentrations of the MB" and CQ species.
3.2.4 Ultraviolet-visible (electronic) spectroscopy (UV-Vis)

A diode array spectrophotometer (Evolution 300, Thermo-Scientific, West Palm Beach, FL) was
employed. Absorbance spectra were collected in quartz cuvettes with a 1 cm pathlength (1). FT-NIR
samples were also employed to remotely monitor MB bleaching in real-time by UV-Vis in the same
horizontal stage, but separately from the IR experiments. Concentrations used were as follows: [MB'] = 4

mM, [DIPEA] = 0.2 M and [DPI'] = 0.04 M. UV-Vis experiments were performed with an intensity of 60
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mW/cm’ to accelerate the bleaching rate of MB” and avoid significant polymer diffusion constraints to

the reoxidation reaction between LMB and DPI".
3.2.5 Electrospray lonization Mass Spectrometry (ESI-MS)

Identification of the intermediates and final products of the reaction was performed in a
LC/MS/MS mass spectrometer system (ABI 4000 Q TRAP®, Life Technologies, Carlsbad, CA) equipped

with a triple quadruple/linear ion trap analyzer, and electrospray ionization (ESI) detection.
3.2.6 Quantum chemical calculations

Excited state calculations were performed using time-dependent density functional theory (TD-
DFT) with the uwB97XD* /6-311G** level of theory where solvation in methanol was described using a
polarizable continuum model (CPCM).*” The reaction between an alpha amino-alkyl radical (derived
from DIPEA) and HEMA monomer was determined to be barrierless, where the calculations were
performed using uM06* /6-311G**/CPCM-methanol. In predicting the thermochemistry in reaction 2,
we employed uM06/6-311G**//uwB97XD/LANL2dz in CPCM described methanol solvent. To estimate
the entropy contribution to the free energy, a frequency calculation was performed using
uoB97XD/LANL2dz. All calculations were performed using the GAUSSIAN09* and GAMESS*

computational chemistry software packages.
3.2.7 Lateral polymerization experiments

Experiments were performed in a J500 Mask Aligner from Optical Associates. Exposed monomer
borders a 500 pm thick opaque rubber spacer on all sides such that photo-generated molecules can diffuse
only in one direction. The exposed fringes were 2 x 18 mm and the total monomer samples were 8 x 18
mm. Light intensity was chosen so R, is equal in the MB"/DIPEA/DPI" and CQ/EDMAB initiating
systems, hence achieving ~80 % conversion during the 10 min irradiance in both cases, i.e., diffusion
restrictions are roughly equivalent. The use of a collimated light-beam and a non-reflective surface
prevented light from reflecting into the masked region from the exposed region of the sample. A black

mask was used as a substrate at the bottom of the samples to eliminate any reflectance of photons into the
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masked region. A glass microscope slide was used as the top boundary to be able to obtain final polymer
samples that adhered to the glass. Concentrations used were as follows: [MB'] = 0.4 mM, [DIPEA] = 0.2
M, [DPI'] = 0.04 M, [CQ] = 0.02 M and [EDMAB] = 0.04 M. Light intensity used was 12 mW/cm? for
the MB'/DIPEA/DPI" system and 23 mW/cm® for the CQ/EDMAB system to obtain approximately

equivalent amounts of absorbed photons.
3.2.8 Thick disc polymerization experiments

MB'/DIPEA/DPI" and CQ/EDMAB samples were prepared in HEMA. Monomer (1.5 ml) with
each initiator in glass vials was irradiated for 1 min at 3.4 mW/cm? (>500 nm) for MB"/DIPEA/DPI", and
6.6 mW/cm” (400-500 nm) for CQ/EDMARB to achieve equivalent photon absorption. Samples were then
stored in a closed container with no light access for over 30 min. The progression of the viscosity of the
samples was periodically monitored in both cases qualitatively and photographed. Concentrations used in
these experiments were as follows: [MB'] = 0.4 mM, [DIPEA] = 0.2 M, [DPI'] = 0.04 M, [CQ] = 0.02 M,
[EDMAB] = 0.04 M. At these conditions the HEMA with CQ/EDMAB remains liquid and cannot be
sectioned for FT-NIR analysis. Thus, additional experiments with GDMA were performed using 9-10
mW/cm? for MB/DIPEA/DPI" and 17-18 mW/cm® for CQ/EDMAB. At these intensities, the ~ 1.2 cm
thick samples were sectioned to ~ 1.5 mm slices, which were analyzed with FT-NIR after 60 s irradiation
and 90-120 min in dark storage. To determine conversion means and standard deviations as a function of
depth the experiments were repeated 3-4 times. All samples were purged with nitrogen for 5 minutes

before irradiation at a pressure of 10-20 psi.

3.2.9 Methylene blue extraction from poly-HEMA gel

A 12 x 1.1 cm poly-HEMA disc was polymerized from bulk HEMA (97 %) with
MB'/DIPEA/DPI" using 5 min irradiation at 11 mW/cm® of a white LED lamp. The sample was left to
react in the dark for 30 min. Then, the polymer gel was removed from the mold and introduced into 20 ml

of water. UV-Vis absorbance of the water solution was monitored with time to track the change in the

peak at ~ 660 nm, indicative of the MB" concentration in solution.
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3.3 Results and discussion

3.3.1 Fast radical production in MB"/DIPEA/DPI" formulations

Radical production was analyzed by monitoring the disappearance of the infrared absorption
corresponding to the vinyl group (=CH,) of the monomer with Fourier transform near-infrared
spectroscopy (FT-NIR).*' The extent of vinyl group consumption indicates monomer conversion due to
polymerization, which correlates with radical production. Under continuous, low-intensity visible-light
irradiation, monomer solution (e.g. 2-hydroxyethyl methacrylate; HEMA) containing methylene blue
(MB", 1), N,N-diisopropylethylamine (DIPEA, 2), and diphenyliodonium cation (DPI’, 3) reaches a
vitrification-limited 85 % conversion in 500 s (Fig. 3.1a). Under the same conditions, formulations where
either or both DIPEA and DPI" are absent (MB'/DIPEA; MB'/DPI"; or MB") exhibit less than 2 %

monomer consumption.

To further probe the initiation process, the concentration of MB' was analyzed via real-time
ultraviolet-visible (UV-Vis) spectroscopy. MB" is consumed efficiently (Fig. 3.1b) in the presence of
DIPEA with or without DPI". However, the MB"/DIPEA formulation is ineffectual towards initiating
polymerization, whereas the MB/DIPEA/DPI" formulation leads to a significant radical production rate,
as demonstrated by HEMA conversion, that is comparable to the reaction kinetics and conversion
achieved with a conventional visible-light initiator composed of camphorquinone (CQ) and ethyl 4-
dimethylaminobenzoate (EDMAB), for which equivalent amounts of photons are absorbed (Fig. 3.1a- see
experimental section). Hence, direct radical production from MB" consumption by DIPEA is negligible.
This indicates that MB" consumption and radical production involve separate reaction steps (described in
detail in Sections 2.2 and 2.3); while MB" consumption is primarily dependent on the presence of DIPEA;

the oxidant (DPI") plays the main role in radical production.
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Figure 3.1 Evidence of radical production via photoredox catalysis of methylene blue (MB). a,
Conversion of vinyl group (polymerization) of 2-hydroxyethyl methacrylate (HEMA) during continuous
irradiation of 1 mm thick samples. MB" (1)/DIPEA (2)/DPI" (3) are required for polymerization at a rate
comparable to the conventional CQ/EDMAB formulation with the same amount of photons absorbed
(~13 and 22 mW/cm’, respectively). b, Initial rates of polymerization (Rpo from numerical differentiation
of FT-IR data- see SI section 4) and initial rates of MB" bleaching (with UV-Vis spectroscopy at ~60
mW/cm?). MB/DIPEA leads to efficient consumption of MB* (2.1*¥10” M/s) but no radical production
(which correlates to the vinyl group conversion and R,), whereas MB'/DIEPA/DPI" increases radical
production rate dramatically (~100-fold based on R,) with no significant improvement on MB"
consumption rate (2.7%10” M/s). Rates of bleaching without DIPEA are negligible. This indicates that
DIPEA does not produce radicals efficiently (shows negligible polymerization). Thus, DPI" should play
the main role in term of radical production. ¢, Photoredox cycle in methanol with DIPEA and O, or DPI".
MB" in methanol is bleached, photoreduced to colorless LMB, and regenerated by an oxidant. The
process can be repeated as MB' is regenerated after each cycle, i.e. photocatalysis cycle.

3.3.2 PET reaction of MB'/DIPEA generates the colorless LMB

Now, we reevaluate the MB'/DIPEA system to establish the connection between photoreduction
of MB" and the subsequent radical generation that necessitates the presence of DPI'. In general, the
reduction of MB" has been proposed to proceed via a 2¢/1H" process to produce the leuco product LMB

748 as represented in reaction (1).

in a reducing environment,
MB" +2¢ + 1H = LMB (1)

Under irradiation, the 2e”/1H" transfer process (1) is driven by light and is referred to as photo-

induced electron transfer (PET)*™. The PET of specific interest here is the reduction of MB' to the
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colorless LMB in the presence of DIPEA (reductant). For example, in Figure 3.1b, we see that the rates of

MB" consumption for the MB/DIPEA and MB'/DIPEA/DPI" formulations are 2.1*10” and 2.7*107
M/s, respectively. Reduction of MB” to LMB is identified by the decrease of the ~650 nm-centered peak
and appearance of a ~250 nm-centered peak (Fig. 3.1b- see SI section 7). This process is commonly
known as ‘photo-bleaching’, where the signature blue color of MB" (Apa = ~650 nm) disappears and the

mixture turns colorless (Fig. 3.1¢).

Polymerization Photosynthesis Energy Storage

Acrylate or Oxygen, NADP hv
R Methacrylate Sugars,
Monomer cellulose H,0 +
Photosystem I/11
Polymer CO,

Methylene Blue (MB*)

I | | Energy use: NADPH Energy storage:
H + 2 + 2 ©/ N S+ N CO, reduction photoreduction
AYeeh

Step 4- Radical Production hv Step 1-

: : Visible-light

Absorption by MB*

%
Diphenyliodonium salt (DPI*) ~
KN
3
Energy Stored \@ D/ P';:tt:lfesci'gx
as LMB/DPI* eycle

Redox Potential Leuco Methylene Blue (LMB)

H++/\+)§N
<

Amine decomposition products N,N-diisopropylethylamine (DIPEA)

Step 3- Dissociation into Step 2-

Closed-Shell Molecules Charge-transfer exciplex /N— Quenching of MB,*" by Amine

Figure 3.2 Free radical initiated polymer synthesis with light energy harvesting cycle. Step 1: Visible-
light (hv) excitation of MB" to the singlet state (not shown), which quickly decays to the longer-lived
triplet state (MB,") via intersystem crossing. Step 2: excess DIPEA quenches MB," to colorless LMB via
transfer of two electrons and one proton (reaction 1) through formation of a charge-transfer excited state
complex (exciplex). Step 3: after a 2e/1H" transfer, the exciplex separates into LMB and DIPEA-
decomposition products. DIPEA decomposes to closed-shell molecules, and does not initiate
polymerization. Step 4: LMB is oxidized back to MB" by DPI" to produce two phenyl radicals per LMB.
Phenyl radicals are responsible for the fast initiation of chain-growth polymerization of HEMA. Faster
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(thicker arrows) MB" reduction and slower (thinner arrows) reoxidation steps allow LMB to accumulate,
and also create a lag time between light absorption and radical generation. Thus, energy is stored as an
electrochemical potential between LMB and DPI", which produces radicals beyond light absorption. This
is analogous to the NADP/NADPH cycle (inset) known in photosynthesis in which the transfer of 2e¢’
/1H" in the photoredox cycle stores light-energy in the form of a chemical potential that is used to reduce
carbon dioxide to higher molecular weight sugars and carbohydrates.

Next, we describe the PET process in greater detail, as illustrated in Fig. 3.2. In step 1, absorption
of photons excites MB", which undergoes intersystem crossing to ultimately produce the triplet excited-
state MB,". Subsequently in step 2, an excited-state complex (exciplex) forms between DIPEA and MB,"™
prior to the PET reaction’'. It is important to note that in conventional PET reactions involving amines
and chromophores, the amine reductant typically provides one electron (e’) and one proton (H') to the

. 32-34,49,50,52
photo-excited chromophore™ ™"

. For example, with the CQ chromophore and EDMAB reductant,
transfer of 1e/1H" results in the production of the alpha-aminoalkyl radical that is reactive towards vinyl
monomers and thus initiates polymerization®>. If the analogous le/1H" transfers occur in MB"/DIPEA
photoreduction, two DIPEA molecules would be required for each bleached MB" (reaction 1). As a result,
each amine would result in an alpha-aminoalkyl radical that would be expected to cause fast
polymerization of the methacrylate monomer. Quantum chemical simulations predict that creation of a
monomer-based radical with the alpha-aminoalkyl radical, i.e. initiation of the polymerization, is
barrierless and thus confirm that polymerization would be fast and diffusion-limited in solution if DIPEA-
based radicals were produced. In Figure 3.3, we show the equilibrium structures of (a) reactant, (b)

transition state (TS) and (c) product for the C-C bond formation reaction between the alpha-aminoalkyl

radical and HEMA monomer.
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Figure 3.3 Reaction between alpha-aminoalkyl radical and HEMA monomer. Equilibrium structures of
(a) Reactant, (b) Transition state (TS) and (c) Product are determined using unrestricted MO06/6-
311G(d,p)/CPCM-methanol. The enthalpic barrier for this reaction is determined to be AHom =-14
kcal/mol, after zero-point-energy (ZPE) and thermal corrections to 298K. Note that although AEOact 18
positive, thermal and zero-point corrections often produce a negative AHOact for reactions that are
essentially barrierless.

Despite the formation of LMB, we observed no significant polymerization with MB'/DIPEA
(Fig. 3.1a). This contrasts with other tertiary aliphatic amines that photoreduce MB" via le/1H" transfers

to produce alpha-aminoalkyl radicals that initiate polymerization efficiently, as previously reported®”*’

and confirmed by our FT-NIR spectroscopy measurements with other tertiary amines (SI, Section 2). This
observation compelled us to propose that the strong and sterically-hindered DIPEA base plays a unique
role in the MB™ PET reaction examined here: it reacts rapidly with the photoexcited MB,” in a 1-to-1
fashion, where DIPEA serves as a 2e/1H" donor. Hence, closed-shell degradation products are produced
from the PET reaction (Fig. 3.2, Step 3), but not DIPEA-based (alpha-aminoalkyl) radicals. Using
electrospray ionization-mass spectrometry (ESI"), we identified both 2-ethyliminopropane and propene as

the by-products of the entropy-driven DIPEA decomposition via carbon-nitrogen o-bond cleavage (SI,

section 3).

To our knowledge, this is the first time a 2¢/1H" transfer mechanism has been demonstrated for
the photoreduction of a photocatalyst (MB") with an amine (DIPEA) in 1:1 ratio that produces no alpha-

aminoalkyl radicals during the PET reaction.
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Figure 3.4 Dearomatization of MB" after a 2¢’/1H" transfer. (a) MB" is a planar aromatic molecule that
absorbs strongly in the visible light spectrum (Apa, = ~650nm). (b) LMB is a photoproduct of a 2e/1H"
transfer in MB'/DIPEA PET reaction. After a 2¢/1H" transfer, the thiazine ring in LMB is dearomatized
and is significantly bent from the original planar structure. Time-dependent DFT (TD-DFT, Methods)
using ®B97XD/LANL2dz/CPCM-methanol predicts that LMB absorbs at An.x = ~300 nm, which
corroborates the observed blue-shift of Ay.x to ~250 nm and explains the bleaching of the solution to its
colorless form.

Finally, the PET reaction in step 3 leads to the desired LMB product. Examination of the
calculated LMB equilibrium structure (Fig. 3.4) suggests that a dearomatization process occurs after 2e’
/IH" transfer (1), where the thiazine ring distorts significantly from its original planar structure.
Furthermore, excited state calculations using TD-DFT predict that the PET process significantly blue-
shifts MB" absorption, which is typical of a dearomatization process. LMB is predicted to absorb only in
the near-UV region at ~300 nm (compared to ~650 nm for MB"), which agrees with the appearance of the
~250 nm peak during PET. Next, we examine how LMB, a meta-stable closed-shell product from PET,
participates in a ground-state reaction with the DPI" oxidant to generate the radicals responsible for

polymerization.

3.3.3 Radical production from LMB/DPI" reaction

If photoreduction of MB" by DIPEA produces LMB by (1) but generates no radicals, then the
radicals responsible for the fast polymerization of the monomer with MB'/DIPEA/DPI" must arise from
the ground-state oxidation of LMB back to MB" by DPI". This proposal is based on the fact that LMB has

been observed to oxidize to MB™ with O, as the oxidant, consistent with the observed gradual return of
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37,56-58 :
7", Herein we propose

MB"’sblue color (Fig. 3.1c). Furthermore, LMB is an efficient reducing agent

that radical production in MB'/DIPEA/DPI" (Fig. 3.2, Step 4) occurs as follows:
LMB +2DPI'=MB" +2Ph'+2I-Ph + H" (2)

DFT calculations performed at the uM06/6-311G**//uwB97XD/LANL2dz level of theory in
CPCM implicit methanol solvent (see Methods) support reaction (2) with a predicted AG’, of -5.2
kcal/mol. Furthermore, production of two highly reactive phenyl radicals per LMB accounts for the fast
polymerization rate observed with MB'/DIPEA/DPI" (Fig. 3.1a) under irradiation. ESI" shows the
production of iodobenzene-based products (SI, Section 3), which provides additional evidence for (2); the

oxidation of LMB by DPI" via (2) also explains the observed return of MB s blue color.

To further investigate the radical generation process described by reaction (2), we performed an
Arrhenius analysis to determine that the activation barrier for the free radical production step in the
polymerization of HEMA with MB"/DIPEA/DPI" is AE, = 6.6 £ 1.0 kcal/mol (Fig. 3.5a and SI, Section
3). Next, we used real-time UV-Vis to quantify the regeneration rate of MB" at various temperatures after
a 10 s irradiation (Fig. 3.5b). We observed that light-activated MB' consumption is temperature
independent (Fig. 3.3b, Light), as expected for a PET reaction where diffusion restrictions are mitigated
by excess reductant (DIPEA). In contrast, MB" regeneration is strongly temperature sensitive (Fig 3.5b,
Shaded). From the UV-Vis results, we estimate that AE, for MB" regeneration is 7.2 = 1.3 kcal/mol (SI,

Section 4).

Statistical agreement in AE,, values from independent Arrhenius analyses of both monomer
consumption and MB" regeneration effectively confirms that the two observations are due to reoxidation
of LMB by DPI". Notably, there is an alternative radical production pathway based on direct redox
reaction between DIPEA and DPI'; however, its AE, is 13.1 + 1.0 kcal/mol (SI, Section 4). From this we
calculate that well over 90 % (depending on MB'/DIPEA/DPI" concentrations) of the phenyl radicals

originate from the LMB/DPI" reaction once LMB is generated via MB " photoreduction.
g g p
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Figure 3.5 Activation energy for MB' regeneration matches initiation of polymerization. a, Vinyl
conversion (red continuous line) and R, (blue dashed line-obtained from numerical differentiation of FT-
IR data) under illumination show Arrhenius (temperature) dependence. Activation energy for initiation of
polymerization (AE,, = 6.6 = 1 kcal/mol) is due to the redox reaction between LMB and DPI" (arrows
indicate temperature increase). b, Absorbance monitoring (650 nm — MB" peak) proves temperature-
insensitive (light-dependent) photoreduction of MB" by DIPEA, i.e. bleaching of the blue color. After 10
s of irradiation, MB" is regenerated in the absence of light. Activation energy for MB" regeneration (AE,
= 7.2 + 1.2 kcal/mol) agrees with the estimated activation energy for the initiation of polymerization
(from FT-NIR) because both are due to the LMB/DPI" reaction.

3.3.4 Stored energy in LMB extends radical production after irradiation

Having demonstrated that this photocatalysis mechanism most likely proceeds via a 2e/1H"
transfer, we now show that MB'/DIPEA/DPI" can be tuned so that the polymerization reaction continues
for hours after light cessation. In Fig. 3.6a, we show that during a 1 min low-intensity light-exposure, the
bulk polymerization of HEMA reached ~8% conversion for MB'/DIPEA/DPI". Extinguishing the
irradiation at this point led to the continued rise in conversion in the dark over the next 2 hours to reach
80%, with radical formation likely persisting over even longer timescales. This offers additional proof
that the above-described radical production by LMB/DPI" occurs via a ground-state “dark™ reaction.
Similar studies with additional irradiation times are provided in SI section 5 to confirm this unique

behavior. The initial PET reaction ‘charges’ the photocatalytic cycle by quickly converting MB" into
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LMB via steps 1-3 of Fig. 3.2, also demonstrated in Fig. 3.3b. The sample bleaches as LMB accumulates

because step 4 (or equivalently reaction 2) is rate limiting. Light-energy is subsequently harvested as the
chemical potential between MB" and LMB, and “dark” reaction with DPI" drives radical production and
polymerization after the brief PET reaction. In contrast, polymerization did not continue in the dark for
MB'/DIPEA or CQ/EDMAB in HEMA. It is noteworthy that the final ‘dark’ conversion achieved with
MB'/DIPEA/DPI" is nearly the same as that obtained with continuous light exposure (86 %, Fig. 3.1a),
which indicates the final conversion is not significantly hampered by such a short initial light exposure

period.
3.3.5 Photocatalysis cycle mimics photosynthesis

The photoredox catalysis here mimics nature’s photosynthesis where energy from visible-light is
stored as the chemical potential in the MB'/LMB redox couple. This is analogous to photosynthesis,
where visible-light absorbing proteins in Photosystem I and II undergo PET reactions to store energy in
the NADP'/NADPH redox couple. Both redox couples store energy using a 2e/1H" transfer reaction and
participate in ground state (light-independent analogous to the Calvin cycle) reactions to release the stored
energy. While the closed-shell NADPH energy carrier drives the synthesis of sugars and natural polymers
in the absence of lightsg’éo; the system utilizes its stored energy, originally derived from light, in LMB to

generate radicals (reaction 2) that initiate polymerization for the synthesis of macromolecules in the

absence of light.
3.3.6 Spatial extension of radical production beyond the irradiation site

Next, we demonstrate that polymer synthesis with MB/DIPEA/DPI" not only extends
temporally, but also spatially beyond the reach of photons (Fig. 3.6b). HEMA was polymerized on a glass
substrate by exposing the unmasked 2 mm fringe of an 8 mm long monomer sample to continuous
irradiation for 10 min. The lateral extent of photo-activated polymerization into the shadow region was
determined by washing away unreacted monomer with acetone after 30 min of storage in the absence of

light. CQ/EDMAB yielded a patterned polymer that extended only 170 + 190 pm into the masked region
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(Fig. 3.6b, Islet). Notably, during this time, the MB"/DIPEA/DPI" formulation shows 3.73 + 0.73 mm of

lateral polymerization into the dark area. This is due to relatively stable LMB produced in the irradiated
region (reaction 2) diffusing into the masked region and reacting with DPI'; thus, generating radicals and
initiating polymerization ‘far’ (millimeters) from the LMB-formation site. Using embedded
thermocouples, we verified that there is no thermal front involved in the extension of polymerization
beyond the direct light activation®’. While many photopolymer applications rely on the intrinsic spatial
control associated with conventional photoinitiating systems, this approach uniquely decouples spatial
restrictions from the photo-activation process. It is certainly advantageous in instances where radical
generation around corners and into shadowed regions is desirable, such as in automotive and aerospace

coatings of irregular surfaces and polymers for in-situ biomedical applications.
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Figure 3.6 Radical generation in the dark from stored energy in LMB. a, HEMA with MB'/DIPEA/DPI"
reaches 80 % conversion with 60 s of illumination after having achieved only 8 % conversion during
active illumination. MB"/DIPEA and CQ/EDMAB show no energy-harvesting capability. b, Stable LMB
diffuses and extends radical production beyond the light absorption site. Polymerization is initiated into a
masked region 3.7 + 0.7 mm (standard deviation, n=3) away from the illuminated region (2 mm in width)
with MB"/DIPEA/DPI". Statistically negligible extension of polymerization was observed in the masked
region with CQ/EDMAB at equivalent conditions. ¢, Polymerization of optically thick 1.2 cm (height)
HEMA and GDMA. Poly-HEMA discs were made with 1 min irradiation (from the top). An analogous
sample with CQ/EDMAB was irradiated with an equivalent number of absorbed photons showing
negligible polymerization and remained liquid (SI section 5). d, Vinyl conversion by FT-NIR (with
standard deviation, n= 3) is more uniform throughout the depth in a 10 times more optically opaque
MB'/DIPEA/DPI" sample than in a conventional CQ/EDMAB sample. Dashed lines indicate the linear
regression of the final conversion profile, and solid lines indicate the local light transmission profile at the
start of irradiation (based on the respective active wavelengths and molar absorptivities of CQ and MB" in
GDMA).
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3.3.7 Photo-activated synthesis of thicker polymers

The aforementioned temporal and spatial extension of radical generation is utilized to achieve
light-mediated synthesis of polymers at least an order of magnitude thicker than the millimeter-scale of
conventional photoinitiated formulations under low-intensity and short exposure conditions. The full
depth of ~1.2 cm thick HEMA polymer specimens (Fig. 3.6¢) was photocured with a 1 min exposure to
3.4 mW/cm” light. Under these very mild conditions, the photoreduction of MB” to LMB finitially occurs
near the top surface, close to the irradiation source, where photon flux is highest. As MB" is transformed
into LMB, bleaching occurs in a gradient fashion allowing the light to penetrate deeper into the originally
optically thick sample. Within one minute of illumination the sample is entirely colorless, but not yet
polymerized. HEMA polymerization then continued in the dark using the radicals from the LMB/DPI"
reaction. After 30 min, the sample was gelled throughout with polymerization continuing to completion in

the dark over several hours.

Due to diffusion constraints in the polymer, the blue color in the polymer does not fully
regenerate, as not all LMB is able to oxidize to MB". The multi-millimeter diffusion of the relatively
stable high-energy close-shell LMB (Fig. 3.4b) can aid in achieving centimeter plus-scale polymerization
even if MB" photobleaching were not complete throughout the entire depth of the sample. For instance,
CQ transmits more light through the 1.2 cm samples and can be bleached efficiently with EDMAB
allowing for progressive light penetration in the same sample geometry; however, CQ/EDMAB
specimens show noticeably less polymerization at equivalent photon absorption, i.e. essentially no

polymerization of HEMA at these mild conditions (SI section 6).
These capabilities can also be exploited with other monomers, such as the crosslinking

photopolymerization of glycerol dimethacrylate (GDMA) or triethylene glycol di(meth)acrylate. The

higher modulus GDMA polymer was used to prepare similarly thick samples, which were then sectioned
(~ 1 mm slices) to reveal a much more uniform conversion profile to a depth of at least 1 cm, than what is

achieved with the analogous CQ/EDMAB sample, which has an initially 10-fold greater optical
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transparency (Fig. 3.6d). The limiting GDMA conversion (~65 %) is achieved in the top layer with either

initiator system with an equivalent amount of photons absorbed. However, it is remarkable that
conversion in the MB"/DIPEA/DPI" system reduces only marginally (~5%) at a depth of 1 cm under such
mild irradiation conditions, while conversion in the CQ/EDMAB formulation drops precipitously to zero,
as is typical for conventional radical-initiated photopolymerizations. In general, much higher intensities
and/or longer exposures are needed to achieve this same outcome with conventional photoinitiators as

demonstrated using CQ/EDMAB.

Such a small variation in monomer vinyl conversion with depth permits the design of photo-
activated initiation systems for synthesis of optically thick polymers under milder, highly energy-efficient
irradiation regimes and within a timescale comparable to conventional redox initiators®’, but with
unprecedented temporal activation control. We contend that this is the first photoredox catalysis
employed to design a temporally-controlled redox initiation system where the active radicals are not
generated directly by the light-dependent reaction, and in which the rates of photo-reduction and
oxidation in the photoredox cycle can be tuned to achieve energy storage that extends polymerization well

beyond the time and distance associated with the light absorption process.

3.4 Conclusions

The key to extend initiation beyond irradiation with photoredox catalysis concept is achieving a
fast, efficient photochemical storage step (photobleaching), in which light-energy is converted into
chemical energy and later released in a much longer time interval based on the chemical potential of the
redox pair (e.g. LMB/DPI"). The energy utilization on much longer timescales than that of light-
absorption is tuned by the kinetics of the ground-state redox reaction. Thus, the primary reason for the use
of DIPEA as the reductant in the presented system is its fast bleaching ‘rate’ with MB" and the lack of
alpha-aminoalkyl radical formation. This approach unlocks new opportunities for the application of other

chemistries that enable energy storage in bulk and solution polymer and possibly organic synthesis'.
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The concentration of MB", and the associated LMB, will affect the rate (kinetics) and duration
(thermodynamics) of the polymerization after the short light-pulse. The experimental parameters used
herein were not optimized and we expect that this concept can be improved to synthesize even thicker
polymers. This work serves only as proof of concept for the novel initiation scheme, and can be extended

to a range of polymer applications and likely organic synthesis as well.

Ruthenium and iridium complexes produce photo-excited states that are a more powerful source
of electrochemical potential'”, which may allow for greater potential, however different sacrificial
reductants or oxidants would be required to allow analogous storage of energy derived from light and to
avoid initiation shortly after the light-absorption event. Ultimately we propose that additional organic and
organometallic photocatalysis schemes can be engineered to delay light-energy utilization to hours after
light-absorption by appropriate formulation design. Photoredox organocatalysis is an attractive alternative
for any synthetic applications in which expensive photocatalysts (i.e. organometallic) cannot be
recovered, as would be the case in bulk polymerizations. Additionally, organic photocatalysts are more

versatile, lower-cost and usually less toxic alternatives.

This concept could provide significant advantages, including photopolymerization of optically
thick UV-absorbing monomer formulations, in wide ranging industrial and biomedical applications, such
as: cell encapsulation, orthopedic and dental cements, tumor phototherapy, adhesives and high-throughput
polymer films. The final blue tone of the polymer films and discs varied with irradiation dose and initial
concentrations. However, if desired, the reformed MB" and the blue color can be partially or completely
removed from most polymers by swelling, as seen in SI section 7, depending on cross-linked density of

the polymer network.
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3.6 Supplemental Information

Reaction of alpha-amino radical (derived from DIPEA) and a HEMA monomer

In Figure S1, we calculate the enthalpic barrier (AHOact) for the reaction between an amino-alkyl
radical (product of one electron and one proton transfer of DIPEA) and a HEMA monomer.
Stationary geometries (transition state and minima) were obtained at
uWB97XD/LANL2dz/CPCM-methanol level of theory. AHOact calculated at this level of theory
was 0.1 kcal/mol. Single point energy calculations were then performed at uM06/6-311G(d,p)
level of theory, where we obtained AHOact = -1.4 kcal/mol (barrierless). The M06 functional was
designed to yield accurate thermochemical predictions; and when combined with 6-311G(d,p)
basis sets, should yield reasonable predictions to the enthalpic barrier.

-alkyl (b)

REACTANT

PRODUCT

@c <H @o@N

Figure S1 | Reaction between amino-alkyl radical and HEMA monomer, calculated at uMO06/6-

311G(d,p)//uWB97XD/LANL2dz/CPCM-methanol. (a) Reactant, (b) TS structure and (c) Product

Coordinates of Molecular Structures
All coordinates are reported as XYZ Cartesian coordinates. 0 K energies (not ZPE corrected) reported are

calculated using uM06/6-311G(d,p)//uWB97XD/LANL2dz/CPCM-methanol in Hartrees.
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N(C3H7)2C2H4 radical + HEMA (Product) (-830.38246071)
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Figure S2 | Vinyl conversion of HEMA with MB+/DIPEA, MB+/MDEA and MB+/TEA. Vinyl
conversion of HEMA in solution with MB/DIPEA (green squares), MB'/MDEA (red crosses), and
MB'/TEA (blue dots) at equivalent irradiation conditions and stoichiometric amount of amine.
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Figure S3 | ESI+- MS monitoring of the photoreaction with MB+/DIPEA and MB+/DIPEA/DPI+. a,
Photoreduction of MB+ by DIPEA in the presence of DPI+ in methanol. Evidence of iodobenzene is the
formation of the molecules with masses 285.1, 295.3, 362.2 and 438.2 m/z as iodobenzene is not very
stable. b, Photoreduction of MB+ with DIPEA in the absence of DPI+. Peaks at 89.1, 104.1, 147.2 and
292.3 m/z are different decomposition products based on 2-ethyliminopropane. Evidence of the formation
of DIPEA-H due to extensive photoredox cycling is the formation of a higher abundance at 131.2 m/z
than in Figure S2 a. [MB] = 0.004 M, [DIPEA] = 0.2 M, [DPI+] = 0.04 M. Irradiation intensity equal to
37 mW/cm2. DIPEA-H (131.2 m/z), MB+ and DPI+ abundances are less than 1 % abundance, thus not
giving reliable signals. This peaks were assigned based on mass balances on the original reagents used

and correlated to abundances detected to find iodine-containing molecules.
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Figure S4 | Activation energy (AEact) for reaction between LMB and DPI", which generates both radicals
and MB". a, Activation energy for consumption of HEMA. If we subtract the activation energies for
propagation and termination, calculated to be 1.5 kcal/mol with DMPA, we obtain an AEact for initiation
of 6.6 kcal/mol. Intensity equal to 13 mW/cm2. b, Activation energy for the production of MB+ after 10 s
irradiation. Intensity equal to 60 mW/cm2. [MB] = 0.004 M, [DIPEA] = 0.2 M, [DPI+] = 0.04 M.
Irradiation intensity equal to 12 mW/cm2. c, Activation energy for the radical initiation of HEMA with
DIPEA and DPI+CI- without light exposure. The same procedure was used to calculate the activation of
initiation after adjusting for propagation and termination. Ep from Goodner et al. (in references), and Et
from the photopolymerization of HEMA with DMPA.
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Figure S5 | Polymerization with increasing irradiation times. This shows the final plateau conversion is

nearly the same in all cases, and as compared to the result with continuous irradiation. [MB] = 0.004 M,
[DIPEA] = 0.2 M, [DPI'] = 0.04 M. Irradiation intensity equal to 12 mW/cm?2.
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Figure S6 | CQ/EDMAB in HEMA after exposure to 60 s irradiation at equivalent amount of photons
absorbed as MB'/DIPEA/DPI" in Fig. 4c. Picture shows low degree of monomer conversion resulting in a

liquid-like material after irradiation. Concentrations and exposure were as described in the methods
section.
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Figure S7 | Methylene blue extraction from poly-HEMA gel into a water solution by swelling of the
loosely cross-linked network. [MB'] was monitored in time by observing the increase in light absorption
around 660 nm. As the material swelled at room temperature, MB" diffuses into the solvent. Thus, some
of the final blue color of the polymer films can be washed out of the polymer network.



76

Chapter 4

Coupled UV-Vis/FT-NIR Spectroscopy for Kinetic Analysis of Multiple Reaction Steps in
Polymerizations

Abstract

We report the coupling of UV-Vis and FT-NIR spectroscopy for the real-time monitoring of
polymerization reactions, allowing the simultaneous tracking of the rates of light absorption, and initiator
and monomer consumption, from which dynamic and previously difficult-to-measure parameters are
calculated, such as the quantum yields of initiator consumption, initiation, and polymerization, as well as
the energy efficiency and residual content of leachable initiator(s). Determining these parameters from the
same set of experiments is not possible with other probing techniques. We demonstrate the potential of
our millisecond-resolved analytical tool using the free radical initiator system composed of
camphorquinone (CQ) as photoreducible chromophore and amine(s) as reductant(s) for the visible-light-
triggered bulk polymerization of methacrylate monomers, important for dental and bio-materials.
Photoinitiation by CQ/amine pairs in different monomers demonstrates the importance of obtaining
quantum yields in the polymerizing medium instead of the inert solvents previously used. Additionally,
the often-intricate interactions between initiation reactions and the developing macromolecular
architectures can be elucidated. For instance, we present the first quantification of the changes in the
quantum yield of initiator consumption as a function of polymerization. This robust analytical tool opens
opportunities in the rational design of macromolecular syntheses, fundamental to a broad array of

materials.
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4.1 Introduction

Polymerization reactions are receiving considerable attention because polymers provide
unparalleled versatility and promise precise control of materials properties'. As a result, there has been a
rise in the number of routes to macromolecular synthesis, including Atom Transfer Radical
Polymerization (ATRP)?, Reversible Addition Fragmentation Chain-Transfer (RAFT)’, Copper-Catalyzed
Azide-Alkyne Cycloadditions (CuAAC)*, and thiol-Michael reactions’. However, understanding of the
mechanisms thereof has struggled to keep up because most of these polymer syntheses involve multiple
reactions that are interwoven and difficult to characterize with current analytical techniques. Furthermore,
the dynamic changes in the medium (e.g. viscosity, refractive index, and light scattering) impose practical
restrictions on the analysis of these reactions, which can be dependent on the extent of the polymerization
and the particular architecture of the macromolecules formed. Hence, the number of available analytical
tools for in-situ characterization of the rapidly growing polymer chemistry toolbox is relatively limited®”.
Herein, we report the coupling of Ultraviolet-Visible (UV-Vis: 250-800 nm) and Fourier Transform-Near
Infrared (FT-NIR: 800-2500 nm) spectroscopy to incorporate analysis of initiators and catalysts to that of
the monomer(s) consumption with the goal of providing a better alternative to elucidate the intricate

mechanisms of the growing plethora of polymerization reactions.

Most often, the consumption of monomers and/or production of polymer is exclusively

10-15
d

evaluate . Common discrete techniques are infrared, photoacoustic, raman, or nuclear magnetic

resonance spectroscopy. Other continuous analytical methods'® typically used include calorimetry'”"?,
dilatometry, photothermal®, IR radiometry, optical pyrometry*"*, or interferometry™. Limitations with
most of these alternatives are that data acquisition is often too slow to analyze the fast reaction rates of
many polymerizations'® and that quantification of residual monomer functional groups is impossible,

which is becoming critical in many applications. Only real-time FT-IR allows direct determination of

residual functional groups, conversion, and rate of polymerization (R,) with millisecond resolution
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16,24,25
~**°_ Hence, and due to

without the need to know the enthalpy of the polymerization, as in calorimetry

its ease of use, accessibility, and robustness, FT-IR is now vital for polymerization kinetics'®**"°.

FT-IR analysis relies on the quantification of the light absorbed by the monomer in either the
Near-Infrared (NIR, 800-2500 nm) or the mid-Infrared (Mid-IR, 2500-50,000 nm). Mid-IR has received
more attention than NIR**. However, the former is restricted to thin films or surface analysis because of
its high absorptivities and diffraction limits, and requires the use of salt substrates, like KBr, because
glass absorbs in the Mid-IR. This precludes the use of glass-based fiber optics for remote probing with
Mid-IR. In contrast, NIR permits fiber-optic coupled nondestructive probing with less expensive
substrates (e.g. glass or polymers), and more practical sample dimensions®**'. Both NIR and Mid-IR can
be used in transmission, transflection or reflection mode. But while the first two allow quantification of
the average bulk monomer content, reflection FT-IR is surface-limited. Similarly, Raman spectroscopy,
scattering-based, is restricted to a relatively thin layer of the sample due to fluorescence emission.
Consequently, FT-NIR in transmission mode seemed like the most practical candidate for fiber-coupled

integration of initiator/catalyst monitoring to the in-situ probing of bulk monomer consumption.

. . . . . ey . . . . 20.32.33
Real-time in-situ probing of initiators and catalysts during polymerization remains scarce™ " "".

This is mainly due to the fact that these components are not detectable by most analytical instruments at
the relatively low concentrations at which they are used. Hence, a lag is still present in mechanistic
understanding of the initiation/catalysis pathways, and their dependence on the monomer and polymer
chemistry. Moreover, new initiators and catalysts are constantly being developed for the wide library of

monomers " *. This is important because the rational design of initiators and catalysts is becoming a

hurdle in the development of polymer syntheses''**

. Recently, new insights and theories have been
reported on the mechanisms of metal-*’, organic-*', and photo-catalysis**. However, these often require

expensive and laborious analytical methods, like isotope labeling®, kinetic isotope effects, discrete NMR

for light-induced ATRP in solution, or detection of reactive centers with Electron Paramagnetic
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Resonance Spectroscopy (EPR). Hence, a need exists for robust and practical tools to deduce initiation

and catalysis mechanisms from kinetic data obtained in-situ during polymerization reactions.

UV-Vis spectroscopy has been seldom employed to analyze initiation or catalysis®>*****. Th

e
use of UV-Vis to monitor these reactions is non-trivial because polymerization causes changes in light
scattering and refractive index that often lead to artifacts in the results, which can preclude acquisition of
useful data altogether. Thus, previously reported UV-Vis analyses were limited to reactions in solvent or
very dilute monomer solutions, where such problems are mitigated*>*. Furthermore, UV-Vis radiation
has enough energy per photon to trigger undesired photochemical reactions. Hence, a single light beam
for both probing and inducing polymerization has been used to avoid premature activation of the reaction.
However, this approach restricts the analysis to the, usually narrow, wavelength range of the light sources
that are used to initiate the polymerization. These light sources are also known for having an unstable

32,33,47,53

emission . Additionally, UV-Vis analysis has been restricted to fixed-wavelength or wavelength-

scanning approaches. This type of data acquisition leads to uncertainty in the acquisition times.

Herein we present the orthogonal coupling of UV-Vis to FT-NIR spectroscopy with fiber optics
in the same plane, perpendicular to the direction of the independent polymerization-inducing irradiation,
without premature activation of polymerization by the UV-Vis probing light, as shown in Figures 4.1a
and 4.2. Our simultaneous full-spectrum UV-Vis acquisition (250-1100 nm) allows tracking of multiple
absorption peaks (Fig. 4.1c) at precise acquisition time intervals; thus expanding the applicability of real-
time UV-Vis probing for polymerization reactions. Data can be gathered with up to millisecond resolution
in both UV-Vis and FT-NIR. This allows direct correlation of both initiation and polymerization kinetics.
We can successfully obtain useful kinetic data from bulk polymerizations where changes in light
scattering and refractive index are greatest. This is the first time that UV-Vis/FT-IR are coupled for
polymerization analysis®*** but no other method exists for simultaneous probing of initiation/catalysis

and polymerization reactions.
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UV-Vis and Mid-IR spectroscopy were utilized separately in the only report of initiation and
polymerization kinetics>*. Separate UV-Vis and FT-MIR acquisition complicates the direct overlap of the
independent results on the same time scale because of the challenge of replicating irradiation conditions
and specimen orientations between experiments in different instruments. In contrast, our simultaneous
UV-Vis/FT-NIR approach eliminates these uncertainties by the concurrent acquisition of

initiation/polymerization kinetics data from a single experiment under the same conditions (Fig. 4.1c¢).

While thermal, redox, or light-induced initiation can be analyzed in our UV-Vis/FT-NIR device,
we selected a visible-light initiated free radical polymerization. Figures 4.1b & 4.1c contain the structures
of the initiator system: camphorquinone (CQ) chromophore and different amines as reductants. We
analyzed the polymerizations of two methacrylate monomers and mixtures thereof, used in dental and

biomaterials>®>’

(Fig. 4.1c). These formulations are useful to introduce our apparatus and showcase its
potential elucidation of new mechanistic insights. We present results for bulk polymerization, but solution
reactions can also be analyzed. Studies of initiator consumption were performed with CQ/amine in similar
monomers and, thus serve as a reference to validate the data output from our device’****’. Most
importantly, analysis of these reactions highlights the advantages of the UV-Vis/FT-NIR tool for the
determination of real-time rates of initiator consumption (d[CQJ/dt), polymerization (R;,), and light
absorption (L), i.e. while the first two rates can be determined with other techniques (e.g. Raman), I
can only be directly obtained from UV-Vis data. Concurrent evaluation of these three rates permits the
calculation of the propagation (k,) and termination (k) kinetic constants, and the quantum yields of CQ
reduction (®rq), initiation (P;), and polymerization (®,) from the same experiments, as described in the
Results and Discussion section. This allows the assessment of reaction efficiencies for the multiple
reaction steps, and deduction of complex interwoven mechanisms involved in the polymerization
processes. For instance, we show previously unreported decreases in @4 associated with reduced

mobility of the bulk polymer networks formed by the methacrylates. Not only can these insights aid in the

mechanistic understanding of more recent light-induced polymer syntheses (e.g. ATRP, RAFT, CuAAc),
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but it can also expedite the rational design of well-established polymerization reactions, as introduced

here. Thus, opening new opportunities in the general field of polymer materials.
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Figure 4.1. Coupled UV-Vis/FT-NIR spectroscopy for polymerization analysis. a, Picture of the UV-
Vis/FT-NIR analytical device where the sample is contained in a PMMA cuvette inside an in-house
modified cuvette holder that allows UV-Vis and FT-NIR light beams to run orthogonal to each other and
perpendicular to the polymerization-inducing irradiation (from the top of the sample), as depicted in the
schematic of the sample. An in-house-built purging chamber covers the sample holder. b, The amine
reductants ethyl 4-N,N-dimethylamino benzoate (EDMAB), methyldiethanolamine (MDEA), and N-
phenylglycine (NPG) were chosen because they are known to undergo proton-coupled electron transfer to
the excited triplet state of the camphorquinone (CQ) chromophore. This photoreduction of CQ produces
one ketyl radical that does not initiate and readily protonates, and an alpha aminoalkyl radical from the
amine, which initiates polymerization of the methacrylate monomers (Fig. 4.3a,b). ¢, Snapshot of the
simultaneous acquisition of the UV-Vis/FT-NIR spectrum (300-1900 nm), which covers the CQ
absorption centered at 470 nm due to the n>7* transition from the carbonyls, and the absorption caused
by the 1% overtone of =CH, bond vibration (around 1620 nm) in the methacrylate monomers: ethoxylated
bisphenol-A-dimethacrylate (EBADMA) and triethylene glycol dimethacrylate (TEGDMA). The



82

disappearance of the CQ (Fig. 4.3b) and =CH, peaks is simultaneously monitored in-situ during bulk
polymerization triggered by a 480 nm LED.

4.2 Experimental section

4.2.1 Materials

Camphorquinone (CQ), ethyl-4-dimethylamine benzoate (EDMAB), methyl diethanolamine
(MDEA), and N-phenylglycine (PG) were used as received from Sigma-Aldrich (Milwaukee, WI). The
monomers: ethoxylated bisphenol-A-dimethacrylate (EBADMA) with an average degree of ethoxylation
of three from Esstech (Essington, PA), and triethylene glycol dimethacrylate (TEGDMA) from Sigma-

Aldrich were used without purification.

4.2.2 Polymerization-inducing irradiation

An eight-wavelength light emitting diode (LED) unit containing a blue (480 nm; 20 nm FWHM)
chip (FC8-LED, Prizmatix, Southfield, MI) was used to induce the photoreduction of CQ by the amines
(Fig. 4.3a). Irradiation intensity was controlled with an internal potentiometer and measured with a
radiometer (6253, International Light Technologies, Peabody, MA) designed for the 400-700 nm range.
The LED was connected via 1500 um (inside diameter) fiber optics, collimated with a SMA-adapted lens
from Thorlabs Inc., (Newton, NJ) and placed directly over the PMMA cuvettes. The pathlength in the

direction of the curing irradiation was ~ 2.5 mm (Fig. 4.1a).

4.2.3 Coupling UV-Vis to FT-NIR

The UV-Vis and FT-NIR beams were coupled into a SMA-fitted cuvette holder (CUV-ALL-UV
4-Way Cuvette Holder, Ocean Optics, Dunedin, FL) that holds a dual-pathlength PMMA cuvette (UVette,
Eppendorf, Hauppauge, NY). The sample volume used was 50-60 pL with dimensions of 2 mm x 10 mm
x 2.5 mm. The longer pathlength was used for UV-Vis to prevent saturation of the NIR signal. UV-
Vis/FT-NIR beams were transmitted orthogonally within a matched horizontal plane through the center of

the sample at an approximate depth of 1.25 mm. The aperture of the UV-Vis probing beam was reduced
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with a ~ 0.5 mm pinhole at the center of the sample to reduce the artifacts created by the light scattering

of both the probing and the polymerization-inducing beams.

Monomer conversion was monitored with a FT-IR spectrophotometer (Nicolet Magna-IR Series
II, Thermo Scientific, West Palm Beach, FL) by following the peak area of the first overtone absorption
band of the =CH, bonds (~6167 cm’ = 1621 nm). Monomer absorbance was confirmed to fall within the
linear Beer-Lambert region within the concentrations used here. The spectrophotometer is equipped with
an extended range KBr beam splitter and an InGaAs detector. The NIR signal was transmitted to/from the
remote specimen via matched 1000 um fiber optic cables. The FT-IR settings were set to 8-16 scans, a
resolution of 8, an optical gain of 1, and an optical aperture of 3-5. The velocity of the interferometer was

adjusted according to the desired acquisition time.

Fiber optic coupled UV-Vis detectors USB2000-UV-VIS and USB4000-FL (Miniature Fiber
Optic Spectrometers, Ocean Optics, Dunedin, FL) were employed to measure the change in the
absorbance between 400 nm and 510 nm related to the n—>x* transition of the carbonyl groups in CQ,
which decays as a function of CQ concentration. The CQ absorbance was calibrated against concentration
to confirm that it follows Beer-Lambert’s linearity. The spectrometers use Charge-coupled Device (CCD)
detectors that allow full-spectrum acquisition. The high sensitivity USB4000-FL permits the use of low
intensity UV-Vis light in continuous or pulsed mode to probe samples without initiating the
polymerization. Integration time was set to < 1 s (Fig. 4.3). Negligible polymerization occurred from
exposure to the UV-Vis probing beams from a low intensity halogen lamp from Oriel Instruments (Irvine,

CA) with an emission spectrum in the range of 400-700 nm (Fig. 4.3c¢).
4.2.4 Spectral analysis

The FT-NIR results were obtained directly from the OMNIC Software (Thermo Scientific, West
Palm Beach, FL) and processed in Excel according to the method reported by Decker'®. The UV-Vis

output was collected with the SpectraSuite Software (Ocean Optics, Dunedin, FL). A FORTRAN code
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was written to merge the data into a single text file. Then a MATLAB script was written to process the
full-spectrum absorbance, remove any baseline shifts from light scattering of the UV-Vis probing beam
(see SI), and extract the absorbance maximum A, (~470 nm), i.e. maximum absorbance was found for
every spectrum and plotted against time. At least three replicates were performed for each experiment.
Averaged data was then fitted to exponential equations using MATLAB curve fitting tool. R* values for

all fittings were at least 0.95.

FT-NIR
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PCN1000-2-SS
NA=0.22

P200-2-VIS-NIR

QP600-1-SR

UV-Vis-NIR

J9)oWoI0adsg
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FT-NIR
Source

Figure 4.2. Top view of the analytical set-up. Fiber optic cables couple the UV-Vis and Infrared light
sources and detectors to and from our modified cuvette holder. Fibers were connected with SMA fittings
into focusing lenses and aligned to obtain the maximum signal in each detector. Probing beams run
through the center of the sample (from top to bottom). The UV-Vis light source was connected to a
computer to control the shutter and pulsation rate of the probing UV-Vis beam. The light intensity and
pulsing of the monitoring UV-Vis light were set to prevent premature polymerization of the light sensitive
samples. The aperture in the direction of the UV-Vis was reduced to ~ 0.5 mm diameter to minimize the
noise in the UV-Vis signal caused by the polymerization-inducing 480 nm LED light that is reflected and
scattered into the UV-Vis detector from the top.
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4.3 Results and discussion
4.3.1 Validity of UV-Vis/FT-NIR data output

Figure 4.3a shows key reaction steps of the light-induced chain growth polymerizations selected
for this introductory work: 1) absorption of light between 400-500 nm to convert ground-state CQ into an
excited state singlet, 2) intersystem crossing from an excited singlet into a triplet state CQ, 3) reduction of
the excited triplet CQ by the ground-state amine, 4) initiation of the methacrylate monomer by the alpha
aminoalkyl radical formed, and 5) lumped propagation/termination steps involving the monomer-based
radicals. The blue-labeled steps are those for which information can be deduced with our UV-Vis/FT-NIR
device. The photophysical transitions: e.g. fluorescence and intersystem crossing (Step 2) require more
expensive transient laser, pump-probe spectroscopy or flash photolysis, which are typically performed in
inert solvents and under a narrow set of conditions because these photophysical steps involve
significantly shorter lived intermediates, and their detection can be affected by a polymerizing medium.
Nevertheless, simultaneous analysis of the blue-labeled reaction steps is presented here for the first time,

and provides more information than previously possible with any other instrument.

The CQ absorbance spectrum (A, at around 470 nm) correlates linearly with CQ concentration
within the concentrations ([CQ]) used here. The slope of this correlation is the molar extinction
coefficient, and was determined to be ~ 35 + 1 (M *cm™) in bulk TEGDMA and EBADMA monomers.
Figure 4.3b shows a 3D plot of the light absorbance between 400 and 520 nm as a function of time (s) and
wavelength (nm). The spectra shown have been adjusted to eliminate the shift in the baseline that we
observed for all samples. The latter is due to changes in light scattering and refraction associated with
fluctuations in density and materials properties during polymerization. These affect the amount of light
transmitted through the samples into the UV-Vis detector, thus causing artificial fluctuations in the
absorbance data. We include the uncorrected 3D spectra plot in Figure S1 (Supplemental Information).

This baseline correction is routinely performed in the real-time IR analysis of polymerization reactions by
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the software provided with the IR spectrophotometers, as used herein. Despite these baseline shifts, all
UV-Vis and FT-NIR absorbance raw data remained under the saturation limits of the detectors during the

reaction.

CQ photoreduction rates were fit to the expected single-exponential kinetic expressions (R*>0.94)

58-60

derived from the well-established mechanism (SI Section 2)°"™". The half-lives of CQ were in reasonable

agreement with those reported by others®>*

. Then, scaling factors were determined for the effects of
irradiance and initial concentrations. Figure 4.3c confirms that the rate of CQ photoreduction by EDMAB
reductant scales linearly with incident irradiation intensity (d[CQJ/dt a I,"*%; R,=0.98)°, whereas the
initial rate of polymerization (R,y) for EBADMA was found to have the expected 2 order dependence on
I (Rya 1" Ro= 0.96). Additionally, Figure 4.3c shows that no CQ consumption or polymerization was

observed in the absence of the polymerization-inducing LED irradiation, i.e. the UV-Vis probing beam

does not activate the reaction.

Then, we confirmed the first order dependence of d[CQ]/dt on the initial [CQ], at 22 mW/cm? in
EBADMA (Fig. 4.3d), while R, increased until a certain threshold value with increasing [CQ]Jo, as

reported by Cook and Pyszka et al.””¢"%

. Within the concentrations used for this study d[CQ]/dt was
observed to be independent of [EDMAB], as observed when the amine reductant is used in excess. Ry

for EBADMA also remained roughly constant with increase in [EDMAB],.
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Figure 4.3. Data output for the kinetic analysis of multiple reaction steps during polymerization. a,
Scheme of key reaction steps during the example chain growth polymerization of methacrylate monomers
initiated by the light-triggered photoreduction of CQ by amine reductants. Blue-labeled steps can be
analyzed with our UV-Vis/FT-NIR device via determination of the rates of light absorption (1), initiator
consumption (e.g. d[CQ]/dt), and polymerization (R,= -d[C=C]/dt). b, 3D plot of UV-Vis absorbance
(AU) vs Wavelength (nm) vs Time (s) showing the decay of the peak associated with CQ upon irradiation
with a 480 nm LED in the presence of EDMAB reductant. These spectra have been spectrally processed
to remove the shift in the baseline caused by the inherent changes in scattering and refraction as the bulk
samples polymerize. ¢, Plot of the fractional vinyl conversion of EBADMA monomer and [CQ] (mol/L)
as a function of irradiation time (s) at different intensities with [CQ]= 0.006(7) M and [EDMAB]=
0.046(4) M. No polymerization was detected within this time from exposure to the UV-Vis probing beam,
and the expected first order (d[CQ/dt a 1,"*’) and half dependence (Rp, o Iy>>*) on incident irradiation
intensity were confirmed. d, Dependence of d[CQ]/dt on the initial concentrations of CQ and EDMAB
reductant. The expected first order scaling on [CQ], was confirmed, as well as the independence of the
photoreduction rate on [EDMAB]0 when this reductant is used in excess. Photoreduction results were fit
to a single-term exponential derived from the kinetic analysis of the proposed mechanism (SI Section 2).
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4.3.2 Calculation of quantum yields

The quantum yields of initiator consumption (®4), primary radical (e.g. alpha aminoalkyl)
production (®,), monomer initiation (®;), and polymerization (®,) are defined as the ratio of the rates of
either initiator consumption (Fig. 4.3a- Step 3), primary radical production (Fig. 3a-Step 3), production of
monomer-based radicals (Fig. 4.3a-Step 4), or polymerization of functional groups (Fig. 4.3a-Step 5),
over the rate of photon absorption L (Fig. 4.3a-Step 1). Hence, knowledge of L is absolutely required
and can only be obtained with UV-Vis spectroscopy. To quantify L, i.e. the overlap between the
absorbance spectrum of the initiator (CQ) and of the emission spectrum of the polymerization-inducing
light (LED), as detailed in the Experimental Section and shown in Figure 4.4a. We recently used this
method for the calculation of quantum yields of photolysis of photobase generators™. Iy is not normally
determined this way because it requires full-spectrum acquisition in the UV-Vis region where the initiator
absorbs. Thus, I, determination has been mostly limited to cases in which one-wavelength laser
irradiation is used to trigger the polymerization reaction, because one-wavelength activation solely
requires knowledge of initial concentration of the light-absorbing initiator, molar absorptivity at the
emission wavelength (¢), and the pathlength of the sample. Then, the absorption is assumed to be constant
throughout the polymerization on the grounds that the initiator concentration varies only slightly during

64,65

the polymerization”™ . In contrast, we can determine L., for any broad-spectrum irradiation light-source

and without assuming a constant initiator concentration.

Furthermore, our UV-Vis/FT-NIR apparatus provides the advantage of determining L in the
actual monomer/polymer as opposed to previous analysis of the photochemical reactions in inert

46,66
solvents™

. It is well known that absorbance spectra, and thus I, depend on the electronic and
resonance characteristics of the solvent (SI Section 3). Hence, obtaining I in the actual polymerizing

medium provides an unparalleled advantage over other analytical methods.
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Initial Ly, for solutions with EDMAB, MDEA, and NPG were: 3.53*10%, 4.17*10®, and 4.51*10-

8 Einsteins/cm3*s, respectively. These equate to 10, 12, and 13 % absorption of the incident irradiation
(I0=3.53*10-7 Einsteins/cm3*s), which allows us to assume that the concentration of photons is uniform
with depth. Light emission from the LED has a Gaussian distribution, but the samples were centered

relative to the light beam to ensure a homogenously exposed sample cross-section.

Here, for example, we show that the amine reductant affects the absorbance spectrum of CQ (Fig.
4.4a). We observed that methyldiethanolamine (MDEA) shifts the absorbance spectrum to slightly a
higher absorbance value as compared to the solutions with EDMAB. On the other hand, the absorbance
spectrum with NPG not only increases, but is also blue-shifted by roughly 20 nm. The latter is most likely
due to the formation of some ground-state complexes, as indicated by the fact that NPG also absorbs light
in the 400-500 nm region, but the spectrum of CQ/NPG solutions is not the addition of the CQ and NPG
individual spectra (SI Section 4). These differences in I are frequently ignored in the analysis of light-

induced polymerization reactions, but can now be readily addressed with our UV-Vis/FT-NIR technique.

Accounting for these differences in L, we calculated the quantum yield of CQ photoreduction
(D) as d[CQ]/dt over Ly, as a function of reaction time (Fig. 4.4b) in TEGDMA. Initial @4 values for
EDMAB, MDEA, and NPG (0.26 £+ 0.02, 0.27 + 0.02 and 0.29 + 0.01, respectively) are in reasonable
agreement with the quantum yields reported in inert solvents (e.g. ethyl acetate)®. These values correlate
linearly with the oxidation potentials of the amine reductants: 1.1 (EDMAB), 0.9 (MDEA), and 0.4
(NPG) eV, as would be expected. However, more experiments are needed to verify if @,y correlates
primarily to the oxidation potentials of the amines or if there is also a significant contribution of the
proton (H+) donation capability. A systematic study of a broader range of amine reductants can address
this question, but here we want to introduce the UV-Vis/FT-NIR device and its potential to investigate

these differences in efficiencies of photoreduction of CQ.



90

Despite the reasonable agreement in the initial @4, the results in Fig. 4.4b show for the first time
that ®q does not remain constant throughout the polymerization, as previously proposed*. EDMAB
reductant gave a negligible decrease in ®@,,q as a function of conversion. However, MDEA shows a
noticeable decrease in the photoreduction quantum yield, which appears to decrease linearly with vinyl
fractional conversion. However, NPG was the most interesting case. While the initial ®,.q with NPG was
the highest at the very beginning of the reaction, it drops dramatically from 0.29 to 0.20 by the time the
gel-effect or Autoacceleration region (~ 4-5 % conversion) is reached in the poly-TEGDMA. Then, as the
bulk polymer starts to vitrify at around 62 % vinyl conversion (Fig. 4.4b-c), ®,.q decays more steeply to a
value of only 0.08-0.06. Ultimately ®,.q decreased by almost four times by the time the final vinyl
conversion is reached. We labeled these transitions (I, II, and II) with the black dashed lines in Figures
4.4b and 4.4c, and propose that these are more drastic in the case of the NPG reductant because of its
higher polarity relative to the MDEA and EDMAB. TEGDMA monomer has a very low polarity, and
which decreases with polymerization. Hence the solubility, and thus, homogeneity, will be poorer for
NPG during the polymerization. In fact, we observed that a longer isothermal sonication was required to

get equimolar amounts of NPG into the TEGDMA solutions before polymerization.

Based on these results, we hypothesized that ®@,.q with reductants other than NPG should also be
affected by mobility with more viscous monomers. Figure 4.5¢ shows that while ®,,q remains fairly
constant during the polymerization of rubbery poly-TEGDMA (T,= -85 °C®"), it actually decreases
slightly towards the end of the polymerization of the higher T, poly-EBADMA (Tg= -42 °C®"). Cook
reported that d[CQ]J/dt with N,N-3,5-tetramethylaniline remains constant despite changes in initial
viscosity and final mechanical properties™. However, our results indicate for the first time that the
initiation by the bimolecular photoreduction reaction can be affected by the mobility of the developing

macromolecular structure depending on the initiator and monomer used.

Additionally, if the photoreduction of CQ can be assumed to be the only reaction leading to the

disappearance of the CQ UV-Vis peak (Step 3 in Fig. 4.4a), and we know the amount of primary radicals
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produced per photoreduced CQ (n), then the quantum yield of primary radical production ®, can be

determine as ®..4*n, i.e. for the reactions studied here we know that we can assume that every CQ that's is
photoreduced leads to two primary radicals (a ketyl and an alpha aminoalkyl). Hence, in this case we
could multiply ®.4*2 to obtain the quantum yields of primary radical production with values of 0.52,
0.54, and 0.58 for EDMAB, MDEA, and NPG, respectively. In this example, this quantum yield is not
important because the ketyl radical does not initiate the polymerization. Nevertheless, there are numerous
cases in which the initiator actually produces multiple initiating primary radicals, which should be

accounted for.

Direct determination of the quantum yield of monomer initiation (®;) remains scarce because
quantification of the short-lived monomer-based radical concentration requires expensive and
sophisticated instrumentation (e.g. pulsed laser polymerization- size exclusion chromatography PLP-
SEC) performed under a very narrow set of conditions, and limited to low monomer conversions®"".
Hence, relative ®;/®;.s ratios have been proposed to circumvent these issues. However, even
determination of ®i/®;..r is limited because it requires knowledge of R, and I, which can only be
obtained simultaneously with our UV-Vis/FT-NIR tool. We show that we can readily determine @;/®;_ s
values with our UV-Vis/FT-NIR analytical apparatus (Fig. 4.4d) to assess the relative efficiency of the
primary radicals produced (Fig. 4.3a-Step 3) in initiating the polymerization of the monomer by radical
attack (Fig. 4.3a-Step 4). We found that the relative trend is EDMAB>NPG>MDEA, which agrees with
previous reports of relative reactivates that were based on R, analysis. It is important to acknowledge that
NPG has been reported to initiate polymerization more efficiently in other monomers, which can be
related to the fact that NPG is more compatible with higher polarity monomers or water-based
polymerizations. Also, it is worth noting that ®;/®;.. is calculated from initial R, (R,0) and L, because

the equation for ®@;/®;.s depends on the assumption of equivalent propagation and termination kinetic

constants.
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Figure 4.4. Simultaneous determination of light absorption rate, initiator consumption, polymerization,
and relative initiation quantum yields during polymerization. a, Initial absorbance spectra before
irradiation for CQ/amine formulations containing [CQJ,= 0.00674 M and [Amine],= 0.0464 M. The
secondary y-axis corresponds to the emission spectrum of the 480 nm LED. Shaded areas represent the
amount of photons absorbed by CQ (I.bs). Ground-state association of CQ with the reductants changes the
absorbance spectrum and, thus, the light absorption efficiency. b, Quantum yield of CQ reduction (®red)
as a function of vinyl fractional conversion with MDEA, EDMAB and NPG. Quantum yields with
MDEA and EDMAB show that ®,.q decreases slightly as the mobility of the medium decrease during the
bulk polymerization. This effect was significantly more drastic wit NPG as reductant. ¢, The rate of
polymerization (R,) of TEGDMA and [CQ]; (mol/L*s) as a function of irradiation time (s). The rate of
CQ photoreduction was slightly faster with NPG and roughly equivalent with MDEA and EDMAB up to
50 s. However, d[CQ]/dt with NPG decreases significantly as the poly-TEGDMA starts to gel, whereas
d[CQ]/dt with the MDEA and EDMAB was not noticeably affected by the changes in the mobility of the
poly-TEGDMA. This is most likely related to the higher polarity of NPG as compared to MDEA and
EDMAB. d, Quantum yield of CQ reduction (®.q) and R, as a function of vinyl fractional conversion for
TEGDMA and EBADMA with [CQ]0= 0.00674 M and [EDMAB]0= 0.0464 M at 22 mW/cm,. @y
decays negligibly in TEGDMA, but decreases noticeably the glassier poly-EBADMA at the point where
the polymer starts vitrifying, i.e. mobility is reduced.
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Additionally, the quantum yield of polymerization (®,) can be obtained as R/IL.s (Fig. 4.5a). @,

values with the three amine reductants in TEGDMA at 22 mW/cm® where found to be in the low-end of
the typical range for photopolymerizations performed under air (200-13,000), i.e. without inert gas
purging’'. Using these values to assess the reactivity of the amines tested, they rank
EDMAB>NPG>MDEA, where EDMAB reached 1200, NPG reached a maximum of ®, 900, and MDEA
only got to 600. It is worth noting that @, varies only slightly before the polymerization hits the gel effect
(~12.5 s and <4-5 % conversion). These differences in @, with amine should be associated with higher
crosslinking densities due to higher initial concentration of primary radicals (with EDMAB), which leads

to an enhanced effect of mobility in the termination constant (reaction-diffusion-controlled)®**>"2,

While the reactivity trends of @, and ®/®; s were confirmed to be EDMAB>NPG>MDEA, we
show that NPG>MDEA>EDMAB in terms of initial @, (Fig. 4.4b). This difference could be attributed
to alternate decomposition pathways, such as hydrogen abstraction from the alcohol or the carboxylic
groups and N-H bonds in MDEA and NPG, respectively. These alternate hydrogen abstraction routes
could lead to a faster photoreduction rates, but the primary radicals produced therefrom can have a
significantly lower efficiency in initiating polymerization than the alpha aminoalkyl radicals that are
typically produced. Alternatively, it is also likely that the concentration of primary radicals produced by
the amine reductants is roughly equivalent, but that the alpha aminoalkyl radicals from EDMAB are more
reactive towards the vinyl groups than those from MDEA and NPG. Herein, we emphasize the potential
of our UV-Vis/FT-NIR technique for attaining more detailed analysis of these subtle differences in

reactivity that can change as a function of reaction time, and cannot be elucidated with other instruments.
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Figure 4.5. Analysis of quantum yield of polymerization, polymerization kinetic constants, CQ
photoreduction, and photosensitivity from a single experiment set. a, Relative quantum yields of
monomer initiation (®y/ Oj.r) by the alpha-aminoalkyl radicals formed (Fig. 4.3a-Step 4). NPG and
EDMAB are more efficient at initiating the radical polymerization of the methacrylate monomers. b,
Quantum yield of polymerization (®,) of TEGDMA monomer as a function of vinyl fractional conversion
with three amine reductants: MDEA, NPG, and EDMAB ([Amine]o= 0.0464 M) in the presence of
[CQJ0= 0.00674 M and irradiated with a 22 mW/cm” at 480 nm. Maximum ®, is achieved at ~ 40 %
conversion of vinyl groups, where R, reaches a maximum due to the transition to diffusion-controlled
propagation. ¢, Ratio of the propagation (k;) and termination (k%) kinetic constants (multiplied times the
initiation efficiency factor f) as a function of vinyl fractional conversion assuming steady state
concentration of propagating radicals. Changes in (kp"‘fl/z)/kt”2 scale linearly with the logarithm of the
initial monomer(s): TEGDMA, TEGDMA/EBADMA 50:50 volume ratio, and EBADMA. d, Vinyl
fractional conversion as a function of the total amount of light absorbed (Einsteins= moles of photons/L)
with MDEA, NPG, and EDMAB in TEGDMA. Light absorbed at 50 % vinyl conversion is referred to as
photosensitivity (S) and used to evaluate the efficiency of light-induced polymerizations in
stereolithography, coatings, and imaging, among other applications. The amount of residual
camphorquinone is included as [CQ]s to show how we can better evaluate and compare
photopolymerization formulations accounting for the amount of leftover mutagenic compounds.
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4.3.3 Polymerization kinetics accounting for difference in I,

Assuming that the pseudo steady-state approximation is valid and that primary radical termination
is negligible, a standard model for R, has been well-established®**>"*, This model was utilized by
Anseth et al. to determine the propagation (k,) and termination (k) constants using a combination of
steady-state and non-steady-state experiments with photo-DSC. These experiments were performed under
the assumption that the rate of monomer initiation (R;) remains constant. This assumption is most often
only valid at the very early stages of the reaction, and thus could lead to inaccuracies. Our UV-Vis-FT-
NIR device allows the determination of the steady-state parameter (kp*f”z)/ktl/2 without assuming
constant R;, thus permitting a more accurate determination of k, and k; for a broader set of irradiation

conditions (Fig. 4.5b).

k
RIJ = (ktlzz) [M] Ril/za where R; = f * ¢req * laps

R, _ ([ k» 2
[M] (Iabs * ¢red)1/2 ktl/z

where, f'is the fraction of primary radicals that lead to propagating monomer-based radicals and
[M] is the concentration of vinyl groups. Here, R,, Lis, Prd, and [M] are time-dependent variables
determined from the same experiment. Higher initial viscosity of the monomer(s) leads to higher R,’s due
to diffusion-controlled and reaction-diffusion-controlled termination. Our results confirm that
(k,*f'*)/k,"” correlates linearly with In(Viscosity), where initial viscosities are 0.0175, 0.0356, and 0.7750
Pa*s for 0, 50, 100% volume EBADMA®"". Non-steady kinetic experiments can be done in the UV-

Vis/FT-NIR apparatus, but are beyond this introductory study.
4.3.4 Residual initiator and photosensitivity

A photosensitivity (S) term is utilized to compare light-activated polymerizations based on the

amount of light energy absorbed during the time it takes to polymerize half of the functional groups (t"?)
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for coatings, stereolithography, imaging, and electronics applications”. However, S is a function of L,
and thus its calculation has been limited to the early stages of the polymerization. In contrast, we can
easily calculate the amount of moles of photons (Einsteins) absorbed by the initiator at any reaction time
with our coupled UV-Vis/FT-NIR tool (Fig. 4.5d). Hence, S can be calculated without assuming a
constant absorption rate (Ls); where Ly depends on initiator concentration, irradiation intensity and
emission spectrum (Fig. 4.3a). Fig. 4.5d shows that EDMAB reductant uses photons more efficiently
towards the polymerization of TEGDMA than NPG and MDEA, which is in agreement with the results
for ®i/®;...r, and ®,. Real-time determination of S accounting for changes in L, is important for many
applications, where light-induced polymerizations are currently evaluated by their R;’s, without

standardizing for their differences in Lys.

Lastly, both the residual amount of polymerizable groups, as well as initiator or catalyst can be
simultaneously determined (Fig. 4.5d) with the UV-Vis/FT-NIR tool. This is important because there is
increasing attention in the bio- and dental materials fields on reducing the cytotoxicity of polymer
materials. For instance, residual CQ, MDEA, NPG, and EDMAB are known to be mutagenic leachable

compounds that reduce the stability of dental restorative and adhesive materials’®’®"’

. Quantification of
these residues is normally done ex-situ and requires laborious extraction of the small molecules. Our

technique permits immediate correlation of these values to the initiation and polymerization kinetics, and

can thus expedite formulation design and optimization.
4.4 Conclusions

Rates of light absorption, initiator and monomer consumption were simultaneously tracked via
coupled UV-Vis/FT-NIR spectroscopy for the first time. To permit the kinetic analysis of multiple
reaction steps in the polymerization process from a single set of experiments carried out in the
polymerizing medium under the same conditions. We confirmed well-established trends and values for

the effects of light intensity, initial concentrations, viscosity, and amine reductant chemistry. Then, we
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calculated key parameters that are impractical or impossible to determine with other analytical tools: the
quantum yields of CQ photoreduction, initiation, and polymerization. We proved that the quantum yield
of initiator consumption could be significantly affected by the mobility of the forming macromolecular
architecture. This UV-Vis/FT-NIR device can also extract the kinetic constants of propagation and
termination without assuming a constant rate of initiation, as well as the photosensitivity term used in
many applications. Lastly, the residual initiator can be easily determined to evaluate the potential toxicity
of a given formulation. This opens interesting possibilities for faster elucidation of the mechanisms
involved in a wide range of polymer syntheses including ATRP, RAFT, CuAAC, thiol-Michael, and
thiol-ene, for which new and complex light-activated initiators and catalysts are currently being

developed.
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Chapter 5

Effect of oxidant addition to the kinetics of camphorquinone/amine initiated photopolymerization
of dental monomers

Abstract

We report the coupled monitoring of vinyl functional groups and camphorquinone (CQ) in order
to provide additional evidence for the interactions of oxidants with the CQ/amine pair used for the
production of free radicals to initiate polymerization reactions. This was achieved using fiber optic
coupled UV-Vis and FT-NIR spectroscopy. Three oxidants, diphenyliodonium hexafluorophosphate
(DPI-PFg),  triphenylsulfonium  tetrafluoroborate  (TS-BF,), and  2-(4-methoxyphenyl)-4,6-
bis(trichloromethyl)-1,3,5-triazine (TA) were separately added to CQ/amine formulations. It was
confirmed that the addition of an oxidant generally enhances the rate of polymerization (R,;). However, it
was found that with other amines, such as N-phenylglycine, a decrease in the R, is observed upon oxidant
addition. The production of ketyl radicals from the photoreduction of CQ by the amines was found to be
limiting. The rate of CQ consumption reached a maximum and then decreased with increasing initial
oxidant concentration. Most importantly, no evidence was found of significant CQ regeneration by the
oxidants. Our results indicate that the oxidants primarily participate in a sequential reaction process. This
means that after production of a ketyl radical and an alpha-amino alkyl radical upon the proton-coupled
electron transfer from the amine to CQ, the oxidant reacts with the terminating ketyl radical irreversibly;
as a result, a reactive initiating radical is generated from the oxidant as well as CQ-based close shell
colorless products. Such a mechanism was only proposed recently proposed, but evidence to support the
irreversibility of the oxidation of the CQ-based radical remained elusive. Herein, we simultaneously
monitor CQ and monomer consumption in-situ during the light-activated polymerization of methacrylate
monomers with various three-component initiating systems to provide additional evidence of how
oxidants interact with CQ/amine pairs, which can be advantageous in applications such as dental

materials and biomaterials.
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5.1 Introduction

Photopolymerization offers many practical advantages such as rapid reaction rates, solvent-free
conditions, and precise spatiotemporal control'. Most typical photoinitiators (PI) produce free radicals
that initiate polymerization of vinyl monomers upon exposure to ultraviolet light (UV). However, the use
of visible-light sensitive photoinitiators has been of heightened interest because of the damaging effects
of UV radiation, primarily for the use of these light-activated polymerization reactions in dentistry’,
orthopedics®, and tissue engineering™’, where live or photolabile specimens are involved. Furthermore,
the advent of cheaper and more energy efficient light emitting diodes has stimulated the transition from
conventional UV to visible-light activated polymer syntheses.

The energy of the photons in the visible-light region (400-700 nm) is not sufficient to directly
cleave most bonds in typical organic molecules (based on their bond dissociation energy). Thus, visible-
light sensitive PI’s typically rely on reactions of an excited state of the light-absorbing molecule
(chromophore) with a secondary ground state reactant (co-initiator); electron transfer and hydrogen
abstraction being the most common. This requirement of the so-called Type II PI’s makes them
commonly less efficient than Type I PI’s, which work via bond cleavage, in terms of the rates of
polymerization (R,) that can be achieved. Additionally, these PI’s usually produce only one active radical
per photon absorbed rather than the two radicals that are, at least, generated by most Type I (direct
cleavage) initiators. However, addition of a third component to chromophore/co-initiator pairs has been
documented to initiate polymerization at faster rates, even 10-fold, than in the absence of such third
component.

Some common visible-light PI’s are composed of a chromophore (or photosensitizer), such as a

6-11

ketone, and a co-initiator, such as an amine reductant” . However, over the past three decades, as the

interest in developing better visible-light PI’s increased, it was realized that the addition of an oxidant to

this CQ/amine pair increases the rate of polymerization (R;) significantly'>"?

. In some cases R, has been
reported to increase in up to 5-10 times as compared to the analogous formulations without the oxidant

molecules. Typical oxidants used are triazines 4, iodonium saltsls, sulfonium salts16, maleimides, and
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bromo or iron complexes. The issue is that the three-component PI’s produced by the addition of an
oxidant to chromophore/co-initiator pairs are not well understood as compared to their two-component
counterparts 1213

Mechanisms for the interaction of oxidants with chromophore/co-initiator combinations have
been divided into two categories: parallel and sequential. In the parallel mechanism it is thought that the
oxidants and co-initiators react concurrently with the excited state chromophore. Padon and Scranton
reported an example of a three-component PI working via a parallel mechanism, where Eosin Y Spirit
Soluble absorbs visible-light and then reacts with both N-methyldiethanolamine (MDEA) reductant, and
Diphenyliodonium chloride (DPI-CI) oxidant'’. Another example of a similar behavior is that of Rose
Bengal and fluorescein chromophores with amines and iodonium salts'®. In contrast, the sequential
mechanism involves an initial photochemical reaction between the excited state chromophore and the co-
initiator and a secondary reaction in the ground state between the oxidant at least one of the products from
the first photochemical step'’. Two examples of sequential mechanisms are the three-component systems:
thioxanthene ketone/N-phenylglycine (PG)/Diphenyliodonium tetrafluoroborate (DPI-BF,) and
Methylene blue (MB")/MDEA/DPI-CI'®*’. Based on the report of so many different mechanisms it is
most likely that the interaction of the oxidants with a given chromophore/co-initiator pair is highly
sensitive to the choice of chromophore, co-initiator, oxidant, monomer, and solvents that may be present.

Experimental results seem to indicate that the chromophore is key in determining whether a
parallel or sequential mechanism is to be followed. For example, organic dyes (such as MB" and eosin)
have long been known to readily undergo reversible reduction/oxidation reactions, whereas ketones have

been reported to irreversibly form degradation products upon reduction or oxidation®'

. The reversibility
of some of organic dyes could be related to the highly conjugated structure stabilizing the radical
intermediates formed upon reduction or oxidation of the dyes. Moreover, if the excited state chromophore
can function as both a reductant and an oxidant, based on its redox potential as compared with that of the

reductant and oxidant components, then a parallel mechanism should be expected. If the excited state

chromophore were thermodynamically driven to function only as either a reductant or an oxidant, then a
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sequential mechanism would be more likely. The thermodynamic feasibility of such pathways can be
estimated with the Rehm-Weller equation (eql), where the Gibbs Free-Energy for electron transfer
reactions from a ground state to an excited state molecule is calculated using the redox potentials (Eox and
E.q), triplet state energy (Et), and Coulombic interactions (not included for neutral molecules). However,
this equation relies on the assumption that the electron transfer (ET) is the rate-limiting step, and it is not
indicative of the kinetic driving force for the ET process. It does not take into account the possibility of a
Marcus-type inverted region for the AGgr, i.e. ET processes have been documented to slow down or even
be precluded when the thermodynamic driving force (AGgr) becomes more negative than a certain
threshold”®*®. Hence, this equation should not be utilized without experimental evidence supporting the
kinetic feasibility of either a parallel or a sequential mechanism, as in the form of polymerization initiated
by the radicals produced from the ET.
AGey = F % [Egx(D/D™) — Eyeq(A/A™)] — Er  Equation 1

There have only a few studies on the interaction of oxidants with CQ/amine pairs12’13’15’29'31. Cook
and Chen recently proposed a sequential mechanism for the interaction of an oxidant with the CQ/amine
pair’. They analyzed CQ/amine/iodonium salt formulations with Differential Scanning Calorimetry (DSC)
and UV-Vis. Their systematic approach in the analysis of the CQ system led to a better understanding of
the mechanism with the addition of an oxidant. Their conclusion was that the terminating ketyl radical is
partially regenerated into the original CQ by the iodonium salt, forming a phenyl radical as a result. This
phenyl radical is more reactive than the terminating ketyl radical, thus promoting additional initiation of
monomer, faster rates of polymerization and higher final conversions. Furthermore, it is thought that
oxidation of terminating ketyl radicals can reduce competing rates of back electron transfer and radical

15,18,32
%22 Nonetheless,

recombination, ultimately leading to a more efficient production of initiating radicals
their mechanism needs some refinement as they propose that the reaction between the alpha amino-alkyl
radicals and the DPI-PF¢ competes efficiently with the reaction between the vinyl groups, which are

present at significantly higher concentrations, and the amine-based radicals, which are very reactive

towards the C=C bonds™. Additionally, their UV-Vis analysis of CQ photobleaching was limited and not
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performed simultaneously with the polymerization monitoring, whereas their DSC experiments for
polymerization kinetics were carried at 50°C without acknowledgment of the redox production of radicals
from the interaction between the amine reductants and the iodonium salt oxidant (DPI-PFs). There still
exists a need for more conclusive evidence to support the sequential mechanism via which the ketyl
radical produced upon photoreduction of CQ by the amine is irreversibly oxidized to closed-shell by-
products. Herein, we make use of unique coupled UV-Vis/FT-NIR spectroscopy to follow the decay of
both the polymerizable vinyl functional groups from the methacrylate monomer (Triethylene glycol
dimethacrylate) and of the camphorquinone chromophore. The amines used in this study were methyl
diethanolamine (MDEA) and N-phenylglycine (PG).

Cook and Chen only analyzed the use of one oxidant (Diphenyliodonium hexafluorophosphate:
DPI-PFy). In the present study, the effects of the oxidant chemistry were also explored by the comparison
of DPI-PF¢ with a triazine derivative (2-(4-methoxyphenyl)-4,6-bis(trichloromethyl)-1,3,5-triazine) (TA)
and a sulfonium derivative (triphenylsulfonium tetrafluoroborate) (TS-BF,), chosen based on their varied
redox potentials. Such an analysis has not been reported, and can be advantageous to evaluate how to
better design these three-component PI’s to achieve faster rates of polymerizations and higher final vinyl

conversions upon visible-light irradiation.
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5.2 Experimental section

\/\ /\/

Triethylene glycol
dimethacrylate (TEGDMA)

O
Camphorquinone (CQ) Methyl diethanolamine (MDEA)
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Diphenyliodonium 2-(4-methoxyphenyl)-4,6- Triphenyl sulfonium
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hexafluorophosphate (DPI-PF) triazine (TA)

tetrafluoroborate (TS-BF,)

Figure 5.1 Components of the photopolymerizable formulations studied in this work. From top to bottom
and left to right: Camphorquinone chromophore, amine co-initiator MDEA, methacrylate monomers
(TEGDMA) and oxidants: DPI-PF6, TA, and TS-BF4.

5.2.1 Materials

Camphorquinone (CQ, Sigma Aldrich, Milwaukee, MI) was used as received. Methyl
diethanolamine (MDEA) from Sigma Aldrich (Milwaukee, MI) was chosen as the main co-initiator
reductant for the present study because we previously characterized that the rate of polymerization was
lower than with other amines, thus making it a good candidate to show the improvement in Rp upon
addition of the oxidants. N-phenylglycine (PG, Sigma Aldrich, Milwaukee, MI) was utilized for a few
experiments included in here because it was observed that it reacts particularly as compared to other
aromatic amines. The monomer Triethylene glycol dimethacrylate (TEGDMA, Sigma Aldrich,
Milwaukee, MI) was used as received. The oxidants used in the study were diphenyliodonium
hexafluorophosphate (DPI-PF¢, Sigma Aldrich, Milwaukee, WI), triphenylsulfonium tetrafluoroborate
(TS-BF,4, Tokyo Chemical Industry, Tokyo, Japan), and 2-(4-methoxyphenyl)-4,6-bis(trichloromethyl)-

1,3,5-triazine (TA, Tokyo Chemical Industry, Tokyo, Japan).
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The initial camphorquinone loading used was 0.1 wt %, at which the absorbance at A,,,,=468 nm
did not exceed 0.5 AU through the experiment, thus facilitating the calculations and ensuring Beer-

Lambert law validity. The oxidants were chosen based on their differences in oxidation potential (Fig.

5.2).
Oxidant Reduction potential (eV vs SCE)
DPI-PF; 02"
TA -0.9°
TS-BF, 12V

Figure 5.2 Oxidation potentials of oxidants

5.2.2 Light source

A multi-wavelength light emitting diode (LED) unit containing a blue 480 nm LED chip (FC8-
LED, Prizmatix, Southfield, MI) was used to excite camphorquinone to its singlet state. Irradiance or
power density was controlled with a potentiometer and measured with a radiometer (6253, International
Light Technologies, Peabody, MA) within the 400-700 nm range. The LED lamp was connected via fiber
optic with an inner diameter of 1000 nm and the fiber optic was placed directly over the sample with a
collimating lens (Thorlabs Inc., Newton, NJ) with the incident irradiant set at 22 mW/cmzPathlength in

the direction of the curing irradiation was 2.5 mm.

5.2.3 Coupling of FT-NIR and UV-Vis spectroscopy

Monomer conversion was monitored with a FT-IR spectrophotometer (Nicolet Magna-IR Series
II, Thermo Scientific, West Palm Beach, FL) by following the peak area of the first overtone absorption
band of the methacrylate =CH2 group (~6167 cm™). The spectrophotometer is equipped with a KBr beam
splitter and an InGaAs detector. The FT-IR settings were set to 18 scans, a resolution of 8, a gain of 1,
and an optical aperture of 3-5.

A fiber optic coupled UV-VIS spectrometer (USB2000-UV-VIS Miniature Fiber Optic
Spectrometer, Ocean Optics, Dunedin, FL) was employed to measure the photobleaching of CQ tracking

the absorbance band between 400 nm and 510 nm due to the n -> mt* transition of the carbonyl group.
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Integration time was set to under 1 s. A Matlab code was written to correlate the absorbance at Ay,x within
the PI absorbance peak envelope. Negative controls were performed to ensure that no or negligible
polymerization occurred due to exposure to the monitoring beam within the time of the experiments.

The coupling of the UV-Vis and FT-NIR beams was achieved with a cuvette holder (CUV-ALL-
UV 4-Way Cuvette Holder, Ocean Optics, Dunedin, FL) that holds a dual-pathlength cuvette (UVette,
Eppendorf, Hauppauge, NY) with a 10 mm and a 2 mm pathlength in its center. Sample volume was 60
pL. Fiber-optic coupled UV-Vis and FT-IR spectrophotometers were integrated via SMA connectors to
remotely transmit orthogonal signals through the sample. The sample volume used in the two-pathlength

cuvette was 50 pL with the sampler dimensions 2 mm x 10 mm x 2.5 mm.

5.2.4 Spectral analysis

The UV-Vis output was collected with the SpectraSuite Software (Ocean Optics, Dunedin, FL)
and its output was processed using a MATLAB script to extract and plot the relevant data. The maximum
absorbance close to 470 nm was found for every spectrum and plotted against time. Experiments were
performed in sets of 3-5 replicates. The results were then fitted to a single exponential curve in MATLAB
to extract the coefficients. All R” values were higher than 0.93. The coefficients were then averaged and
the standard deviation and error determined to assess the significance of the differences identified.

The FT-NIR results were obtained directly from the OMNIC Software (Thermo Scientific, West

Palm Beach, FL) and then processed with Excel.
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5.3 Results and discussion

5.3.1 Effect of Oxidant Addition
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Figure 5.3 Changes in R, and CQ consumption upon addition of DPI-PF¢ oxidant. Left- Rate of
polymerization as a function of conversion with the addition of the DPI-PF6 against different amines.
Right- Bleaching of CQ with oxidant addition. [CQ] = 0.1 wt %, [MDEA] = 0.5 wt %, [DPI-PF6] = 0.7
wt %, [p =22 mW/cm?.

With the addition of an oxidant, an increase in R, is expected. Results shown in Figure 5.3-Left
demonstrate that with incorporation of the iodonium salt (DPI-PFs) to the CQ/MDEA pair, there was a 3.5
times increase in the maximum rate of polymerization (Rp.max). It was confirmed that the R, was
negligible in the absence of MDEA at this conditions, indicating that initiating radicals are not efficiently
produced from CQ alone or any interaction between CQ and TEGDMA. The combination of CQ and
DPI-PF¢ was not tested since it has been confirmed that the photoreduction of CQ by DPI-PF6 only
increases the R, slightly, indicating that CQ is more prone to be photoreduced'™". Additionally, it has

been reported that CQ does not lead to initiating radicals upon oxidation'*>****

. It was also observed that
the conversion at Ry.max Was lowered. In the absence of DPI-PF6 oxidant, the CQ/MDEA pair shows a
relatively broad R;.max that extends from 40 to 50 % vinyl conversion. In contrast the CQ/MDEA/DPI-PFg

PI seems to have a shorter R.m.x region, which was not captured precisely due to the time resolution used

for the FT-NIR analysis, but is expected to be below 40 % conversion. This indicates that in fact the
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polymer network form gels faster and vitrifies at higher conversion than the network formed without DPI-
PFs>.

On the other hand, the rate of CQ photobleaching remained virtually unchanged or increased only
slightly with the addition of DPI-PF¢ within the first 200 s. After roughly 200 s of irradiation, the CQ
photobleaching rate is significantly lower for the CQ/MDEA system than for the CQ/MDEA/DPI-PF,
formulation. Since we know that the polymerization reached the final conversion by 100 s it can be
assumed that during the effective polymerization time the photobleaching rates were essentially the same.
This supports that the regeneration of CQ from the oxidation of the ketyl radicals does not contribute
significantly to the photoinitiation process, and that most likely, closed shell CQ-based by-products are
produced (Figure 5.4)'%. In contrast, a significant reduction of the photobleaching rate was reported for
the MB'/MDEA/DPI-CI] three-component PI studied by Padon and Scranton using fluorescence
spectroscopy'’. This supports that the refined mechanism proposed by Cook and Chen is most likely
applicable when ketone-base chromophores are used, as opposed to highly conjugated dye molecules,
where a very efficient initiating phenyl radical is formed by the irreversible oxidation of the terminating

CQ-based ketyl radicals'”.
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Figure 5.4 Refined mechanism for the interaction of DPI-PF6 oxidant with the CQ-MDEA pair. As
compared to the mechanism by Cook, we do not include the less feasible reaction between the CQ',and
the monomer (TEGDMA), which additionally is not expected to produce initiating radicals. Furthermore,
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we do not include the reaction between the MDEA-based radical and DPI" as this seems to be kinetically
less feasible than the reaction of the MDEA radical with the vinyl groups of the methacrylate, which are
present at concentrations 2-3 orders of magnitude greater. This mechanism explains why the
photobleaching rate of CQ is virtually unchanged with addition of DPI-PF6 to CQ/MDEA, whereas R, is
increased 3.5 times i.e. by transformation of terminating radicals into initiating radicals.

The back electron transfer efficiency is most likely not affected since the proton transfer from the
amine radical cation formed after single electron transfer essentially prevents back electron from
occurring, in most cases’". Note that the PG amino acid does not behave as the other aromatic or aliphatic
amines used, as discussed in the next paragraph''”***. This means that the feasibility of back electron or
radical recombination is going to be primarily linked to the structure of the amine reductant rather than to
the presence of the additional oxidant. If the proton transfer occurs, then back electron transfer and
recombination reactions are no longer feasible and the effect of the oxidant on the fast a short distance
electron transfers is going to be negligible.

However, contrary to the literature, the addition of the iodonium salt did not increase the rate of
polymerization for PG. It is known that the reaction of excited state CQ with amino acids, like PG,
involves decarboxylation after ET to camphorquinone®®. As a result of the entropical driving force related
to the cleavage of the acid group it is likely that back electron transfer and recombination are going to
happen less readily with PG in the initial stages of the polymerization. However, once the polymerization
reaches the mobility restricted region, PG is most likely going to be prevented from reorganizing to allow
for the decarboxylation process to occur and considering that PG is significantly more polar than MDEA.
Hence, once the autoacceleration region is reached in the polymerization, the rate of CQ photobleaching
with PG was significantly reduced as opposed to the case with ethyl 4-dimethylaminobenzoate (EDMAB),
N,N-dimethylaniline (DMA), and MDEA. Furthermore, the possibility exists that the radicals produced
by the oxidation of PG by the excited state of CQ react with DPI-PF¢ more readily than the alpha amino

alkyl radicals formed from MDEA, EDMAB, or DMA.
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Figure 5.5 Refined mechanism for the interaction of DPI-PFs oxidant with the CQ/PG pair. This
mechanism accounts for the possible oxidation of the PG-based radical produced by DPI-PF6, which
could explain the reduction in the rate of polymerization and the negligible change in CQ photobleaching.

5.3.2 Oxidant Concentration Effect

As presented in Figure 5.5, no statistically significant difference was observed in the rate of
polymerization with MDEA at initial loadings of DPI-PF¢ between 0.3 and 4 wt%. While Rp-max and the
breadth of the R, vs. time curve seem to fluctuate for the different concentrations of DPI-PFg it appears
that a threshold was reached even at 0.3 % DPI-PF¢. This agrees with our previous findings for the
CQ/amine initiated polymerization of TEGDMA, which show that by the time the polymer reaches the
final plateau conversion (within 60-100 s) the amount of CQ consumed is only 15-19 %. Thus, if DPI-PFg
is reacting primarily with the terminating ketyl radical produced when CQ is consumed, then DPI-PFq
will essentially always be in excess and no discernible effect of concentration should be expected.

With respect to photobleaching, the 0.3 wt% and 0.7 wt% DPI-PF6 showed complete

consumption of CQ, but when excess salt was added, residual camphorquinone remained after irradiation.
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This observation may be attributed to some fluctuation in the mobility of the polymer network as more
initiating radicals are produced. As we showed before in the study of CQ/amine initiated polymerizations
of methacrylate monomers, the macromolecular structure and the mobility do affect the rate at which CQ
is photobleached and are also correlated with the structure of the amine reductant used. If there is a
mismatch in the polarity and electrostatics of the amine and the developing polymer network, as with PG
and TEGDMA, the effect of mobility seems to be greater. This can also be stipulated since the rate of
photobleaching up to 200 s is statistically the same regardless of the DPI-PFs. Considering that the
polymerization reached the final plateau conversion in approximately 60 s, it is fair to assume that there is
no direct dependence of the photobleaching on [DPI-PF6], as proven for the rate of polymerization. This
is further proof that the ketyl radicals produced from the photoreduction of CQ by MDEA are the limiting

reagent at these conditions.
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Figure 5.6 Left- Rate of polymerization of varying concentration of camphorquinone. Right-
Camphorquinone bleaching of various salt concentrations. [CQ] = 0.1 wt %, [MDEA] = 0.5 wt % in
TEGDMA at I, = 22 mW/cm®. It is important to note that the step changes observed in a couple of the
results are most likely artifacts due to random scattering on some of the experiments.
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5.3.3 Effect of Oxidant Chemistry
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Figure 5.7 Left- Conversion versus time plot of different oxidant chemistries. Right- Bleaching of CQ as
a function of salt chemistry. All experiments conducted in TEGDMA, [CQ] = 0.1 wt%, [MDEA] = 0.5
wt%, [DPI-PF¢] = 0.7 wt %, [TA] = 1.9 wt %, [TS-BF,] = 1.6 wt %, I, = 22 mW/cm®.

Finally, when we analyzed the effect of changing the oxidant structure we observed interesting
variations in the photobleaching as compared to the effects in the vinyl conversion. Despite having the
lowest reduction potential (or highest electron affinity) the sulfonium salt (TS-BF,) had the lowest final
conversion and rate of polymerization. This behavior may be attributed to steric hindrance or perhaps to a
Markus Inverted region which would reduce the kinetics of the electron transfer between this particular
oxidant and the ketyl radicals . On the other hand, this behavior can also be attributed to a slower electron
transfer despite a more negative AGgr, as observed for Marcus-type electron transfer reactions. In contrast,
DPI-PF6 and TZ showed no significant difference in their polymerization profiles. The latter can
potentially be explained by having a negligible difference in the oxidation rates at which these two react
with the ketyl radical from camphorquinone, specially considering that CQ-based radical is rate limiting
and that both DPI-PF¢ and TZ are in excess.

Most interestingly, we observed that CQ/MDEA/DPI-PF6 and CQ/MDEA/TS-BF4 essentially
show the same CQ photobleaching rate. This further confirms that the increase in the rate of

polymerization is not associated with CQ regeneration. Furthermore, TA significantly accelerated the rate

of CQ photobleaching. This can be attributed to the presence of additional reductant functional groups in
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the oxidant, namely the nitrogen in the triazine molecule. It seems likely that a simultaneous reaction
between the excited state of CQ and TA might be present, thus leading to the dramatic increase in the

amount of CQ consumed, but a negligible increase in the rate of polymerization.

5.4 Conclusions

The study presented herein examined aspects of the CQ/amine system with regards to the addition
of an oxidant. There is a significant improvement on the rate of polymerization of CQ/MDEA with the
addition of most oxidants (mainly iodonium salts and triazines). However, with PG amino acid, neither
the rate of polymerization nor the photobleaching increase significantly with the addition of an oxidant. In
fact the rate of polymerization decrease, most likely due to a different reaction between the primary form
after decarboxylation, as opposed to the secondary radical formed from MDEA. We confirmed that small
amounts of oxidant are needed because less than 20 % CQ is actually converted into ketyl radicals within
the time it takes for the final conversion to be reached. Lastly, we observed that triazines might be able to
react in multiple reactions, perhaps acting as reductants as well as oxidants. With all these observations
and by being able to directly correlate CQ consumption to the extent of polymerization, we were able to
provide stronger evidence to support a sequential mechanism in which first, CQ absorbs a photon and
excites to the long lived triplet state via intersystem crossing, then the triplet state is reduced by the amine
reductant to produce a terminating ketyl radical and an alpha amino alkyl radical. Subsequently, the
terminating ketyl radicals are oxidized by DPI-PF6, TS-BF4, or TA; thus producing closed shell
degradation products and a very reactive phenyl radical that further initiates polymerization. This refined
mechanism can serve to develop novel three-component phototinitiators with potential advantages for

dental materials, biomaterials, and tissue engineering, among other applications.
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Chapter 6

Ground state complex formation as tool for controlling photoredox catalysis
(Photoredox catalysis also works via hydride transfer)

Abstract

Photoredox catalysis has become an important tool in both organic and polymer synthesis. It is
widely accepted that photoredox catalysis most often operates via single electron (e) transfer steps,
through which the light-absorbing photocatalyst is first consumed and then regenerated. Several reports
have recently appeared in which N,N-diisopropylethylamine (iPr,NEt) is used as reductant or electron
donor with both organic and organometallic photocatalysts. These formulations have been used for many
reactions, including cycloadditions, dehalogenations, alkylations, fluoromethylations, hydroxylations and
chain growth polymerizations. High rates, yields, selectivity and unexpected reactions have been reported
in all these cases, but an explanation of the link between iPr,NEt and the exceptional performance
remains elusive. In general aliphatic amines like iPr,NEt are known to be good single e donors, but we
propose herein for the first time that in numerous cases aliphatic amines undergo e/H /e transfer instead
of e’. We show that such a change in the expected reaction pathway occurs whenever the aliphatic amines
for a ground state complex with either the photocatalyst or a Lewis acid additive. Methylene blue (MB")
and ruthenium bipyridine complexes were used as examples of photocatalyst that complexate with
iPr,NEt and other amines depending on the solvent polarity. The present work not only serves as the first
mechanistic explanation of a broad set of unexpected results, but also provides guidelines for the rational
selection of photocatalyst/amine/solvent/additive combinations to favor either e/H'/e” or e transfer,
depending on the whether free radicals are desired or undesired. Thus, this opens new opportunities for
the further development and application of photoredox catalysis for a broad range of fields within organic

and polymer chemistry.
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6.1 Introduction

Photoredox catalysis entails the use of light-absorption by organic or organometallic molecule
(photocatalyst), to facilitate chemical reactions that would not otherwise occur, or that would be
challenging to achieve without harnessing light as the driving energy. This has attracted attention in the
last decade because it efficiently and selectively mediates a wide range of chemical transformations using
low-energy visible light under mild conditions. Examples of some of these organic and macromolecular
reactions are: alkylationsl, dehalogenationsz, [2+2] enone cycloadditions3’4, atom transfer radical
additions’, atom-transfer radical polymerization (ATRP)*’, and free radical and cationic chain growth
polymerizations™. The main advantages provided by the photoredox catalysis approach include:
facilitating the synthesis of molecules not accessible via conventional high-energy UV radiation
photochemistry®*, higher selectivity than UV-activated reactions because side reactions are suppressed by
the exclusive light-absorption of the photocatalyst, lower toxicity, lower cost, environmentally benign,
use of the entire visible spectrum, and sunlight-activation. In macromolecular chemistry, additionally,
photoredox catalysis is paramount to the production of UV-sensitive polymer materials, such as
holograms'®, printing plates'', photoresists, electrophoresis gels'?, dental adhesives and restoratives'>°,
and 3D scaffolds'’. Furthermore, it is useful in the controlled synthesis of a broad set of macromolecular

architectures that employ light as spatial and temporal switch®.

Electron (e") transfer (reduction-oxidation or redox) steps are the most ubiquitous in photoredox
catalysis. Hence, photocatalysts are most often utilized in conjunction with an electron donor and an
electron acceptor. These two compounds allow the photocatalyst to first receive or donate an electron
from its excited state, and to subsequently be regenerated by a secondary electron donation or acceptance
step involving the intermediate formed from the initial reaction. Since 2008, exceptionally fast rates, high
yields and high enantio- or chemoselectivity have been reported when using N,N-diisopropylethyl amine
(Hiinig’s base, iPr,NEt) as sacrificial electron donor with both organic (Methylene blue, MB") and

2-4,18-21

organometallic (Ru(bpy);>") photocatalysts . For example, Yoon’s [2+2] enone cycloadditions
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achieved an impressive 94% yield of cis-dione even with 1 h of sunlight exposure with excellent
diasteroselectivity® using Ru(bpy);Cl,, iPr,NEt, and LiBF, (as Lewis acid) in acetonitrile (MeCN).
Stephenson demonstrated up to 95 % yield for tin-free reductive dehalogentaion reactions using
Ru(bpy);Cl,, iPr,NEt, and HCO,H (as Lewis acid) or Hantzsch ester in dimethyl formamide (DMF)~.
More recently, Scaiano showed that MB" and iPr,NEt in 4:1 acetonitrile:water solution give 100 %
conversion and 94 % yield in oxidative hydroxylation of arylboronic acids, and up to 83 % yield for
trifluoromethylation reactions with several MB/aliphatic amine combinations in DMF'®'*_ In the field of
polymer chemistry, we recently demonstrated that MB", iPr,NEt and iodonium salt in acrylate or
(meth)acrylate monomers allow light-energy storage and extension free radical photopolymerizations in
space and time beyond the reach of the photons®'. Furthermore, Zhang et al. showed that spatiotemporally
controlled ATRP of several (meth)acrylate monomers can be achieved in DMF solution only when

Ru(bpy);Cl,, iPr,NEt, and ethyl-2-bromoisobutyrate are all present during irradiation®.

However, the exceptional performance can be highly sensitive to variations in solvent,
concentrations or amine structural features in most of these instances. Yoon and coworkers comment that
no reaction occurs without LiBF,, and that, unexpectedly, highly diasteroselective cycloadditions are only
observed when both iPr,NEt and LiBF, are present in excess**’. These results were described as
inconsistent with the typical mechanism involving direct triplet sensitization from the Ru(bpy)s®"
complex, without further elaboration. Stephenson et al. mentioned that the yield of reductive
dehalogenation increases from 25 % to > 90 % upon addition of formic acid (excess) or Hantzsch ester to
their initial Ru(bpy);Cly/iPr,NEt formulation. Removal of any of the components or decrease in their
concentrations afforded only trace amounts of their desired products, and substitution of iPr,NEt with
triethylamine (Et;N) decreased the yield to 25 %?. Such observations strongly suggest that iPr,NEt has
certain attributes that make it quite different than other reductants in general, even compared to other

amines, in its role as the electron donor.
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Despite these promising and intriguing developments, no conclusive theory exists to explain the
phenomena displayed by iPr,NEt-containing photoredox systems, and to aid in the rational selection of
other amine electron donors, photocatalysts and solvents that can afford equivalent or higher rates, yields
and selectivity. One possibility is that iPr,NEt does not favor the typical single e transfer reactions
observed with other, more conventional, formulations. In fact, Stephenson’s group determined by isotope
labeling studies that iPr,NEt rather functions as hydrogen atom source in their reductive dehalogenations.
Recently, Kotani et al. showed that bulky aliphatic amines, including iPr,NEt, are good hydride donors
for reduction of unsaturated ketones in the presence of trichlorosilyl triflate and for enantioselective
reductive aldol reaction with excellent yields in the presence of Lewis acids™?>*. Singh et al. successfully
coupled 2-chloroazoles with tertiary aliphatic amines via photoredox-mediated C-H functionalization
using Ir(ppy)s photocatalyst in MeCN?. Furthermore, we have previously shown that iPr,NEt can transfer
e’/H'/e” upon photo-oxidation by MB" to produce closed shell decomposition by-products, as opposed to
the typically expected alpha-amino radicals from single e transfer with other amines”’. In spite of all this
evidence, a mechanistic understanding remains elusive of what makes bulky aliphatic amines, like

iPr,NEt, function as hydrogen or hydride donors instead of e” donors, as other reductants normally do.

Herein, we propose that iPr,NEt favors hydride transfer (e/H'/e” transfer), as opposed to single e’
transfer, due to the formation of an electron-donor-acceptor (EDA) complex in the ground state with
either the photocatalysts (MB", Ru(bpy);>") or an additional Lewis acids (Li", HCO,H). If such ground
state complex is present before irradiation, then iPr,NEt undergoes sequential e/H'/e” because it is in
close proximity to the molecule functioning as Lewis pair. As a result, no free radicals are produced from
the photooxidation of the bulky aliphatic amines by the excited state of MB™ or Ru(bpy)s>" (Figure 6.1a),
i.e. ionic, instead of radical, processes dominate as a result of the e /H /e transfer. While absence of free
radicals is not ideal for conventional free radical polymerizations, it can be advantageous in organic
synthesis where high yields and enantio-, chemo- or regio-selectivity are desired. The ability of MB" and

26-28

Ru(bpy);”" to function as e/H'/e” acceptors has been discussed in the literature®®®, and will be analyzed
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herein along with the dependence of complex formation on the solvent. In this way, the present work
serves as the first mechanistic explanation of the uniqueness of bulky aliphatic amine reductants in
photoredox catalysis, and to provide an initial set of guidelines of how to control whether photoredox
catalysis operates by e or e/H /e transfer through the rational selection of photocatalyst, amine, solvent
and Lewis acid additives. McKay first mentioned the possibility of Lewis acid/base complexation
between MB™ and amines, but did not elaborate on such idea®. More recently, Stephenson introduced the
possibility of a hydrogen transfer occurring from a formic acid/iPr,NEt complex to Ru(bpy);>".
Nevertheless, a direct link between the formation of the complex, the e /H'/e transfer, and the excellent
performance and selectivity of iPr,NEt-containing systems has not been addressed. Analysis of these
correlations remains entirely absent. Thus, this work can be of great benefit and interest to a wide range of
disciplines, fields, and applications ranging from synthetic organic chemistry to materials science and

engineering in which photoredox catalysis is already a powerful tool.

6.2 Experimental section
6.2.1 Materials

Methylene blue (MB"), N,N-diisopropylethylamine >99 % (iPr,NEt), triethylamine >99.5 %,
tris(2,2’-bipyridyl)dichlororuthenium(Il) hexahydrate 99.95 %, camphorquinone 97 %, N-
methyldiethanolamine >99 %, and triethanolamine >99 % were obtained from Sigma-Aldrich
(Milwaukee, WI) and used as received. 2-Hydroxyethyl (meth)acrylate (HEMA) was selected as
monomer because it readily dissolves all photocatalysts and amines and has a relatively low polarity.
Other acrylate and (meth)acrylate monomers are expected to behave very similarly if viscosity is
equivalent. Samples were vortexed until complete dissolution. Components were always mixed
immediately prior to experiments to avoid side reactions in the dark, unless otherwise stated. Methanol
(MeOH), ethanol (EtOH), and acetonitrile (MeCN) were spectro grade from Sigma-Aldrich and used

without additional purification. Distilled water was also used as solvent for UV-Vis analysis.
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6.2.2 Crystallization of methylene blue (MB") and [MB" ...amine] complexes

Methylene blue (MB") crystals were first grown on a 5x5x1 mm microscope glass slide (as
nucleation site) inside a glass vial by slow evaporation of ethanol using an initial concentration of [MB']=
1*10” M. Then, solutions were prepared with the same initial MB* concentration and 1000 equivalents of
both Et;N and iPr,NEt in ethanol. Vials were left inside a hood with continuous airflow for 24 h until the
ethanol solvent completely evaporated. All three glass slides were then taken to the microscope for
analysis.

6.2.3 Polarized light microscopy for visualization of crystals

Images of the crystals were captured using a Nikon microscope directly from the glass slides with
a 20x optical magnification lens using a polarization filter and an acquisition of 100-150 ps. The entire

glass slide surface was captured and analyzed. Representative images are included in Figure 6.1b.

6.2.4 UV-Vis spectroscopy for determination of complex formation

Separate solutions of MB", Ru(bpy)32+C12, and camphorquinone were prepared at concentrations
of 1¥10° M, 1*¥10° M, and 1*¥10° M, respectively, in 2-hydroxyethyl (meth)acrylate, ethanol, and
acetonitrile. The UV-Vis spectra were collected with a Thermo-Scientific Evolution 300
spectrophotometer before addition of any amine reductant. Once the initial absorbance of each
photocatalyst was measured, either Et;N or iPr,NEt were added drop by drop with a syringe. Each drop
was determined to equate to a volume of approximately 100 pL. For each drop added another full UV-Vis
spectrum was obtained until no change was observed in the absorbance of MB" and Ru(bpy)s”". This

process was repeated at least twice for each photocatalyst/amine/solvent combination.

The isosbestic point and the association constants were determined from the changes in the MB",
Ru(bpy);*" and CQ absorbance peaks. The evolution of the absorbance at the wavelength of highest
absorbance for each photocatalyst was plotted against amine concentration based on the Ketelaar equation

for a 1:1 EDA complex where the electron donor (amine) is used in excess and does not absorb in the
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region where the acceptor (photocatalyst) absorbs™. Linear fits were found for all cases analyzed with an

R’ greater than 0.94.
6.2.5 Coupled UV-Vis/FT-NIR full spectrum real-time monitoring

Coupling UV-Vis to FT-NIR. The UV-Vis and FT-NIR beams were coupled into a SMA-fitted
cuvette holder (CUV-ALL-UV 4-Way Cuvette Holder, Ocean Optics, Dunedin, FL) that holds a dual-
pathlength PMMA cuvette (UVette, Eppendorf, Hauppauge, NY). The sample volume used was 50-60 pL
with dimensions of 2 mm x 10 mm x 2.5 mm. The longer pathlength was used for UV-Vis to prevent

saturation of the NIR signal.

UV-Vis/FT-NIR beams were transmitted orthogonally within a matched horizontal plane through
the center of the sample at an approximate depth of 1.25 mm. The aperture of the UV-Vis probing beam
was reduced with a ~ 0.5 mm pinhole at the center of the sample to reduce the artifacts created by the

light scattering of both the probing and the polymerization-inducing beams.

Monomer conversion was monitored with a FT-IR spectrophotometer (Nicolet Magna-IR Series
II, Thermo Scientific, West Palm Beach, FL) by following the peak area of the first overtone absorption
band of the =CH, bonds (~6167 cm™ = 1621 nm). Monomer absorbance was confirmed to fall within the
linear Beer-Lambert region within the concentrations used here. The spectrophotometer is equipped with
an extended range KBr beam splitter and an InGaAs detector. The NIR signal was transmitted to/from the
remote specimen via matched 1000 um fiber optic cables. The FT-IR settings were set to 8-16 scans, a
resolution of 8, an optical gain of 1, and an optical aperture of 3-5. The velocity of the interferometer was
adjusted according to the desired acquisition time.

Fiber optic coupled UV-Vis detectors USB2000-UV-VIS and USB4000-FL (Miniature Fiber
Optic Spectrometers, Ocean Optics, Dunedin, FL) were employed to measure the change in the
absorbance between 400 nm and 510 nm related to the n—>x* transition of the carbonyl groups in CQ,

which decays as a function of CQ concentration. The CQ absorbance was calibrated against concentration

to confirm that it follows Beer-Lambert’s linearity. The spectrometers use Charge-coupled Device (CCD)
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detectors that allow full-spectrum acquisition. The high sensitivity USB4000-FL permits the use of low

intensity UV-Vis light in continuous or pulsed mode to probe samples without initiating the
polymerization. Integration time was set to < 1 s (Fig. 6.3). Negligible polymerization occurred from
exposure to the UV-Vis probing beams from a low intensity halogen lamp from Oriel Instruments (Irvine,

CA) with an emission spectrum in the range of 400-700 nm (Fig. 6.3c).

The FT-NIR results were obtained directly from the OMNIC Software (Thermo Scientific, West
Palm Beach, FL) and processed in Excel according to the method reported by Decker’'. The UV-Vis
output was collected with the SpectraSuite Software (Ocean Optics, Dunedin, FL). A FORTRAN code
was written to merge the data into a single text file. Then a MATLAB script was written to process the
full-spectrum absorbance, remove any baseline shifts from light scattering of the UV-Vis probing beam
(see SI), and extract the absorbance maximum A, (~470 nm for CQ), i.e. maximum absorbance was
found for every spectrum and plotted against time. At least three replicates were performed for each
experiment. Averaged data was then fitted to exponential equations using MATLAB curve fitting tool. R*

values for all fitted curves were at least 0.95.
6.2.6 Quantum chemical calculations

Complex formation calculations were performed using rM06/LANL2dz level of theory where
solvation in methanol was described using a polarizable continuum model (CPCM). All calculations

were performed using the GAUSSIAN 09 and computational chemistry software packages.
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6.3 Results and discussion

6.3.1 MB" readily forms ground state complex with iPr,NEt

First we demonstrate that MB" readily forms complexes in the ground state with aliphatic amines.
Figure 6.1b shows images of both uncomplexated and complexated MB " using polarized light microscopy
to analyze the differences in their morphology and color as a function of the degree of complexation. All
crystals were grown on a microscope glass slide through slow evaporation of ethanol during 24 h under
ambient conditions. MB" crystals have a particular needle-like morphology and a violet color that have
been observed by others. Then, we added 1000 equivalents of triethylamine (Et;N) to the same parent
solution of MB" and let the ethanol slowly evaporate. The same process was employed for iPr,NEt. If a
Lewis acid (MB")/base type complex is formed it would be expected that Et;N would complexate less
than iPr,NEt. In fact, we confirm that to be the case. The image in the left serves as a negative control and
shows exclusively violet needle-like crystals with sizes over 50 pm corresponding to uncomplexated
MB'. Then, the image in the center shows a combination of crystals corresponding to both uncomplexated
MB" and the [MB'...[Et;N] complexes. Lastly, when iPr,NEt was used, crystals associated with the
[MB'"...iPr,NEt] complex were obtained almost exclusively. The crystals corresponding to the complexes
with both amines are smaller in size, blue and green, and a different needle-like morphology. We believe
the loss of the violet color, the change in morphology, and reduction in the crystals size are all associated

with a disruption of the natural MB" crystal growth by the amines being in close proximity.
p y g M g p y
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Figure 6.1 Aliphatic amines like N,N-diisopropyethylamine (iPr,NEt) form complexes with either the
photocatalyst or a Lewis acid additive, and thus favor e /H /e transfer over single e transfer. a, Scheme of
e/H'/e vs ¢ based on the formation of a ground state complex by the photocatalyst and the aliphatic
amine donor. b, Morphology and color of crystals change as a function of the amount of Methylene blue
(MB")/amine complex (from left to right). Microscope image of crystals under polarized light at 20x
magnification of uncomplexated methylene blue (MB"), complex of Methylene blue (MB") and
triethylamine (Et;N), and MB'/N,N-diisopropylethylamine (iPr,NEt) complex. All crystals were grown
by slow evaporation of ethanol solvent over a glass slide at ambient conditions. Et;N and iPr,NEt were
both present at 1000 equivalents to grow crystals from their complexes. Additional images are included in
the SI Section 1.

In fact, the observed change in the color of the crystals can be explained by the changes in the
UV-Vis absorbance of MB" in solution upon addition of the aliphatic amines. Eaton reported that addition
of triethylamine to New Methylene Blue lead to a decrease in the MB" absorbance band at ~ 639 nm, and
to the growth of a new peak centered at ~525 nm*?. Concurrently, solutions change from blue to pink as
the Et;N concentration increases. The new absorbance band can be seen as a combination of blue and
green under polarized light, as opposed to a violet color, which would correspond to original absorbance

peak of MB" in its uncomplexated state.
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Similar results to Eaton's were obtained by monitoring the UV-Vis absorbance of MB™ in solution
as a function of amine concentration. We first analyzed the changes in MB" absorbance upon addition of
iPr,NEt in ethanol. Figure 6.2a shows the decrease in the characteristic MB" peak at 660 nm with increase
in iPr,NEt concentration, indicating formation of the MB/iPr,NEt complex. We found an isosbestic
point, typically associated with EDA complex formation, at 552 nm. Then, we used the Ketelaar equation
(Figure 6.2b) to confirm that MB" and iPr,NEt form a 1:1 complex with an association K constant of 72 +
2 M ecm™ (R?= 0.99)*°. Shown as an inlet is the most stable configuration of the MB"/ iPr,NEt complex
was determined by DFT calculation with rM06/LANL2dz level of theory with a AG= -6.4 kcal/mol in
methanol as continuum solvent model. Similar results were obtained in the 2-hydroxyethyl (meth)acrylate
monomer, shown in Fig. 2b, but the association K constant was higher 320 £ 5 M™'* em™ (R*= 0.94) due
to the lower polarity of the HEMA monomer as compared to ethanol (Fig. 6.2b). Formation of the
MB/iPr,NEt complex is expected to be stronger in polar aprotic MeCN and weaker in highly polar protic
H,O. In fact, we observed that addition of /Pr,NEt to MB" solutions in acetonitrile took only a few
seconds to minutes to change in color from blue to pink. Methanol and ethanol solutions took weeks to
months for the MB" blue color to transition to the pink color. Water solutions showed no disappearance of
the blue color over months to years of storage in the dark. These observations are consistent with the UV-
Vis results that show the disappearance of the MB" peak at 660 nm correlates with the appearance of a

new peak centered at around 500 nm (Figure 6.2).

We also characterized the complex formation between MB" and triethylamine. We observed an
isosbestic point at 580 nm and an association K constant of 67 £ 1 M™* cm™ (R?= 0.98) for the 1:1
complex. This agrees with our microscopy experiments, which show that iPr,NEt complexates more than
Et;N with MB" and correlates with the higher basicity of iPr,NEt (pKa 11.4-20 range depending on
solvent) as compared to Et;N (pKa 10-13), depending on the solvent. We confirmed that MB" does not
form higher aggregates in ethanol, HEMA, methanol, or ethanol. It has been documented that MB™ self-

associates in water beginning at concentrations as low as 1#10° M, which causes a decrease in the MB”
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absorbance®. However, no aggregates were identified using UV-Vis absorbance analysis in the lower
polarity solvents and concentrations used herein. As a negative control, we tested for the complexation of
camphorquinone with both iPr,NEt and Et;N, and confirmed that the CQ absorbance does not change

upon addition of up to 1500 equivalents of either amine in ethanol or HEMA (SI Section 2).

Furthermore, we analyzed the fluorescence emission of ethanol solutions containing MB* or MB"
and iPr,NEt at equivalent amounts of MB" (1¥10~™ M) and 1000 equivalents of iPr,NEt for the latter. A
660 nm LED was used for excitation. It was observed that when the MB'/iPr,NEt complex dominates,
there appears to be a blue-shift in the fluorescence emission, which is most likely associated with changes
in either the excited or the ground state singlet of uncomplexated Methylene Blue caused by iPr,NEt as

the ground state complex is formed (Fig. 6.2¢).
6.3.2 Ru(bpy)s"" only forms complex with iPrNEt in polar aprotic solvents

In contrast, Ru(bpy)32+ shows a lower tendency to complexate with iPr,NEt and Et;N. We
repeated the process used for the MB'/amine analysis, but substituted MB" by Ru(bpy)s>" in ethanol,
HEMA monomer, and MeCN. However, no changes in the photocatalyst absorbance were detected upon
drop-wise addition of iPr,NEt to the Ru(bpy)32+ solutions in either EtOH or HEMA. On the other hand,
the absorption band centered at around 290 nm changed significantly when adding as low as 50-100
equivalents of iPr,NEt in acetonitrile (Fig. 6.2d). No complex formation evidence was observed with Et;N
in ethanol, and minor changes in absorbance were seen in MeCN. Shown as an inlet in Figure 6.2d is the
most stable configuration of the Ru(bpy)32+/iPr2NEt complex, determined by DFT calculation with
rMO6/LANL2dz level of theory with a AG= -6.9 kcal/mol for complexation in methanol as continuum

solvent model.
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Figure 6.2 Photocatalyst form ground state complexes with aliphatic amines. a, Decrease in the UV-Vis
absorbance of [MB]=1*10" M ethanol solution upon drop-wise addition of iPr,NEt due to the formation
of the MB"/iPr,NEt complex. The inlet shows the most stable configuration of the 1:1 complex obtained
with DFT quantum chemical calculations with AG= -6.4 kcal/mol in methanol. The distance between the
alpha hydrogen from one of the isopropyl groups in iPr,NEt is 2.8 A, which is sufficient for the H'/e’
transfer to occur after the initial e transfer from the /Pr,NEt lone pair. b, Plot of the Ketelaar equation for
determination of the association constant of the MB'/iPr,NEt in ethanol and 2-hydroxyethyl
(meth)acrylate monomer. Kgop= 72 £ 2 M™* cm™ (R’= 0.99) and Kypma= 320 + 5 M™* cm™ (R*= 0.94).
¢, Change in the fluorescence emission upon addition of 1000 equivalents of iPr,NEt to a [MB]=1¥10"
M in ethanol. d, Changes in the UV-Vis absorbance spectrum of [Ru(bpy)32+]:2*10'5 M acetonitrile
solution upon drop-wise addition of iPr,NEt. Inlet shows the most stable configuration of the 1:1
Ru(bpy)32+/iPr2NEt complex determined with DFT calculations and having a AG= -6.9 kcal/mol in
methanol. The distance between the alpha hydrogen from one of the isopropyl groups in iPr,NEt and one
of the pyridinic nitrogens in Ru(bpy)s> is 2.9 A.
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6.3.3 Ground state complexes are close enough for hydrogen atom abstraction

Once we established that the formation of ground state complexes between MB™, or Ru(bpy)s>",
and iPr,NEt is thermodynamically and kinetically feasible, we investigated the mechanism via which such
complexes might favor e/H /e transfer over single ¢ transfer. It is known that electron transfer can occur
between centers separated by longer distances than those required for proton transfer®*®. Hence, we
searched for the most stable configurations of the 1:1 complexes using quantum chemical calculations
(DFT) with rtM06/LANL2dz level of theory. The goal was to determine whether the photocatalyst and
amine were in close proximity for proton transfer to occur after the initial e” transfer. Figure 6.2a and 6.2d
contain the most stable configurations for both the MB/iPr,NEt and the Ru(bpy)32+/iPr2NEt complexes.
In both cases, the results indicate that the nitrogen atom in iPr,NEt is at distances of 4.18 and 5.64 A from
the sulfur atom in MB" and the ruthenium atom in Ru(bpy);*", respectively. These distances are sufficient
for the initial rate-limiting electron transfer. Most importantly, the alpha hydrogens from the isopropyl
groups in iPr,NEt were found at distances of 2.8 with MB" and 2.9 A with Ru(bpy);>". These smaller
distances strongly imply that hydrogen atom transfer will be highly plausible if the complexes are formed

before irradiation.

In general, it is widely accepted that amines readily lose one alpha proton after e transfer from
the lone pair in the nitrogen atom because the bond dissociation energy of the C-H bonds weakens as a
result of the initial ¢ loss®®. Thus, abstraction of any of the isopropylic alpha hydrogens from iPr,NEt
after e loss from its lone pair is a highly probable outcome. Furthermore, we previously calculated using
TDDFT methods that the basicity of MB" increases (pKa ~ 14 in methanol) after the initial electron
acceptance step”'. This observation becomes important because it further supports the feasibility of the H™
transfer from the weakened isopropylic alpha C-H bond to the basic thiazinic nitrogen in MB" after the
initial e transfer. It has been shown experimentally and theoretically, that once the H' is transfered to

MB’, the reduction potential of the semireduced protonated (MB-") will favor the secondary e transfer,
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allowing the fast formation of a stable iminium cation from iPr,NEt, or the closed shell products that we

. . . . e . . . . . 21
reported earlier, if further oxidation of the iminium cation occurs, especially in basic solutions”.

Complete e/H /e transfer would in turn readily produce the fully reduced version of MB": Leuco
Methylene Blue (LMB), which has no absorbance peaks in the visible region and has been identified by
the appearance of an absorbance peak centered at 256 nm. In fact, MB" and the analogous thionine were
documented to react via sequential e/H /e transfer to readily form their leuco (colorless) intermediates in

2628 We confirmed that

ethanol solution upon irradiation in the presence of Et;N and leuco crystal violet
LMB is almost exclusively produced by irradiation (660 nm) of all solutions that show evidence of
complex formation, as seen by the loss of absorbance in the visible region (400-800 nm) and the
appearance of a new peak centered at around 256 nm (SI Section 3). It is worth noting that Kayser and
Young showed MB" reacted via single e- transfer when irradiated in methanol solutions containing aryl
amines, as evidenced by the formation of appearance of an absorbance peak at 420 nm associated with the
semireduced MBe. In contrast, they were not able to detect the same accumulation of this intermediate
with aliphatic amines, and had to rely on the recovery of the MB" absorbance peak for their kinetic

*73% This indicates that aliphatic amines might favor ¢/H'/e’, while aryl amines

analysis for these cases
will primarily engage in e transfer when photo-oxidized by the excited state triplet of MB'. The latter

might be a consequence of the lack of complex formation between MB" and aryl amines, as compared to

aliphatic amines.
6.3.4 Free radical polymerization is absent when photocatalyst/amine complex is present

To further prove that aliphatic amines react via e/H'/e” when complexated with the photocatalysts
we used our previously reported coupled UV-Vis/FT-NIR characterization technique to directly correlate
the consumption of the photocatalyst with the production of free radicals. If complexes are in fact
favoring e /H'/e” over single ¢, then we expected solutions containing acrylates or methacrylates to show
no evidence of polymerization of the vinyl monomer. Whereas, solutions that don't display evidence of

complex formation should show signs of efficient free radical production, relative the consumption of the
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photocatalyst. As a matter of fact, we demonstrate here that MB"/iPr,NEt solutions in methanol, ethanol
or bulk HEMA all displayed an almost instant consumption of MB", as seen by the fast disappearance of
the absorbance peak at 660 nm. Figure 6.3 shows that when the maximum absorbance associated with
MB" is plotted against irradiation time using a red LED centered at 660 nm with an intensity of 5
mW/cm” only 5% MB" remains unreacted within 60 s. In contrast, there is only a 1-2 % consumption of
vinyl groups from the HEMA monomer at 1600 s irradiation as seen in Fig. 6.3, which is extracted from
the Near-Infrared absorbance associated to the (meth)acrylate groups (see Experimental Section). This
result clearly shows that the photoinduced reaction between MB" and iPr,NEt does not efficiently lead to
free radicals. As we previously mentioned, if the reaction proceeded via single e- transfer, then an alpha
amino alkyl radical from iPr,NEt would be the most probable product. Such radical has a very high
reactivity towards the vinyl groups in (meth)acrylates. Hence, the most reasonable explanation is that
MB" and iPr,NEt do not efficiently undergo single e transfer, but rather e /H /e transfer. This observation
agrees with the production of Leuco Methylene Blue, which requires e/H'/e” to be formed. We also
identified that the colorless product from the MB/iPr,NEt photoinduced reaction is long-lived and reacts
very slowly with molecular oxygen. Colorless solutions were made upon irradiation of the MB"/iPr,NEt
ethanol and HEMA solutions. After no blue color remained, the solutions were left standing for hours
with very minor recovery of the blue color. In contrast, Kayser and Young report that the semireduced
MBe produced from single e transfer reacts for quickly with either molecular oxygen or the unreacted

amine present in solution.

In contrast, the Ru(bpy)s*"/iPr_NEt solution in ethanol that did not show evidence of complex
formation displays a more typical efficiency towards free radical polymerization. Figure 6.3 shows that
when the ruthenium complex is irradiated with a blue LED centered at 440 nm, the absorbance from the
ruthenium decays slowly to about 80 % within 1600 s. However, over 25 % polymerization was observed
within this irradiation. This rate of polymerization is slow as compared to conventional light-initiated

polymerizations, but that is most likely because iPr,NEt is known to be poor nucleophile. Thus, it is
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reasonable to conclude that when iPr,NEt does not form a complex with the photocatalyst, the production
of free radicals will be significantly faster than when a ground state complex is formed, but generally
slower as compared to other formulations with other amine reductants. We also tested the reaction of
CQ/iPr,NEt in bulk HEMA monomer with the same rate of photon absorption and the same conditions
but using a blue LED centered at 480 nm. Results showed a similar free radical polymerization efficiency
as compared to the Ru(bpy)s>"/iPr,NEt system (SI Section 4). Upon of review of our results along with
those from other groups on photoredox catalysis with iPr,NEt we identified that when Ru(bpy);>" was
used with /Pr,NEt in polar aprotic solvent like DMF or MeCN the polymerization of methyl
(meth)methacrylate and several other monomers has been documented to be absent during irradiation

(Figure 6.4-Entries 1-6)%.
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Figure 6.3 Formation of the photocatalyst/iPr,NEt leads to lack of free radical production. Coupled UV-
Vis/FT-NIR was used to simultaneously monitor both photocatalyst and (meth)acrylate monomer
consumption in real-time during irradiation. We show that whenever the photocatalyst forms a ground
state complex with iPr,NEt or Et;N, a negligible extent of free radical polymerization was observed due
to formation of closed shell species from the ¢ /H'/e” transfer. Whereas, when there is no or low tendency
for the formation of the complex, the polymerization efficiency increases significantly as a result of the
production of alpha amino alkyl radical from the single e transfer. MB"/Et;N formulations behave
similarly to MB"/iPr,NEt, whereas CQ/iPr,NEt formulations gave a similar result to Ru(bpy)32+/iPr2NEt
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formulations. The lack of production of free radicals with such an efficient consumption of MB" clearly
indicates that the reaction involved is an e/H /e” transfer and not a single e” transfer process.

Our results are in agreement with the extensive literature on dye-sensitized polymerizations,
which has shown that formulations containing thiazine dyes, such as MB’, thionine, new methylene blue,
and methylene green, in combination with aliphatic amines leads to an inefficient polymerization process
in most cases (Figure 6.4)°**C. Higher rates of polymerization were seen with triethanolamine in
polyethylene glycol, whereas lower rates were obtained in water*' 3. More importantly, when MB™ and
amine combinations are used in bulk acrylate or methacrylate monomers, the extent of polymerization is
ineffectual and higher temperatures are needed to obtain observable rates of polymerization (Figure 6.4-
Entry 10 & 12)'>"°. Higher temperatures might potentially be dissociating the ground state complex and
thus leading to more efficient radical production, as well as affecting the polymerization process. Because
of this issue, research has been targeted towards the addition of an oxidant, typically an onium salt, to the
inefficient MB'/amine combinations. As we showed recently, there is two to three order magnitude in the
rate of radical production upon addition of the an onium salt to MB'/iPR,NEt because the oxidant is
significantly more reactive towards LMB than molecular oxygen and because it produces free radicals

from the reduction by LMB.
6.4 Conclusions
6.4.1 Guidelines to favor e/H /e over e transfer in photoredox catalysis

Based on these results we propose that either production of free radicals can be favored or
disfavored by rational selection of the photocatalyst/amine/solvent combination. In many instances, it has
been observed that highly selective organic reactions occur only in the present of Lewis acid additive
likes LiBF4 and HCO,H. We propose that in these cases, these Lewis acids have a higher tendency to
complexate with iPr,NEt than does the Ru(bpy);> itself, even in MeCN solvent. Thus, Stephenson's
proposed mechanism including reaction from a formic acid/iPr,NEt complex leading to the production of

an iminium cation appears to be correct, but most importantly is the main reason why slight variations in
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the concentrations of the Lewis acids, or change in the amine used as the reductant can dramatically lower

the yield and the selectivity.

Entry P(ll::;a;:ilgt AD:':‘:: 52:::; Complex | Radicals | Selectivity Ref.
1 Rubpy (LiBF,) iPr,NEt MeCN Yes* No High Yoon
2 Rubpy (HCO,H) iPr,NEt DMF Yes* No High Stephenson
3 Rubpy iPr,NEt DMF Yes No High Zhang
4 Rubpy iPr,NEt EtOH/HEMA No Yes Poor This work
5 Rubpy Et;N MeCN No Yes Poor This work
6 Rubpy Et;N MeCN Yes No High This work
7 MB* iPr,NEt EtOH/HEMA Yes No - This work
8 MB* iPr,NEt MeCN Yes No - This work
9 MB* Et;N HEMA Yes No - This work
10 mB* Et;N HEMA (50 °C) No Yes - Scranton
11 MB* MeN(EtOH), HEMA Yes No - This work
12 mB* MeN(EtOH), HEMA (50 °C) No Yes - Scranton
13 MB* iPr,NEt MeCN:H,0 (4:1) Yes No High Scaiano
14 MB* TMEDA MeCN Yes* No* - Scaiano
15 MB* amines H,0/C,H,NO No Low - Eaton
16 MB* PR;,AsR, H,0/C;HNO No High - Rust
17 MB PR,,AsR, H,0/C.H,,0, No High - Rust
18 cQ iPr,NEt HEMA No Yes - This work

Figure 6.4 Correlation of complex formation with radical production and selectivity. Polar aprotic
solvents favor complexation in general. Aliphatic amines tend to form ground state complexes for readily
than aromatic amines. Bulky aliphatic amines like those analyzed by Kotani are particularly efficient at
doing e/H'/e” transfer when complexated with a photocatalyst®. Thiazine dyes, such as MB", have a
higher tendency to form complexes with aliphatic amines than ruthenium complexes.

This analysis suggests that it is quite possible to tune the mechanism via which a particular
photoredox catalysis system operates, and thus to rationally control whether open or closed shell
intermediates are formed. For instance, all of Konti's bulky aliphatic amines should behave similarly or

better than iPr,NEt in terms of lack of production of free radicals, fast rates of MB" photobleaching,

production of LMB, and high selectivity and yields for Yoon's cycloadditions, Stephenson's
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dehalogenation's, or Scaiano's hydroxylation.
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6.S1. Microscope images of MB" and ground state complex crystals grown from
ethanol solutions, from top to bottom, left to right: MB', MB'/Et;N and MB+/iPr,NEt.
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Figure 6.S2. Changes in UV-Vis absorbance of CQ upon drop-wise addition of iPr,NEt in ethanol.
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Chapter 7

Long-lived macroradicals stabilized by supramolecular interactions: Self-organization and the
Trommsdorff-Norrish effect

Abstract

We report the prolonged persistence of methacrylate-based macroradicals stabilized by self-
organization via hydrogen bonding interactions that leads to hindered bimolecular termination and, as a
result, unusually extended vinyl polymerization after brief initial irradiation periods. We analyzed the
polymerization of a hydroxylated mono-vinyl methacrylate, 2-hydroxyethyl methacrylate (HEMA), using
conventional photoinitiators to produce free radicals that initiate the polymerization upon irradiation. It
was found that the free radical initiated polymerization of the vinyl groups from the methacrylate
continues in the dark for unusually prolonged periods in the order of thousands of seconds after the
production of radicals has ceased, i.e. when the irradiation is extinguished. Such an unusual behavior is
explained in this work by intermolecular hydrogen bonding interactions between the loosely crosslinked
poly-HEMA networks. These supramolecular interactions can significantly reduced the mobility of the
developing macromolecular structure. Multiple hydrogen bonding sites can then self-organize by forming
hydrogen bridges between the oxygen atoms from the carbonyl and the alcohol and the hydrogen atoms
from the pendant alcohol groups. As this self-organization reduces the mobility of the network it leads to
an enhanced Trommsdorff-Norrish effect by which the propagation and termination kinetics are reduced
as a function of the extent of the polymerization. We confirmed using EPR spectroscopy that the addition
of the alcohol group leads to long-lived propagating radicals and that such radicals are found in a lower
mobility environment. The extent of the latent vinyl polymerization was also sensitive to physical
mobility restrictions imposed on the polymerizing samples. Furthermore, the temperature dependence of
the polymerization that occurs in the dark indicates that chain-transfer is not responsible for such an
unusual behavior. These findings are important for the rational design of novel monomers for free radical
light-triggered polymer syntheses where high rates of polymerization and high final conversions are

required, as in most applications of polymer materials.
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7.1 Introduction

Methacrylate and acrylate monomers are important precursors for the free radical initiated
synthesis of polymers utilized in a broad range of applications: stereolithography', holography?,
orthopedic implants®, dental restorative materials®, printed circuits’, tissue engineering®, among many
others. The single most important property of a (meth)acrylic monomer is arguably the rate of
polymerization (R;,). Typically, acrylates are more reactive than their methacrylate counterparts”®,
Furthermore, monomers containing multiple vinyl groups have been documented to react significantly

than mono-vinyl monomers”"

in most instances. Additionally, moderate to high viscosity monomers
(although not excessively high) are known to generally polymerize at high rates than low viscosity
monomers primarily due to mobility restricted termination®. However, using highly viscous monomers is
often not practical. Hence, diluents are required to allow the monomer formulation to be more easily
handled before the polymerization occurs, and typically increase the final vinyl conversion attainable, i.e.
reducing the amount of residual functional groups as well as extractable free monomer. Nonetheless, inert
diluents often decrease the rate of polymerization. One of the biggest challenges in the development of
(meth)acrylic monomer formulations has been the synthesis of reactive diluents that lower the viscosity of
the initial liquid monomer composition, as well as the amount of residual vinyl groups, without

compromising the rate of polymerization”''™"?

. Mono-vinyl acrylates and methacrylates can be used as
reactive diluents. Nevertheless, since they tend to contribute to lower reactivity than their multi-vinyl
counterparts, attention has been focused on finding or synthesizing mono-vinyl monomers than can
polymerize at faster rates than what is normally expected. It has been observed that the secondary
functionality of mono-vinyl acrylate and methacrylate monomers, defined as the non-polymerizable
functional group covalently attached to the vinyl ester moiety, is key in determining their rates of

LT, Despite the proposal of several theories to explain the connection between the

polymerization
chemistry of the secondary functionality and the R,’s, a conclusive explanation for such correlation has

remained elusive. In this work, we study the polymerization of a widely used mono-vinyl methacrylate



146

monomer, namely 2-hydroxyethylmethacrylate (HEMA), which contains an alcohol group as the

secondary functionality, and it is used as reactive diluent due to its unusually high rate of polymerization.

13,17

Secondary functional groups that have been studied thus far include carbonates'>'’, carbamates'™

20 122,23

R oxazolidoneSZI, alcoho , and urethanes®. With some of these monomers, the rates of
polymerization are equivalent or even higher than multi-vinyl analog monomers, while achieving a higher
final conversion of vinyl groups'®. Proposed theories about the explanation of how certain secondary
functional groups lead to high rates of photopolymerization include: 1) creation of covalently linked
polymer networks by hydrogen abstraction (from labile atoms in the secondary functional group), 2)
formation of covalent crosslinks from di-vinyl impurities in the monomer, and 3) supramolecular
interactions altering the kinetics of the termination reactions (e.g. radical-radical quenching). The key
aspect to note with these three theories is that ultimately they all attempt to explain the unexpectedly fast
rates of polymerization by the effect that reduced mobility (either by formation of covalent crosslinks or
by supramolecular interactions between the pendant groups) has on the termination kinetics. This concept
is traditionally referred to as the Trommsdorff-Norrish or gel effect, which states that: “a marked increase
in rate of vinyl consumption is observed toward the end of the polymerization, mainly in bulk or
concentrated monomer solutions, as a result of the increase in viscosity of the medium as a function of the
extent of polymerization and associated to a loss in the steady state kinetics.” In other words, the increase
in viscosity, i.e. reduction in mobility, leads to the well-established diffusion-controlled termination
kinetics of the propagating macroradicals, which results in more radicals being generated than those being
terminated. In consequence, the concentration of radicals increases if the rate of initiation is sustained
(e.g. as when irradiation is continuously used to produce radicals). The connections between these
theories with the Thromssdorff-Norrish effect have been previously discussed. For example, increasing
the initial concentration of crosslinking agent(s), i.e. reducing the mobility of the polymer network, leads
to an earlier onset of the Autoacceleration (gel) effect, but does not change the initial rate of the

polymerization®. On the other hand, addition of a hydroxyl group to N-Butyl acrylate, making it
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hydroxybutyl acrylate, led to a dramatic increase in the initial rate of polymerization as well as a
considerably earlier onset of Autoacceleration. The same observation was made when comparing HEMA
against 2-methoxyethylmethacrylate (MEMA). Despite the greater similarities in dipole-dipole
interactions between these two monomers, HEMA showed a dramatic increase in the rate of
polymerization from the very early stages of the reaction. Chain-transfer reactions between methacrylate
monomers have been documented to be limited or absent, and hence these are not expected to contribute
to such a large acceleration of the vinyl group consumption. These monomers were purified to remove
any esterification products that can act as crosslinking agents making it difficult to assume that any
leftover di-vinyl molecules could generate such large differences in the polymerization kinetics®. As a
result of these observations, the most likely explanation for the dramatic increases in R, seen in hydrogen
bonding mono-vinyl monomers was proposed as being related to a certain “organization” of the
developing macromolecular architecture. Nevertheless, no conclusive evidence or analysis was presented

to explain how such an organization occurs.

A theory on the pre-organization of the monomer molecules before polymerization has been
proposed as follows: supramolecular interactions (hydrogen bonding, dipole-dipole, or - @ interactions)
facilitated by the secondary functional groups may align and place the reactive vinyl groups (C=C bonds)

in closer proximity to one another**>°

. If this were the case, such alignment could increase the effective
monomer concentration around the propagating radicals, facilitating the propagation of the macroradicals.
This theory has been exclusively analyzed for the polymerization of mono-vinyl acrylates and not for
methacrylates, which we study in this work. Jansen and coworkers reported that the maximum rate of
polymerization of the acrylates that were tested is strongly dependent on the ability to form hydrogen
bonds by the secondary functionality®®. Three main observations were made to support this theory: first,
there seems to be a correlation of the distance between the hydrogen bonding site and the C=C bond in

the monomer molecules with the rate of polymerization achieved; second, the polymerization of hydrogen

bonded mono-acrylates displays an Anti-Arrhenius temperature dependence; lastly, the fraction of
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isotactic polymer sections increased with increasing hydrogen bonding contributions from the secondary
functional groups. However, in these few reports, the requirement for the organization of the hydrogen
bonding sites to occur “before” (pre-) the polymerization was not assessed. It is likely that self-
organization both before and during the reaction is equally important. Furthermore, differences in initial
viscosity were not considered”’. Herein, we present evidence supporting the importance of organization of
the hydrogen bonding pendant groups during the light-induced polymerization for methacrylate
monomers. The role of such organization both before (preorganization) and during the polymerization is
discussed. Furthermore, we expand the organization theory by incorporating the analysis of the effect that
such supramolecular organization has on the stability of the propagating macromolecular radicals. We
propose that whilst an alignment of the reactive C=C bonds could accelerate the polymerization rate, the
reduction in segmental and translational motion of the propagating radicals caused by the aligned pendant
groups may as well be the most important mechanism via which the high rates are achieved. This
refinement of the pre-organization would not oppose to any of the previous observation, but would
explain them based upon the reduction of termination®* (Tromssdorff-Norrish effect) as opposed to the

acceleration of the propagation kinetics due to C=C bond alignment.

The analysis of highly reactive mono-vinyl acrylate and methacrylate monomers has almost

12,14,22.23

exclusively involved continuous irradiation . Under such reaction condition, the production of

radicals is sustained throughout the polymerization process. However, experiments with these atypical

22.28- . ..
22830 If irradiation were ceased

monomers where the samples are partially irradiated are relatively scarce
at a particular point in time (and vinyl conversion) before the end of the reaction, no more radicals would
be produced. By doing so, the stability or lifetime of the macroradicals could be evaluated, as well as the
effect of hydrogen bonding on the termination kinetics. This can provide additional information on the
mechanism(s) by which macromolecular organization, due to interactions between pendant functional

groups, influences the termination of the propagating radicals, and as a result the overall rate of

polymerization. In turn, this analysis can, not only, aid in the more comprehensive understanding of
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polymerization reactions in general, but also provide further evidence of the often complex structure-

kinetics-property relationships that can facilitate a rational design of polymer materials.

7.2 Experimental section

7.2.1 Materials

Ethylmethacrylate (EMA), 2-Hydroxyethyl methacrylate (HEMA) and 2-
hydroxypropylmethacrylate (HPMA) were used as monomer. Camphorquinone (CQ) and ethyl-4-
dimethylaminobenzoate (EDMAB) as well as Methylene blue (MB"), N,N-diisopropylethylamine
(DIPEA), and diphenyliodonium chloride salt (DPI-CIl) were used as photoinitiator systems. All materials
were commercially obtained from Aldrich (Milwaukee, WI), and were used as received. 2,2-Dimethoxy-

2-phenylacetophenone (DMPA) was received from Ciba and also used without purification.
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2,2-Dimethoxy-2-phenylacetophenone (DMPA)  Camphorquinone (CQ) Ethyl-4-dimethylaminobenzoate (EDMAB)
Figure 7.1 Structures of the monomers and photoinitiators used. HEMA and EMA are the methacrylate

monomers. DMPA is a Type I photoinitiator and the CQ/EDMAB combination functions as a Type Il
photoinitiator.

7.2.2 Light source

Incident irradiance was measured with a radiometer (6253, International Light Technologies,
Peabody, MA) within two probes, one for the 290-400 range and the other for the 400-700 nm range. For

all the CQ/EDMAB-initiated formulations, the 400-500 nm output of a mercury lamp (EFOS Acticure)
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was used with the incident irradiance verified by radiometer. For formulations containing DMPA the

mercury lamp emission was restricted to 365 nm light with a narrow pass band filter.
7.2.3 Fourier transform-infrared spectroscopy (FT-IR)

Bulk polymerizations of HEMA were monitored in real-time with a FT-IR spectrophotometer
(Nicolet Magna-IR Series 11, Thermo Scientific, West Palm Beach, FL) by following either the peak area
of the first overtone absorption band for the methacrylate =CH, group (6167 cm™) or the peak associated
with the C=C stretching vibration from the methacrylate at around 1637 cm™. The spectrophotometer was
equipped with a KBr beam splitter, a MCT/A detector, and an in-house fabricated horizontal stage adapted
for in-situ photopolymerization experiments.27 The distance between the light source and the sample was
~7 cm to ensure uniform irradiation across the entire sample with controlled irradiance values. An 800 nm
cut-off filter was used to eliminate the 633 nm HeNe reference beam within the NIR output signal when

red-light (633 nm) sensitive photoinitiator were used.

The sample holder for the in-situ polymerization, both in the dark and in the light, consisted of a 1
mm height, 1.6 cm diameter disc fabricated by interjecting a perforated silicone rubber shim in between
two 1 mm thick glass slides. Rate of polymerization was calculated by numerically differentiating the
peak area as a function of time. Concentrations used were as follows: [DMPA]= 0.5 wt %, [CQ] = 0.02 M
and [EDMAB] = 0.04 M, [MB'] =4 mM, [DIPEA] = 0.2 M, [DPI'] = 0.04 M. Irradiation intensity for the
DMPA formulations was 4 mW/cm?”. For the CQ/EDMAB system the intensity used was 22-23 mW/cm®
of light from the mercury lamp with long band pass filter between 400-500. All FT-NIR-monitored
polymerizations with MB*/DIPEA/DPI” were performed with 12-13 mW/cm®. The intensities of the
CQ/EDMAB and MB'/DIPEA/DPI" were chosen to equate to approximately the same rate of photons

absorbed per time per volume taking into account the absorbance spectrum of both photoinitiators.
7.2.4 Electron paramagnetic resonance spectroscopy (EPR)

A Bruker X-band EPR spectrometer was used for the real-time photopolymerization experiments.

A custom-built support was integrated to allow for irradiation through the cavity.
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7.3 Results and discussion

7.3.1 Dependence of the latent polymerization on the radical production rate

Recently we reported the latent polymerization observed in formulations containing Methylene
Blue (MB")/Hiinig’s base/Diphenyliodonium salt as a visible light photoinitiator system that produces
free radicals by a unique photocatalysis mechanism. Due to the particular radical production scheme of
this phototinitiator combination, a prolonged latent polymerization was observed to follow the rapid MB+
photobleaching after the curing light was shuttered. However, in doing so we also noticed that even with
conventional photoinitiators, 2-hydroxyethyl methacrylate and 2-hydroxypropyl methacrylate (not shown)
still exhibit an extended consumption of vinyl groups after the irradiation has ceased (Figure 7.2-Left).
This observation led us to analyze the polymerization of this monomer in order to elucidate the reason for
such an unusually prolonged reactivity that extends beyond the initial irradiation period. In Figure 7.2-
Left, we show the fractional vinyl conversion of HEMA with MB'/DIPEA/DPI', CQ/EDMAB, and
MB'/DIPEA. It was previously identified that the MB/DIPEA produces radicals very innefficiently™. It
was observed that regardless of the vinyl conversion at which the irradiation was extinguished, no latent
polymerization was observed with this photoinitiator combination. However, when we use conventional
photoinitiators, namely CQ/EDMAB and DMPA (Figure 7.3- Left), or the MB'/DIPEA/DPI"
combination, a significantly prolonged extent of vinyl consumption was present. We propose that such
differences are due to the amount of radicals produced during the irradiation for the conventional single
and dual component initiators. As we pointed out in another report, the MB'/DIPEA/DPI" system is able
to produce radicals via a redox process after brief initial exposure to light. Furthermore, this photoinitiator
produces two very reactive phenyl radicals per every photon absorbed, based on the photocatalysis
mechanism presented elsewhere’’. In contrast, the CQ/EDMAB combination produces only one amine-
based radical per photon absorbed. However, we showed that the rate of polymerization with these

photoinitiator systems is comparable at equivalent amounts of photons absorbed. Ultimately, this initial
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observation indicates that the extent of the latent polymerization may be dependent upon the structure of

the polymer network that is formed, which depends on the amounts of radicals produced.
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Figure 7.2 Latent polymerization of 2-hydroxyethyl methacrylate (HEMA) with three photoinitiators and
at different temperatures. Left- Plot of the vinyl fractional conversion of HEMA with Methylene Blue
(MB") and N,N-diisopropylethylamine (DIPEA), Camphorquinone (CQ) and ethyl 4-
dimethylaminobenzoate (EDMAB), and MB/DIPEA/Diphenyliodonium chloride (DPI-Cl). MB"/DIPEA
combination shows no latent polymerization, CQ/EDMAB shows a little over 40% vinyl conversion after
light extinction, and MB'/DIPEA/DPI" shows over 65% vinyl polymerization in the dark. Also see SI
Section 1 for change in mechanical properties (G' and G") in the dark as a confirmation of the latent
polymerization in HEMA. Right- Plot shows the Arrhenius behavior of the polymerization of HEMA
with the MB'/DIPEA/DPI" combination. Since radicals are produced from the redox reactions between
MB-intermediates and DPI", as well as between DIPEA and DPI".

It can be observed in Figure 7.2-Right that when MB'/DIPEA/DPI" formulations in bulk HEMA
are heated to higher temperatures during the photopolymerization, the rate of polymerization increases, as
well as the final vinyl conversion. As we reported before, this photoinitiator is characterized by a radical
production primarily from a ground state redox reaction®’. Initiation of polymer synthesis using redox
reactions that produce free radicals is expected to be temperature dependent, as opposed to reactions
where radicals are produced photochemically“. Typically an Arrhenius dependence on temperature is
observed for such systems, as the one presented here for the polymerization of HEMA with
MB'/DIPEA/DPI". In contrast, when we increased the temperature during the photopolymerization of
HEMA with conventional photoinitiators (DMPA and CQ/EDMAB) an Anti-Arrhenius behavior was
observed (Figure 7.3- Right). It is important to note that at the elevated temperature, polymerization is

observed even before irradiation; while on the timescale of the experiments here, no spontaneous
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polymerization is noted under ambient conditions. During irradiation the rates remain relatively level until
the point at which we stop the light exposure. This further confirms that temperature dependent radical
production leads to an Arrhenius dependence in the consumption of vinyl groups. The latter is meant to
serve as a reference for the evaluation of the temperature dependence observed in the polymerization of

HEMA with conventional photochemical initiators, as discussed in the next section.

7.3.2 Latent polymerization as a function of the conversion-at-light shut-off and temperature

Next, we studied the extent of the consumption of vinyl groups after several irradiation times (20,
30, 35, and 45 s) in the presence of DMPA under 365 nm light from a mercury lamp. It was observed that
the extent of the consumption of vinyl groups in the dark decreases with increasing conversion at light
shut-off, where stopping the irradiation at around 37 % (45 s) conversion achieved 43 % conversion after
light cessation as opposed to slightly over 55 % ‘dark’ conversion achieved when shutting the light at
around 8 % (20 s) conversion. In these experiments it is important to note that, after the irradiation is
ceased, the rate of polymerization remains constant for a few seconds before the noticeable change in
slope shown in Figure 7.3-Right is observed. This is indicative of two different regions that are present
after light exposure: the first, where the slope in the conversion vs. time curves is virtually unchanged,
and the second, where a slower but non-zero slope (R;) is identified. When we performed a similar set of
partial irradiations for multi-vinyl methacrylates (data not shown), namely the dental formulation of
BisGMA/TEGDMA 70:30, we did not observed these two regions after irradiation. With these other
monomers we only observed a few seconds of vinyl consumption after the irradiation was stopped; then
the polymerization stopped completely (the slope became zero). It appears like the timescale of both
regions seen for HEMA are dependent on the conversion at which the irradiation ceases. For example,
when the light was shuttered at 8 % conversion, the inflection point (change in slope) occurs at ~10 %
conversion, whereas when exposure to light continued up to 37 %, the inflection point is seen at around
50 % conversion. Such a quick jump in conversion at approximately the same rate (before the inflection

point) was observed by Decker and coworkers™. In their reports, Decker proposed that the post-
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irradiation conversion could constitute a significant fraction of the overall final conversion when
photopolymerizing multi-vinyl acrylate monomers. The latter has been interpreted as being due to
mobility restrictions delaying slightly the termination of most of the radicals that were present at the time
when irradiation is stopped. We observed the exact same evolution of conversion for the
BisGMA/TEGDMA formulations with same amount of DMPA and light intensity as the ones used with
HEMA. Ultimately, this can be interpreted herein as occurring as well in the partial exposure experiments
with HEMA, i.e. mobility restrictions sustain the rate of vinyl consumption for a few seconds before the

termination of most of the propagation radicals becomes significant.

However, the slower but non-zero rate of polymerization observed in HEMA (after the inflection
point) seems to indicate that the effective concentration of propagating radicals that was present just
before the exposure was terminated remains higher than with typical monomers, such as with
BisGMA/TEGDMA. This could be explained if the termination of the propagating radicals in HEMA is
somewhat lower than in conventional monomers. Furthermore, a correlation between the extent and
duration of this second slower region with the conversion at light shut-off can be made. For example, the
fraction of vinyl groups consumed after the inflection varied as follows: 55, 55, 50, 30 %, for the
increasing exposure times. Such a decrease in the vinyl consumption after the inflection points may also
be linked to a reduction in the mobility of the polymer network at the moment when then the

photochemical initiation is no longer present.
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Figure 7.3 Latent polymerization of 2-hydroxyethyl methacrylate (HEMA) with 2,2-Dimethoxy-2-
phenylacetophenone (DMPA) photoinitiator after several irradiation times and different temperatures.
Left- Plot shows the latent vinyl consumption of HEMA upon 20, 30, 35 and 45 s of irradiation with a
mercury lamp filtered to 365 nm light. Up to 55 % vinyl consumption is observed after the light has
ceased. The latent polymerization lasted up to 24,000 s. Right- Anti-Arrhenius temperature dependence
indicates significant effect from hydrogen bonding the propagation kinetics. Decrease of the extent of
latent polymerization upon heating of the HEMA samples. At 50°C most of the hydrogen bonds are
broken and this leads an approximate 4-fold decrease in the latent polymerization in terms of vinyl
conversion after light cessation.

Additionally we tested the response of the latent vinyl conversion to temperature. In Figure 7.3-
Right we show an inverse dependence on temperature for the rate of vinyl consumption in all the different
stages of the polymerization: irradiation, fast dark polymerization, and slow dark polymerization. For
these experiments we used the same initial DMPA concentration, irradiation intensity and exposure time.
However, it can be observed that approximately 28 % conversion was reached at the moment when the
light was extinguished at 23 °C as opposed to only about 16 % at 50 °C. An increase in conversion of the
vinyl groups of 2-3 % was seen at 23 °C, whereas at 50 °C there was no noticeable fast jump in
conversion after light cessation. In other words, at 50 °C we observed only one dark polymerization rate

regime which was slower but non-zero up to about 30 % conversion.

At 50 °C, the polymerization was completely quenched at about 6000 s, where as at 23 °C the
plateau conversion was reached only after 15,000 s. This is an amazingly long lifetime for free radical

persistence particularly considering that polyHEMA forms a loosely crosslinked network that should
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support relatively high mobility below vitrification. Hence, we used typical the rate of termination and for
usual concentrations of propagating radicals to determine that a common timescale for reaching a final

222831 This means that the extent of the latent

plateau conversion is roughly 0.1-17 s after irradiation
polymerization of HEMA is two to three orders of magnitude greater than with conventional monomers.
Decker reported values on the order of 0.6-1 s of post-irradiation polymerization with increases of up to
10 % with multi-vinyl acrylates. Lee and coworkers on the other hand reported 2-5 s to reach the plateau
conversion after light was ceased at between 10 and 39 % conversion of mono-vinyl hydroxylated
acrylates. However, Garcia et al. reported the consumption of vinyl groups after an initial irradiation for
durations between 10,000 and 25,000 s using mono-vinyl methacrylates with varying sizes of secondary

functional groups’*>*

, which included: butyl, dodecyl and silyloxy. Their results for the bulk
photopolymerization of these methacrylates by FT-IR, PLP-SEC and EPR spectroscopy confirmed that
even at low monomer conversions at light shut-off, a certain non-negligible macroradical concentration

remains. They also observed that conversion continued in the dark after the initial irradiation up to 70 %

conversion in some cases and for timescales ranging from 600 to 28,000 s.

7.3.3 Effect of physical mobility restrictions on the extent of the latent vinyl consumption

For all the results presented up to this point Near-Infrared spectroscopy was utilized to monitor
the concentration of the vinyl groups in the bulk specimens. For such FT-NIR experiments, samples were
contained in between two glass slides with a rubber spacer of a thickness of either 0.5 or 1 mm. Hence,
the samples that were contained within the perforated rubber gasket were not compressed by the metal
clamps used to hold the glass slides in place. However, we wanted to study the extent of the post-
irradiation consumption of vinyl groups in Mid-Infrared region because Lee et al. reported their shorter
dark conversion periods for hydroxylated mono-vinyl acrylates using thinner films monitored by FT-
MIR. Hence, we replicated their experimental conditions for the partial irradiation of HEMA with DMPA
using several exposure times: 15, 50, 60 s and continuous irradiation (Figure 7.4). This would allow us as

well to rule out any effects that might have been present in the thicker FT-NIR samples related to light
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attenuation and temperature gradients forming in the samples. It is expected that all samples analyzed
here are optically clear and that heat dissipation based on the thinner aspect ratio would prevent any

heterogeneous temperature distributions.

First, it was proven that if we expose the non-hydroxylated analog of HEMA, ethyl methacrylate
(EMA), to the same irradiation intensity with the same initial DMPA loading a 12-fold longer exposure
time is required to achieved the same conversion of ~ 5 % conversion at which point the light was
switched off. Moreover, with EMA, the vinyl consumption is almost immediately quenched as would be
expected for a traditional monomer. On the other hand, with HEMA we observed the same two regimes in
the rate of polymerization post-irradiation that were seen with FT-NIR (Figures 7.2 and 7.3): first, there is
a quick jump in conversion from 5 to 13 % at about the same rate as that during the light exposure.
Subsequently the slope of the conversion vs. time curve drops but remains non-zero. The latter indicates
that the macroradical concentration drops sharply just after the light is shut-off, but that a non-negligible
concentration of persistent macroradicals continues the polymerization for long periods of time. In their
analysis, Garcia et al. included the estimation of the rate constants for termination based on the partial
irradiation experiments. They confirmed that even at low conversions the rate constant for termination (k)
can be dramatically affected by the chain-length of the macromolecular chains formed during the initial

light exposure.

Furthermore, it can be observed that the rate of polymerization seems to be slightly slower for the
FT-MIR analysis than in the FT-NIR results during the exposure time, e.g. 21 % conversion in 50 s and
37 % conversion in 45 s, respectively. We hypothesized that this is related to the compression of the
samples in between the salt plates by the metal clamps used to keep the specimen construct in place. The
thin films in the FT-MIR samples were under 10 um thick. But, most importantly a significant mechanical
force was applied on the sample, which can be thought of as restricting the segmental and translational
motion of the developing polymer structure. Additionally, the HEMA thin films where the light was

switched off at 5 % conversion in the FT-MIR experiments behave more similarly to what would be
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expected from conventional monomers, as opposed to the thicker HEMA samples used for the FT-NIR
where the irradiation was stopped at about 8 %. However, the samples in the compressed thin films
actually achieved a higher extent of vinyl consumption within the regime associated with the slower rate
of polymerization, i.e. after the inflection point. For example, the samples with an inflection point around
21 % conversion displayed an increase in conversion within 3000 s of 29 % in the compressed thin film
specimens, as opposed to the ~ 5% increase in conversion within 3000 s in the thicker FT-NIR specimens.
This seems to support the idea that the mobility of the medium is the main reason behind the latent vinyl
consumption post-irradiation. In other words, if we applied a certain compression force to the developing
macromolecular structure it is analogous to lower the temperature of the sample and thus reducing the
relaxation of the macromolecules. Hence, it would be expected that we should see an acceleration of the
rate at which the vinyl groups are consumed after the inflection point, as opposed to what happens when

we increase the temperature during the polymerization experiments (Figure 7.3-Right).
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Figure 7.4 Latent polymerization of HEMA and ethyl methacrylate (EMA) in <10 um thick films. Left-
HEMA and EMA samples containing DMPA photoinitiator were placed in between NaCl plates and
sandwiched with metal binders to reduce the sample thickness to a minimum. Samples were exposed to a
mercury lamp with a 365 nm filter for different times to achieve the same conversion at the moment of
light shut-off. Then the peak corresponding to the C=C from the methacrylates was monitored after the
extinction of irradiation. EMA shows absence of latent polymerization, whereas HEMA shows
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approximately 10% vinyl conversion in the dark lasting for 3000 s. Right- Partial irradiation of HEMA
with DMPA with different exposure times.

7.3.4 Long-lived propagating radicals formed in monomers with alcohol group

In order to get additional evidence confirming the presence of a non-negligible concentration of
persistent macroradicals, we utilized EPR spectroscopy to analyze the production and lifetime of the
signal associated with the carbon-centered radicals formed during polymerization of the methacrylate
monomers. First it was observed that a 9 to 11 lines peak appeared in the region of the EPR spectrum
where the signal for propagating radicals has been reported35. Furthermore, it was identified that the lines
in the case of the HEMA were broader than the lines in the case of the non-hydroxylated EMA monomer.
This has been previously associated with immobilization of the paramagnetic species. We propose that
the anisotropy in the lines is due to longer relaxation times of the macroradical, i.e. lower mobility.
Additionally, when we track the highest point in the EPR signal with time during several partial
irradiation cycles we observed that regardless of the time of exposure of the EMA samples the peak
associated with the macroradicals dropped down to zero almost immediately after light cessation. In
contrast, when the same was performed with HEMA it was noticeable that the signal decayed more
slowly, and lasted for over 3500 s depending on the exposure time and intensity. These observations seem
to support the theory that supramolecular organization of the pendant groups in the polymer backbone due
to hydrogen bonding can provide enough energy (~23 kJ/mol) to prolong the relaxation time of the
polymer chains, and as a result limit the segmental and translational motion of the macroradicals,

effectively stabilizing them for a lot longer times than what would be expected.
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Figure 7.5 EPR signals for the propagating radicals produce by irradiating HEMA and EMA samples
containing DMPA photoinitiator. Left- EPR signals correspond to the carbon-centered radical formed on
the methacrylate monomers. Samples were briefly irradiated with a mercury lamp filtered to 365 nm at a
low intensity to avoid drastic polymerization within the EPR cavity. In the case of the HEMA the EPR
peaks show anisotropic lines that are typically related with immobilized radicals. In contrast, the signal
observed for EMA, centered at the same magnetic field (~ 3522 G), showed no line broadening which is
indicative of a freely mobile carbon-centered radical. Right- Additionally, the signal in HEMA lasted for
tens of minutes after light cessation, whereas that of EMA quickly disappeared within a few seconds, as
expected for a freely moving reactive radical.

7.3.5 Importance of methyl group in the methacrylate monomers

The choice of methacrylates for this study was important because chain-transfer reactions
due to hydrogen abstraction from these monomer structures are widely accepted to be limited or nearly
absent. Hydrogen abstraction from the secondary functional groups would lead to branching and/or
crosslinking of the polymer chains that are expected to be linear as the monomers only have one vinyl
group. This essentially eliminates the need to consider the formation of covalent crosslinks forming from
abstraction reactions since if this were to happen it would occur so slowly that it would not account for
such dramatic effects presented here and by others. The bond dissociation energy of the O-H (~ 91
kcal/mol) bond is not that different from that of the C-H (~98 kcal/mol) bonds in the HEMA structure.
These values were based on the literature and confirmed using calculations with Marvin Software.

Furthermore, if chain-transfer was responsible for the high rates and extensive persistence of
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macroradicals post-irradiaiton, then an Arrhenius temperature dependence would have been observed.
Secondly, as mentioned in the Introduction section, HEMA has been documented to display high rates of
polymerization during light exposure with or without a purification process to remove the by-products
from the esterification reaction that is used to synthesize this monomer. If these impurities were present
they would amount to an extremely low number of covalent crosslinks that cannot be expected to reduce
the mobility of the polymer network so much to cause the highly unique phenomena presented here. As a
result, it is safe to propose that the most likely explanation for both the unusually high rate of
polymerization and extensive vinyl consumption observed with HEMA are caused by hydrogen bonding

interactions between the alcohol functional groups that are pendant to the carbon backbone structure.

However, considering the results presented here and those reported by others on the reactivity of
mono-vinyl acrylates and methacrylates and the extent of the of vinyl consumption post-irradiation
associated with them, a plausible mechanistic conclusion is that: mono-vinyl methacrylate monomers
display by far the longest vinyl consumption post-irradiation that has been documented. From this
assessment, we propose that there may be a significant contribution from the bulky methyl group that will
be also pendant to the polymer backbone. It is important to acknowledge then that the alignment of both
the hydroxyethyl and the methyl groups may contribute synergistically to fight the naturally entropical
driving force that would otherwise lead to a more random arrangement of the macromolecular structure.
This becomes important, because it could explain why the significantly shorter durations of post-
irradiation vinyl consumption have been reported for mono-vinyl acrylates, including HEMA’s acrylate
analog HEA (2-hydroxyethyl acrylate)*’. Acrylate mono-vinyl monomers might, for example, be able to
relax faster due the significantly smaller hydrogen atom that resides adjacent to the secondary
functionality. Ultimately, methacrylate monomers seem to be better suited for the analysis of structure-

kinetics-property relationships since they are less prone to side reactions.

It is important to note that poly-HEMA samples have been documented to have a very limited

solubility in non-polar organic solvents such as hexane. Poly-HEMA is often used to make hydrogels that
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are swollen polymer constructs with a high loading of water. When we submerged poly-HEMA in DI-
water, we identified a noticeable swelling but the polymers did not dissolve or acquire more than 100 %
of their volume via swelling even after days. We also, attempted to dissolve poly-HEMA samples in THF
after polymerizing purified HEMA with conventional photoinitiators. These polymer samples did not
dissolve in THF and thus did not allow for GPC analysis of the molecular weight. These observations
may also be explained by the theory of hydrogen bonding (H-bonding) reduced relaxation. If the amount
of covalent crosslinks is in fact negligible after purification with hexane, then the inability of poly-HEMA
samples to dissolve in most solvents points to very strong interactions between the H-bonding pendant
groups which can ultimately serve as supramolecular crosslinking sites between the entangled polymer
linear sections. If the macromolecular structure is relatively entangled and with limited free volume, then
it would be difficult more the solvents to provide enough force to dissociate the multiple H-bonding sites

that were produced during the bulk polymerization.

7.3.6 Pre-organization (C=C templating) theory vs mobility theory

The results presented herein are not aimed at elucidating the reason for the unusually high rate of
polymerization of HEMA, which has been the focus of some of the references cited through this
contribution. In contrast, we attempt to provide additional evidence of the effect that supramolecular
interactions have on the mobility of the polymers formed, and as a result on the rate and extent of
macroradical termination. It is clear now that both the high R,’s and the non-negligible amount of
persistent radicals post-irradiation are due to an alignment or organization of the hydrogen bonding
pendant groups. This self-organization is not required to in these cases to form perfectly uniform
structures, as those that have been the topic of many recent contributions in polymer science. In the case
of bulk polymerization of mono-vinyl methacrylates with hydrogen bonding secondary functional groups
the organization only has to allow for the adoption of a relatively random, but yet constrained

macromolecular network, whose relaxation is going to be hindered by the strong hydrogen bonds that are
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promoted to align as the polymer grows and more hydrogen bonding sites are forced to be adjacent to one

another.

From this analysis, it seems possible then to provide a potential link between these two
phenomena. On one side, the theory of pre-organization devised by Jansen et al. proposes that the
alignment of the pendant hydrogen bonding groups accelerates the vinyl consumption rate of acrylates
during irradiation because it leads to an alignment of the C=C bonds. As a result, the effective or local
concentration of polymerizable vinyl groups around the macroradical increase based upon some sort of
‘templating’ feature which could reduce the energy barrier for propagation and make it kinetically more
favorable for more monomer to add to the growing polymer. On other hand, we have confirmed in this
work that the alignment of hydrogen bonding groups most likely leads to longer relaxation times, i.e.
reduced mobility, which in turn hinders the bimolecular termination reactions that are expected to be the
dominant if not the only source of radical occlusion. In consequence, a non-negligible amount of
persistent macroradicals remains after irradiation has ceased for even tens of thousands of seconds.
Despite the fact that both these interpretations rely on hydrogen bonding alignment, the ‘templating’
theory depends on propagation being increased, while our theory on H-bonding enhanced Trommsdorff-
Norrish effects is based on reduced termination. The reduction in termination kinetics will lead to
polymerization kinetics that are clearly outside of a steady-state regime. As a result, macroradicals can
quickly accumulate while irradiation is present. In turn, the consumption of vinyl groups could be
accelerated by the significant increase in the limiting reagent, namely the radical species. While more
evidence is needed to assess the precise contributions of both: 1) accumulation of radicals due to hindered
termination and 2) virtual increase in effective or local concentration of vinyl groups around the radicals
through templating or alignment, it seems reasonable to expect that these two mechanisms are working
synergistically to both accelerate the polymerization rate during light exposure and also extend the
consumption of vinyl groups for considerably longer times beyond irradiation than what would normally

be expected.
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7.4 Conclusions

In this contribution, we experimentally analyzed the effects of hydrogen bonding on the
persistence of macroradicals after an initial exposure to radiation. We focused our attention on comparing
the polymerization profiles of HEMA and EMA using different photoinitiators, temperatures, and
mechanical loads during the polymerization process. The extent and profile of the vinyl consumption
post-irradiation seems to vary as a function of the conversion at which the irradiation was extinguished,
the temperature of the experiment and amount of radicals produced during irradiation. The results
included in this contribution were discussed as compared to those from others in order to determine that
the most plausible explanation for the ling-lived macroradicals is the stabilization of the macromolecular
radicals by the mobility restrictions imposed by the alignment of multiple hydrogen bonding sites.
Formation of these supramolecular bonds can be then thought as being correlated with the extent of the
polymerization and the particular macromolecular structure form thereof. In conclusion, preference of the
pendant groups to interact amongst themselves may fight against the entropical driving force that
normally would favor relaxation or motion of the linear polymer sections found between whatever
minimal amount of covalent crosslinks present. These findings provide additional evidence of the
contribution of supramolecular bonding on the polymerization kinetics, and can thus permit the
elucidation of refined structure-kinetics-property relationships useful for the rational design of better

polymer syntheses and materials.
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irradiation at 365 nm for 60 s and monitored during and after irradiaition in the absence of atmospheric
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Chapter 8

Conclusions and future directions
8.1 Conclusions

8.1.1 Summary of the key points from each chapter

In this dissertation we focused our attention on answering the question: what are the causes for
the unusually prolonged consumption of vinyl groups, i.e. polymerization, post-irradiation in the
formulations containing Methylene Blue (MB")/N,N-Diisipropylethylamine(DIPEA)/Diphenyliodonium
(DPI") cations in bulk mono-vinyl hydroxylated monomers, namely 2-hydroxyethyl methacrylate

(HEMA)?

First we started by elucidating a novel mechanism via which the MB'/DIPEA/DPI" combination
produces free radicals that initiate the polymerization (consume the vinyl groups). We demonstrate in
Chapter 3 that free radicals are almost exclusively produced from the redox reaction between metastable
MB" intermediates and the DPI" cations. The latter prove to account for the dramatic increase in the rate
of polymerization (R,) that comes with the addition of DPI", and for a significant production of initiating

radicals after an initial brief exposure to light, which can also extend beyond the spatial reach of photons.

While investigating the mechanisms involved in the bulk light-induced polymerization of
acrylates and methacrylates it became clear that one of the biggest challenges to better understanding
these often-complex photochemical reactions and their connections to polymer development is the limited
amount of characterization or analytical tools to quantify the rates at which the involved reactants are
being consumed in-situ (Chapter 4). Hence, we decided to design and construct a novel apparatus for the
coupling of real-time UV-Vis and FT-NIR spectroscopy in order to expand the amount of compounds that
can be probed with millisecond resolution during the reaction. We validated the technique using the
conventional camphorquinone/amine photoinitiator pair that is commonly wused for the

photopolymerization of dental materials. Additionally, the analysis of this system showcased the potential
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of this device to aid in the elucidation of the photochemical reactions used for polymer synthesis, and

how these are intricately dependent on the extent of the polymerization.

Next, we decided to analyze the effect of the addition of an oxidant to the CQ/amine
photoinitiator system for the polymerization of methacrylate monomers to show further evidence of the
advantages of the coupled UV-Vis and FT-NIR technique, as well as to provide a comparison between the
CQ/amine/DPI" and the MB'/DIPEA/DPI" system in terms of the mechanisms for radical production
(Chapter 5). From this study, we learned that evidence suggests the CQ-based intermediates produced
after the photoreduction by the amine react with DPI" as does the MB-based intermediates produced by
photoreduction with DIPEA. In both cases, a dramatic increase in R, is observed upon addition of DPI".
However, it appears that regeneration of the a-diketone (CQ) does not occur to any significant degree as
opposed to the efficient regeneration of MB" that is directly linked to the rate of polymerization. This may
be interpreted as indicating that the main reason for the drastic increase in Rp with oxidant addition is the
production of very efficient initiating radicals from the reduction of DPI". However, the effect of the
replenishment of the chromophore might be somewhat lesser, and most inherently connected with the

different chemistries, namely thiazinic organic dyes and ketones.

Later in Chapter 6 provide a detailed mechanistic theory for the phenomena described in Chapter
3 with the aid of the coupled UV-Vis and FT-NIR monitoring device that we introduced in Chapter 4.
These constructs have been recently found to exist in prevalent concentrations as compared to the purely
monomeric form of MB". Hence, it became obvious that our assumption that MB" functions as a
photocatalyst in its monomer state is not valid, especially when solutions in moderately polar monomers
are involved. Despite the obviousness of such concept, this assertion had previously been absent in the
literature of organic photocatalysis in general. In consequence, the mechanism proposed in Chapter 3 was
refined to account for these changes while still explaining all the experimental and theoretical results

included in both chapters.
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Lastly, in Chapter 7 we investigate the contribution of the monomer, HEMA, to the extensive
latent vinyl consumption that was originally observed. We determined here that the hydroxyl or alcohol
functional group that is attached to the methacrylate leads to an alignment of the pendant groups via
hydrogen bonding. The most likely explanation is then that when this alignment or self-organization of
multiple hydrogen bonding sites occurs the mobility and free volume of macromolecular structure is
restricted. As a result of the longer relaxation times, slower reptation, of the polymer chain segments
between the very few covalent crosslinks, that might be formed, the macroradicals are to persist for time
scales on the order of tens of thousands of seconds. In other words, hydrogen bonding hinders mobility
and may lead to non-steady state kinetics which translate into both accumulation of a higher concentration
of macroradicals during the polymerization, as well as a non-negligible concentration of these radicals

post-irradiation, which would be trapped and consume more vinyl groups slowly in the dark.

8.1.2 Answer to the central question: role of each component on the latent vinyl polymerization

Based on these observations and analysis we can now provide an answer to the question
postulated as central to this dissertation. Both the organic photocatalysis of MB+/Hiinig’s base/DPI+ and
the monomer structure (HEMA) are responsible for the uniquely prolonged vinyl consumption observed

post-irradiation. The role of each one of the components is as follows:

Methylene Blue photocatalyst

Methylene blue is responsible for the light absorption in the long-wavelength visible-light. It is as
known redox indicator and organic dye that has been utilized in a variety of different photochemical
reactions. When MB+ absorbs light it excites to an excited state singlet, which then undergoes a change in
spin to form an excited state triplet with a yield higher than 50 %. Once the excited state triplet is formed
it can readily be quenched by reductants, such as the Hiinig’s base (DIPEA) due to the longer lifetime of
said triplet state. The key uniqueness of this photocatalyst is that when it is dissolved in slightly polar or

apolar liquids (which represent most monomers) it exists primarily in its complexated form. Hence, the
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excited states formed are those corresponding to the complex and not to the purely monomeric form. In
turn, when the dimer excited state triplet is reduced by DIPEA forms a meta-stable radical. Then, these
stabilized radicals are not able to either terminate or initiate the polymerization very efficiently. However,
the inherent reversibility of MB", most likely associated with it highly conjugated planar structure, allows
for the semi-reduced MB dimer, which is colorless, to be regenerated into the original MB" dimer, which
has a color. It is due to the meta-stability of the MB-dimer intermediate and to its feasible regeneration

that, in the presence of DPI", radicals can be produced long after irradiation has ceased.
Hiinig’s base (DIPEA)

The importance of the Hiinig’s in organic photocatalysis is slowly being discovered. Here, the
role of DIPEA in the latent polymerization is primarily that this non-nucleophilic basic aliphatic amine
does not produce free radicals after single electron transfer (SET), as most tertiary amines. Perhaps driven
by its unique steric hindrance, DIPEA most likely donates a hydrogen atom after SET to the powerful
oxidant that is the MB-dimer excited state triplet. As a result, a radical cation is formed, which further
oxidizes to produces closed shell products, including enamines, and imines. Such a behavior prevents fast
polymerization of the monomer immediately after the photochemical reaction between MB" and DIPEA,
as would typically be expected. Hence, most of the energy from the light is essentially stored in the meta-
stable semi-reduced MB-dimer intermediates and slowly utilized to produce radicals over a much longer

timescale than that of the very rapid photochemical reaction.

Diphenyliodonium salt (DPI")

The main role of DPI" cations is to produce free radicals that efficiently initiate polymerization of

the vinyl groups as a result of the reduction by the semi-reduced MB-dimer intermediates. Hence, the



172

higher the electron affinity and the higher the concentrated of DPI+ cations, the faster the polymerization
will occur and less photobleaching will be observed. Non-nucleophilic counteranions where tested and

found to have a negligible effect on the latent vinyl polymerization and the rates of polymerization.

2-Hydroxyethyl methacrylate (HEMA)

Finally, the monomer HEMA contributes to the latent free radical polymerization observed
because the termination rate is hindered by the mobility restrictions due to supramolecular hydrogen
bonding between the pendant hydroxylated secondary groups. This effect allows the persistence of a non-
negligible amount of macroradicals for up to 24,000 s, in some cases, after irradiation (with conventional
photoinitiators like DMPA and CQ/EDMAB). However, the radicals responsible for the prolonged but
slow vinyl consumption with conventional photoinitiators are not enough to achieve a final plateau
conversion within 2000-3000 s, which typically occur in the presence of MB/DIPEA/DPI". Furthermore,
the temperature response and kinetic analysis was key in determining that the redox reaction between the
semi-reduced MB-dimer intermediates and DPI" generates a significant amount of radicals after light
exposure. These radicals accelerate or accentuate the rate of polymerization in the dark, which inherently
happens when HEMA is partially polymerized by a brief exposure to light in the presence of a free radical
producing photoinitiator. The latter is dependent nevertheless on the efficiency of the radical production
process that occurs during the irradiation period. We observed that a low amount of macroradical is
formed, as with MB/DIPEA, the concentration of persistent macroradicals at light shut-off becomes

negligible and the vinyl consumption stops immediately.

8.1 Future directions
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Along the time it took to complete this work several realizations were made that are worthy of
proposing herein as short- and long-term paths to follow as continuation of the works that were selected

to form part in the Chapters of the present dissertation. These ideas are listed below:

1) Utilization of a photobase generator to improve the thermal stability of MB /base/DPI"
formulations in bulk monomer.

2) Design an analytical device to monitor rheological properties (Rheometer), photoinitiator
concentration (UV-Vis) and monomer consumption (FT-NIR/FT-MIR) at the same time

to achieve enhanced characterization capabilities.
8.2.1 Addition of photobase

First, from the very beginning of the present project, it was identified that when combining MB",
DIPEA, and salts of DPI" in bulk monomer solutions, spontaneous polymerization occurs. This was
observed to occur slowly (within hours to days) as compared to the relatively fast (few minutes)
polymerizations induced by light. However, we recognized that the limited thermal stability of these
formulations is arguably the single most important reason why these three component photoinitiators are
not widely utilized in practice. We studied this phenomenon and discovered that it is due to the reaction
between DIPEA and DPI". This redox reaction can be expected because DIPEA can readily function as a
reductant, despite its low nucleophilicity, as in the reaction with the excited state triplet formed after light
absorption by the MB" dimer aggregates. Ultimately, when DPI" is reduced, either by DIPEA or by LMB,
phenyl radicals are produced, which efficiently initiate the polymerization of the methacrylate monomers.
Furthermore, if DIPEA/DPI+ monomer solutions are prepared not only is a gradual spontaneous
polymerization observed, but also the development of a brown-orange color in the solutions. Using
ESI'/MS and UV-Vis we identified that the color is associated with the further oxidation of the Hiinig’s
base and of its enamine and imine products created after the initial oxidation by DPI". It was clear that the

oxidation depended on the presence of oxygen, as the color was stronger at the top of the polymer
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samples were the polymer density was lower due to the very slow polymerization process allowing for the
flow of denser polymer to the bottom. It was found that upon further oxidation enamines and imines can
oligomerize and result in brown-orange or copper colored higher molecular weight products, as identified

with ESI'/MS.

We propose that addition of a photobase generator to the MB'/DPI" formulations has the potential
of significantly extending the stability of the formulations under ambient conditions. The latter originates
from the fact that photobase generator inherently involve the light-triggered generation of a base with a
high pKa from an initially low pKa molecule. Hence, if we make it thermodynamically less feasible for
the reaction between the reductant (in this case it would be the photobase generator) and DPI™ to occur
before light exposure we may be able to design formulations that exhibit little or no inadvertent
polymerization until light of a particular wavelength is used to create a reactive reductant. In such a way,
we could also generate formulations that would be more photochemically stable as well. The latter may
occur since the photocatalytic formulation would require absorption of light at two different wavelengths
at the same time, one for the MB" dimers and the other for the photobase generator. As an example, if a
blue-light (400-450 nm) sensitive photobase generator is incorporated with MB" and DPI’, the
polymerization would be expected to efficiently and quickly activated only in the presence or exposure to
both blue and red light (~620 nm). We recognize that the combination of the photobase generator and
DPI" may be enough to efficiently polymerize the monomers. Nevertheless, this has to be tested in order
to assess if there is an advantage in terms of rate of polymerization for having the three components:

MB /photobase generator/DPI".

8.2.2 Simultaneous rheology/initiation/polymerization monitoring

The main problem we faced with the analytical device introduced in Chapter 4 is that
polymerization inherently changes the refraction and scattering of the light as the solid polymer develops

from a liquid monomer. This leads to two practical issues: 1) there is an inevitable loss in light
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transmission as the polymer forms 2) the excitation light beam that is responsible for initiation of the
polymerization runs perpendicularly to the UV-Vis and FT-NIR probing beams and can contaminate the
UV-Vis signal as the changing in light scattering isotropically scatters the excitation beam as a function of
the extent of polymerization. These two issues can create significant artifacts that in extreme cases can
preclude the use of the data gathered by the UV-Vis spectrometer. The FT-NIR data is in general
unaffected by these artifacts. We realized that removing the bubbles from the liquid monomer solutions
before polymerization significantly reduced or eliminated the contamination of the UV-Vis probing signal
by the excitation beam. However, a shift in the UV-Vis baseline as a function of polymerization was
always present. The latter can be attributed to a changing refraction index and/or creation of small

heterogeneities in the interface between the cuvettes and the developing polymer as the material shrinks.

We recognize this is most likely the main reason why the few previous studies that report on the
real-time UV-Vis analysis of photopolymerization reactions were performed in thin film specimens
contained within glass or quartz slides. By doing so, the effect of light scattering is reduced because it is
dependent or a function of the pathlength of the sample. Furthermore, the samples are allowed to shrink

more freely, thus delamination of the polymer from the substrates is reduced as well.

Considering the advantages of utilizing such a sample geometry we think there is significant
potential for the integration of fiber coupled UV-Vis/FT-IR into a single beam combined with the
excitation that permits the use of thin films were one dimension is lost given the aspect ratio of the
samples. Additionally, this can be integrated to the current rheology/FT-IR concept that was developed
previously in our lab. This is important because it not only would reduce the inherent problems associated
with the present UV-Vis/FT-NIR device, but it would also incorporate real-time monitoring of the
mechanical properties, and the possibility of using FT-MIR as well as FT-NIR since the thickness of the

samples would be readily changed in the rheometer set-up.
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Appendix A

Applications of the coupled UV-Vis/FT-NIR monitoring device
A.1 Versatile applications of the analytical apparatus introduced in this dissertation

A.1.1 Real-time detection of fluorophore diffusing out of polymer films

In the early stages of the development of the analytical device for coupled UV-Vis and FT-NIR
spectroscopy we experimented with the use of a modified Czerny-Turner spectrometer that has a higher
sensitivity to light and thus allows to monitor fluorescence and phosphorescence. Since we identified that
it worked well for the detection of light emitting (fluorescent) molecules we collaborated with the
Anthamatten Group at Rochester University to adapt our probing system in order to monitor the release of
the known fluorophore Fluorenylmethyloxycarbonyl chloride (FMOC-CI), which is highly fluorescent
because of the fluorenyl group. Our collaborators synthesized polymer networks with Radical Addition
Fragmentation Chain-Transfer moieties, namely trithiocarboates, and tethered FMOC-CI'. When a UV
light sensitive photoinitiator was present in the polymer films, the networks quickly rearranged their
structure by the reversible cleaving of the trithiocarbonate groups, i.e. photoinduced plasticity’. In
consequence, when the polymer films were mechanically fixed to the bottom of a quartz cuvette
containing spectroscopic grade THF solvent and exposed to 365 nm light from a mercury lamp the
fluorescent moieties were expected to detached from the macromolecular network and be released into the
solvent. Figure A.1-a shows a depiction of the probing set-up used for the quantification of FMOC-Cl

release into solution.

We monitored the light emission from the solvent at 490 nm (were FMOC-CI fluoresces) during
several irradiation sequences and intensities. We confirmed that the fluorophore efficiently diffuses out of
the relaxing polymer network in response to the UV light. Figure A.1-c shows the release profiles at 60
and 77 mW/cm® and the diffusivity constants that were calculated with the experimental data. In the case
of the experiments at 77 mW/cm® we also showed that the fluorescence signal immediately disappears

when the UV light is turned off. However, when the light is turned on back again the release profile
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follows the same exponential trend confirming that there are artifacts on the fluorescence emission from

the 365 nm light.
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Figure A.1 Photo-induced extraction of a fluorophore from a solvent-swollen polymer film. a) Depiction
of the analytical device used to monitor the fluorescence emission at 490 nm associated FMOC-CI being
released from the polymer at the bottom of a quartz cuvette upon UV irradiation from the top. B)
Photographs of THF solutions of FMOC-CI under UV-light with FMOC-CI (top vial) and with pure
solvent. C) Plot of the FMOC-CI concentration released into the THF solution with time upon UV
irradiation and fitted to least-squares fits using an equation for the diffusion out of the polymer network.
Figure extracted from paper published in Advanced Materials'.

A.1.2 Determination of quantum yields of base production from photobase generators

Then, we collaborated in a project where the full-spectrum monitoring (200-1000 nm) capabilities
along with the millisecond resolution in the acquisition of spectral data was integral in estimating the
quantum yield of base generation by several photobase generators: NVOC-HA,-DEA,-TMG and
NPPOC-HA,-DEA,-TMG (structures shown in Figure A.2), which can be used to catalyzed the thiol-
Michael addition in the synthesis of polymer networks. The photolysis of these photobase generators in

shown in Figure A.2.
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Figure A.2 Photolysis of photobase generators to produce superbases that catalyze thiol-Michael addition.
Extracted from Xi et al’.

By doing an analysis of the molar absorptivity of each one of these photobase generators we were
able to calculate the rate of photon absorption per time per volume (L) after obtaining both the
absorbance spectra during the photochemical reaction as well as the emission spectrum from the 320-290
nm light output obtained from a mercury lamp filtered with a narrow band pass filter. From these
calculations we were able to determine the rate of photolysis of the photobase generators and the rate of
photon absorption. From these two values we then determined the quantum yield for the photolysis of the
photolabile bases by the ratio of [cleaved photobase]/[photons absorbed]. The values that we calculated

are in decent agreement with those reported previously by others.
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entry compound Eyg5/cm™ M~ D
1 NVOC-HA 4780 0.0013
2 NVOC-DEA 1776 0.008S5
3 NVOC-TMG 1988 0.0074
4 NPPOC-HA 4600 0.0010
S NPPOC-DEA 196 0.2014
6 NPPOC-TMG 240 0.1497

Figure A.3 Photochemical properties of the photobase generators. Extracted from Xi et al.’.

A.1.3 Elucidation of the mechanism for photoreduction of eosin by amine

Another project that stem from both the work on photocatalysis and the development of the
coupled UV-Vis and FT-NIR monitoring technique was the collaboration with the Sikes Group at MIT to
elucidate the mechanism via which eosin is photoreduced by an tertiary aliphatic amine, namely
triethanolamine (TEA) and then regenerated by oxygen. The combination of eosin/TEA has been reported
to be an interesting photoinitiator for the free radical polymerization of acrylates and methacrylates. It
seems like this system leads to the reduction of the inhibition by molecular oxygen™’. However, the
mechanism to explain the unique behavior of this photoinitiator to oxygen has not been thoroughly
addressed. Furthermore, the resilience of this photoinitiator to oxygen inhibition has been exploited for
the Polymeriation Based Amplification (PBA) concept in which light-induced polymerization is used in
assays to detect the presence of biologically relevant molecules”. The proposed mechanism thus far is
that the semi-reduced eosin intermediate reacts with the peroxy radicals formed from the inhibition
reaction between molecular oxygen and either the alpha aminoalkyl or carbon-centered monomer radicals
via a peroxidation reaction. If this happens the eosin would be regenerated and the inhibiting radicals
would be quenched. However, a few points have not been addressed: 1) is a semi-reduced eosin radical or
a protonated eosin intermediate formed in the process, 2) is eosin regeneration by the peroxy radicals
sufficient to explain the lack of short inhibition period, or could it be also explained by the regeneration of

eosin directly by molecular oxygen, 3) is eosin triplet state interacting with molecular oxygen as well? As
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part of our collaboration we addressed some of these questions. Here we present preliminary data on the
regeneration of eosin by molecular oxygen and the appearance of a peak at ~410 nm, which is most likely

associated with a semi-reduced eosin radical and not a protonated closed shell intermediate Figure A.4.

Br N Br + L
|O /\/N e
0 0 o) HO OH
Br Br
+ Oz -

Figure A.4 Photoreduction of eosin by triethanolamine upon irradiation with 500 nm light and
regeneration of eosin by molecular oxygen.

In Figure A.5 we show the plot for absorbance vs. time for the peak at 410 nm during irradiation
of a solution of eosin and TEA in water. The solution was initially purged with argon gas and the
chamber in which the reaction took place was purged with N, gas (~10 psi) at the beginning of the
reaction. Then at about 840 s the nitrogen flow was topped and oxygen from air was let into the reaction
chamber. It can be observed that at approximately 840 s the signal at 410 nm decays sharply. We
hypothesized that the semi-reduced eosin radical is stabilized via resonance from the pi-structure in the
xanthene center, similarly to what happens with Methylene Blue. Then, molecular oxygen is going to act
as an efficient reductant to abstract that electron and regenerate eosin quickly. No peak at 410 nm was

observed if the reaction is performed under air.
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Figure A.5 Photoreduction of eosin by triethanolamine upon irradiation with 500 nm light and
regeneration of eosin by molecular oxygen.

Additionally, we observed that the regeneration of the peak at 517 nm (corresponding to eosin)
grows back the moment we opened the chamber to air and stopped N, flow. The decay of the peak at 410
nm and the growth at 517 nm coincide. However, more experiments need to be performed to assess
whether or not the protonated version of the eosin is also produced, depending on the pH of the solution

(Figure A.6). These findings along with additional experimental work will be published later.
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Figure A.6 Photoreduction of eosin by triethanolamine upon irradiation with 500 nm light and
regeneration of eosin by molecular oxygen.

A.1.4 Use of photocatalysis for the conversion of CO, to methanol

Lastly, we are currently collaborating with the Musgrave group in a project where the capability
of the full-spectrum analysis that we integrated into our probing device was employed. Figure A.7 shows
preliminary data for the decay of the acridine orange peak at ~ 450 nm and the growth of a peak at around
300 nm that has been previously associated with the formation of the leuco form of this dye. The goal is
to see if we can use the leuco form of the dye to convert CO; into methanol photochemical. If achieved,
this could be the first time that methanol is produced from CO, with such a photocatalytic approach. The

latter can have an immense impact in the way we produce fuels and raw chemicals.
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Figure A.7 Photoreduction of acridine orange and production of the leuco dye with an absorbance at ~300

nm.
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