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Abstract

Photopolymerizations are an important class of chemical reactions that find
ubiquitous use in our daily lives. The intimate interaction of light and matter in these
systems allows unprecedented spatial and temporal control of polymerization lending
these systems to innumerable applications in manufacturing of electronics, medical
devices, and consumer products. This dissertation focuses on two of the most well-known
applications of photopolymerizations: dental restorative composites and additive

manufacturing.

To address the deleterious effects associated with polymerization-induced
shrinkage stress in methacrylate dental resins, silane-based norbornyl-bearing thiol-ene
oligomers were investigated for dental restorative resins. The glassy polymeric materials
prepared here demonstrated glass transition temperatures (Tg) exceeding 100 °C, being on
par with those of widely-used methacrylate polymers. Simultaneously, this approach
yielded over 60% reduction in polymerization shrinkage stress relative to a thiol-ene
standard. Subsequently, allyl sulfide addition-fragmentation chain-transfer chemistry was
demonstrated to further lower polymerization-induced shrinkage stress of these high T,
polymers to over 80% reduction. The impact of this chemistry on polymerization
shrinkage stress exceeded and eclipsed that of the pre-oligomerization, polymers without
significant Ty reduction. To examine the potential for thiol-ene compatible adhesive
monomers for adhesion of thiol-ene restorative materials to dental tissue and eliminate
the need for methacrylate-based adhesives, acid-containing allyl-bearing monomers were

XXiv



prepared and evaluated for their impact on photopolymerization kinetics and

thermomechanical properties.

Following the improvements to dental restorative composites, the development of
two-color irradiation chemistries for application in additive manufacturing is discussed.
Hexaarylbiimidazoles (HABIs) were discovered to act as efficient photoinhibitors in
acrylate, methacrylate, and vinyl ether/maleimide chain-growth photopolymerizations.
Photoinhibition was then demonstrated as an effective adhesion-prevention strategy in
continuous stereolithographic additive manufacturing — which allowed for vertical print
rates up to 2 m/hr, the highest reported print rates to date. Additionally, to counteract the
deleterious effects of the long-lived transient inhibitor species, diffusion-limited HABIs
were synthesized and tested. Sharper contrast in polymerization inhibition was achieved
at the expense of inhibition efficacy. To broaden the scope of two-color irradiation
chemistries in volumetric additive manufacturing, butyl nitrite was found to be a suitable
photoinhibitor of free radical chain-growth photopolymerizations. Through this means,
the efficacy of butyl nitrite to inhibit photopolymerizations under near-UV irradiation
enabled volumetric confinement of photopolymerization through perpendicular
irradiation. This unique chemistry was demonstrated to selectively photoinhibit free
radical polymerizations in a dual-cure cationic and radical monomer system, paving the

way for support-free stereolithographic additive manufacturing.

XXV



Chapter 1

Introduction

1.1 Photochemistry and photopolymerizations

Photochemical reactions might be the single most important chemical reactions to
happen in our daily lives. Photosynthesis generates the oxygen dearly needed for us to
breathe. At the same time UV light in the stratosphere leads to ozone formation, in turn
protecting us from harmful UV irradiation, while the light that does make it through is
essential in the synthesis of vitamin D. In turn it should come as a surprise that light-
mediated chemical reactions represent a significant type of reactions employed in
chemistry. Examples of this can be found in pericyclic rearrangements useful in organic
synthesis to light-generated reactive species (photoinitiators) to produce polymeric

materials.

1.1.1 Photoinitiator chemistries

Photopolymers prepared with these photoinitiators describe another important use
of photochemical reactions. Photopolymers are polymeric materials, which are prepared
through curing with light, typically UV or visible light. This type of polymerization has
found widespread use in our daily lives. These applications range from photolithography
in the manufacturing of microscale semiconductors for electronics, to stereolithographic
3D printing, and to composite hardening in dental restorations. Typically, the resins are

formulated with a combination of curable material, photoinitiator, and other additives



(dyes, composite filler, etc.), and react through either a cationic or a free radical
mechanism. Cationic photopolymer resins typically contain electron-rich vinyl ethers or
cyclic ethers (epoxides, oxetanes) as the monomer, and an onium or iodonium salt as the
photoinitiator. As demonstrated in Figure 1.1a the (iod)onium cleaves upon excitation
with light, which through a further reaction with monomer or solvent generates the
initiating acid species. The counter ion used in these photoinitiators plays an important
role in the monomer scope and polymerization rates. Free radical photoinitiators can
broadly be divided into 2 classes. Type I photoinitiators represent single molecule
photoinitiators that upon exposure to light cleave into initiating free radical species. Type
IT photoinitiators describe 2-component systems utilizing a sensitizer, which in the
excited state undergoes either a hydrogen abstraction or electron transfer reaction with a
co-initiating species, as shown through the camphorquinone/tertiary amine system in
Figure 1.1c. The resultant radicals then proceed to initiate the polymerization. The
camphorquinone/tertiary amine system has found a particular use in curing dental

restorative composite materials.
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Figure 1.1 Examples of photoinitiating systems, initiating species generation from (a) the
cationic photoinitiator diphenyliodonium hexafluoroantimonate (b) type 1 radical
photoinitiator TPO (c) type Il radical photoinitiator CQ/EDAB

1.2 Materials for dental restorative resins

1.2.1 Methacrylate-based dental composites

Dental caries poses a significant health concern in the US. It is estimated that over
90% of all adults in the US have experience a form of dental caries in their permanent
teeth. Unsurprisingly, tens of millions of dental restorative fillings are placed each year in
the US. Historically silver amalgam fillings were used for dental restorative fillings,
however growing concerns over toxicity related to the use of mercury, as well as
aesthetic concerns have caused the dental amalgams to be phased out in favor of dental

composite fillings for dental restorations.

Dental composite fillings are comprised of an inorganic filler material dispersed
throughout a continuous cross-linked polymeric matrix. Processing of the dental
composite occurs in situ via a photopolymerization. The formulation is placed in the

patient’s mouth, and it irradiated with visible or UV light. This initiates the



photopolymerization, and as the photopolymerization proceeds, the resin cures and

hardens, preparing the dental composite filling.

Methacrylate-based composites have been a cornerstone of dental restorative
materials for decades. Initially introduced as filled monofunctional methacrylates,
improved properties lead towards a shift of dimethacrylate-based resins.! > BisGMA-
based dimethacrylate restorations demonstrated many favorable qualities for their use in
this application. The methacrylate formulations cure rapidly with a variety of initiators
and result in highly crosslinked materials with excellent mechanical and thermal
properties while showing very low water sorption. The polymerization is insensitive to
moisture, the resin has a long shelf-life in the dark and mixes well with many different

filler materials.>-¢

1.2.2 Polymerization-induced shrinkage

Methacrylates polymerize through a chain-growth polymerization mechanism, in
which high molecular weight species are formed early on in the process, leading to rapid
vitrification. Commonly observed in free radical polymerizations is volumetric shrinkage
of the resin upon curing. This shrinkage occurs as a result of a decrease in free volume
and monomer distance as illustrated through the change in Van der Waals diameter of

ethylene to the carbon-carbon bond length in polyethylene in Figure 1.2.”
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Figure 1.2 Monomer contraction following polymerization

If this process occurs in a confined, bound environment preventing shrinkage, a
shrinkage stress develops. This polymerization-induced shrinkage stress can lead to
various deleterious effects including microleakage through marginal gap formation,®
secondary caries development, postoperative sensitivity, and potential tooth cracking and
tooth deflection.” While correlation between shrinkage stress and clinical performance is
subject to strong debate, clinical evidence does suggest shrinkage stress to negatively
impact the restoration.!” As such significant research efforts have been made to reduce

and mitigate the effects of polymerization-induced shrinkage.!!

One rationale follows that material placement and treatment can reduce the effects
of polymerization-induced shrinkage stress. By layering the resin composite material and
sequentially curing it, the confinement is changed and as a result the overall shrinkage
stress is reduced. In the line of altering resin placement, by lining the cavity wall with a
more elastomeric composite material, this could serve to absorb the stress generated from
the curing of the bulk of the material.!? Pre-treating the composite material by warming it
would lead to increased radical mobility and thus could reduce shrinkage stress.!* Finally,

by adjusting the photopolymerization protocol through dual stage curing, initial slower



curing followed by more intense curing was hypothesized to decrease the impact of
shrinkage stress.'* ' The common factor of these approaches is that their success
strongly depends on the skill and care of the dentist applying the material, and as such

results are very mixed.

To mitigate the impact of practitioner technique in reducing shrinkage stress,
chemical changes to the polymeric resin could be applicable. While resin composition
and chemistry makes an impact on polymerization shrinkage stress development and
composite properties, the impact of filler material, ratio, and composition further affects
the dental restoration as a whole. In this context, resin chemistry will exclusively be

discussed.

1.2.3 Chemical approaches to Shrinkage stress mitigation

A well-explored approach to achieve reduced polymerization shrinkage in
dimethacrylate-based formulations involves the use of ring-opening monomers. As the
name implies, the reaction mechanism of these monomers results in opening of the cyclic
structure, thereby increasing the free volume rather than the conventional free volume
reduction. Spiroorthocarbonates (SOCs) and spiroorthoesters (SOEs) (see Figure 1.3a and
b respectively) were among the first monomers described for this purpose.'®!®
Combining these materials with methacrylate formulations resulted in reduced
polymerization shrinkage. However, these materials generally suffered from significantly
decreased polymerization rates, were sensitive to water, and displayed incomplete ring-
opening at clinically relevant temperatures. While some materials in this class of

monomers displayed favorable properties, their crystalline nature limited their solubility

in methacrylate resins.!”
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Figure 1.3 Ring-opening monomers

In contrast to SOC and SOE, vinyl-1,3-dioxolanes and vinyl-1,3-dioxepanes have
been demonstrated to undergo near-complete ring-opening at ambient conditions.?’ While
this improvement is significant, these materials also suffered from several severe
drawbacks. As with SOE and SOC, polymerization rates were significantly reduced,?!
and likewise these compounds also showed sensitivity to resin additives. Importantly, the
polymeric materials derived from these exhibited glass transition temperatures well
below room temperature, rendering these materials ill-suited for dental restorative
composites. Further exploration of these types of materials leads to the development of
cyclic allyl sulfides, which demonstrated stability to water and could easily be adapted
into crosslinked structures.?> * Unfortunately, these allyl sulfides similarly resulted in

significantly decreased reactivity and highly flexible polymers.
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An alternative chemical pathway towards low shrinkage stress polymers is

through the cationic ring-opening polymerization of epoxides and oxetanes.’* 2> The



polymerization is typically initiated by a strongly electrophilic, often acidic, cation
accompanied by a loosely bound anion (typically PFs  or SbF¢ ), resulting in an oxonium
intermediate cation. The intermediate cation is then attacked nucleophillicaly by another
monomer, and reiteration of this reaction ultimately lads to polymer formation (Figure

1.4).

As this reaction is inherently ring-opening the resultant polymerization shrinkage
is significantly reduced. Cationic polymers generally show excellent adhesion,
mechanical properties and chemical resistance. While the cationic polymerization is
sensitive to basic moieties and water, cationic polymers have seen some success in the
silorane line of dental composites.?® The previously mentioned SOC, SOE and dioxolanes
also show compatibility with cationic dental resins. Despite some advantages of this
chemistry, concerns over water sensitivity, limited functional group compatibility, and
induction times have prevented widespread replacement of methacrylate-based materials

by cationically curing cyclic ethers.

1.2.4 Thiol-ene chemistry

In order to counteract the issues with methacrylate-based systems, thiol-ene
polymerization has been proposed as an alternative. "> *® Thiol-ene polymerizations
follow a radical-mediated step-growth polymerization mechanism between a
multifunctional thiol and a multifunctional vinyl monomer. Upon initiation, a thiyl
radical is formed, this thiyl radical adds to a vinyl group, resulting in a carbon-centered
radical.?® This radical proceeds to abstract a proton from a nearby thiol monomer,
resulting in the formation of a thioether and a new thiyl radical. The step-growth

polymerization mechanism followed by the thiol-ene polymerization leads a delayed



gelation relative to the chain-growth mechanism of methacrylates.® When compared to
the methacrylate systems, volumetric shrinkage per mole of double bond decreases from
22.5 cm®/mol for methacrylates®! to 12-15 cm?/mol for thiol—ene systems.?’ As a result of
these factors materials cured from thiol-ene resins show a significant decrease in

polymerization-induced shrinkage stress.

Figure 1.5 The thiol-ene reaction mechanism is described by repeating cycles of thiyl addition
to vinyl groups and chain transfer of the carbon-centered radical to thiols.

Thiol-ene polymerization systems show nearly all advantages of the conventional
free-radical polymerization. They show high polymerization rates, polymerization can be
performed in bulk, give optically clear materials, and allow for a wide variety of
mechanical properties. Furthermore, the system allows for a variety of thiol and vinyl
groups to be used, and has also been shown compatible with methacrylate monomers to
incorporate advantages from both chemistries. Thiol-ene materials however remain
underexplored as alternative dental restorative materials, as they often exhibit subpar

glass transition temperatures, vastly inferior to dimethacrylate-based resins.

1.2.5 Addition-fragmentation chain-transfer chemistries
One approach that has been demonstrated to be compatible with various free-
radical based resins, is through the use of chain-transfer agents. Most well-known for

their role in controlled radical polymerizations (RAFT), the addition-fragmentation chain



transfer agents control the polymerization of linear polymers, and in the case of bulk
polymerizations of highly crosslinked materials, can lead to a rearrangement of the
crosslinked network, relieving internal shrinkage stress. RAFT agent-inspired allyl

sulfides and trithiocarbonates have led to success in decreasing methacrylate,*> 3* thiol—

34-36 37-39

(meth)acrylate, and thiol-ene shrinkage stresses without the necessary drawback
of low T and flexible materials obtained from the aforementioned ring-opening allyl
sulfides. Other approaches involve the use of an internal double bond with a 3-quaternary
carbon center*” and B-allyl sulfones*! both of which fragment internally upon

incorporation into polymer networks and the subsequent chain transfer allows for stress

relieve. The latter approach has been successfully demonstrated for methacrylate

42,43 44

formulations as well as for vinylcyclopropanes.
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Figure 1.6 AFCT monomers studied for stress relaxation in dental restorative resins®®
1.2.6 Restoration adhesion to mineralized tissues

One essential facet of dental restorations is adhesion of the restoration to the tooth
tissue, a combination of enamel on the outside, and dentin on the inside. Both dentin and
enamel primarily consist of hydroxyapatite and organic matter. As the outer protective

layer of the tooth, enamel consists of 96% inorganic material, whereas dentin contains

70% inorganic material, 10% water, and 20% organic material, primarily collagen
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fibers.*> In addition to this, consideration should also be given to the smear layer of
organic and inorganic debris, which remains following abrasive treatment of the tooth

(e.g. drilling, cutting).*¢

The conventional approach for improving dental restoration adhesion is the “etch
& rinse” approach. In this approach, following treatment of the cavity the newly exposed
surface is treated for 10-30 seconds with a strongly acidic solution-gel of (typically) 30-
40% phosphoric acid. The phosphoric acid serves to remove the smear layer, and dissolve
the hydroxyapatite in enamel and dentin. The etching increases the surface area of
enamel, and leaves a microporous network of collagen in in the demineralized dentin.
The surface is subsequently primed and adhesive monomer impregnates the microporous
networks and dental tubules, resulting in mechanical interlocking of the cured adhesive

material with the dental tissue as a hybrid adhesive/tissue layer is formed.*’

A key aspect of the “etch & rinse” technique is the effective diffusion of adhesive
monomer into the exposed tissue. Essential in this is a highly effective priming step, in
which the etched tooth surface is primed for adhesive monomer infiltration. The success
and techniques used strongly depend on the solvent of the adhesive, as well as skill and
experience of the dentist. Poor infiltration of the tissue by the adhesive can result in
significant post-operative sensitivity, and micro/nanoleakage.*> % While historically
primer and adhesive were separate steps, recently one component primer & adhesive

formulations have grown in popularity.
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Figure 1.7 Schematic illustration of bond structure of a self-etching system and etch-and-rinse
system (total-etching system). The structure of the hybrid layer of total-etch adhesives consists
of resin and collagen fibrils. The combination of resin, collagen fibrils and inorganic matter
(the smear layer) is a typical hybrid layer of self-etching adhesives. The hybrid layer of self-
etching systems is thinner than that of total-etching adhesives, due to the mild acidic effect of
their acidic monomers on dentin.”’

1.2.7 Self-etch adhesives

An alternative approach to promoting dental restorative adhesion can be found in
self-etching adhesives. These systems, rather than the total removal of the smear layer
and significant demineralization of dentin by phosphoric acid, contain acid-bearing
moieties (carboxylate, phosphate, phosphonate...) on the priming and adhesive
monomers. The decreased acidity of these self-etching resins, generally leads to only
partial removal of the smear layer and reduced demineralization of dentin. The smear
layer is integrated into the adhesive surface, and retention of hydroxyapatite in the
mineralized tissue allows chemical bonding between the acidic monomer and the

hydroxyapatite. The degree of smear layer dissolution, hydroxyapatite removal and

12



chemical bonding to hydroxyapatite is strongly dependent on the acidic moiety and
concentration in the formulation. The milder nature of the self-etch is more user-friendly,
and less technique sensitive than the total etch approach, and is often reported to lead to

reduced post-operative sensitivity of the patient.

Phosphate-ester bearing methacrylates were among the first type of self-etching
monomers to be explored for improved dentin/enamel adhesion. Conveniently
synthesized through esterification of hydroxyl groups, a wide range of phosphate-bearing
monomers is synthetically accessible, both in the form of monoesters and diesters. The
mono- and dialkyl phosphates exhibit strong acidity on par or exceeding that of neat
phosphoric acid.®! As “strong” self-etch monomers, these are capable of etching and
bonding to enamel well, but lack sufficient interaction with the demineralized dentin.
Subsequently, performance of these “strong” self-etch adhesives tend to display
decreased adhesion and performance relative to other self-etch types.’>>* The presence of
the strongly acidic phosphates also limits the shelf life of these self-etch monomers. The
ester moieties, both methacrylate and phosphate are inherently hydrolytically unstable
and in the presence of moisture the monomers degrade to both hydroxyl- and methacrylic

acid fragments.>
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Figure 1.8 Structures of self-etch methacrylate monomers (a) methacryloyloxydecyl
dihydrogen phosphate (b) methacryloyloxyethyl phosphonic acid (c) 10-methacryloyloxydecyl
malonic acid(d) 4-methacryloyloxyethyl trimellitate anhydride. Etching acidic moieties denoted
in red

Phosphonates have garnered interest as components for self-etch adhesives as a
results of their increased hydrolytic stability relative to phosphates. Whilst phosphates are
connected to the polymerizable methacrylate through a phosphate ester, phosphonates are
connected directly to the carbon spacer, which is unable to undergo hydrolysis. Notably,
these methacrylates do contain the hydrolysable methacrylate ester, still rendering them
susceptible to hydrolysis. As with phosphoric acids, the phosphonates are strongly acidic
and etch dentin and enamel is a manner similar to the “strong” self-etch phosphate
monomers and phosphoric acid. As with the phosphoric acid monomers, phosphonates

bind well to calcium and thus further serve to improve adhesion mineralized tooth tissue.

Carboxylic acids are stable to hydrolysis in the same manner as phosphonates are.
While used extensively in adhesives for total etch treatment, contemporary use of
carboxylic acids as self-etch monomers is limited. Owing to the reduced affinity for
calcium relative to the phosphorous-containing acids, carboxylic acid formulations
typically contain acidic anhydride monomers able to covalently bind to the exposed

collagen for improved adhesion. Mention should be given to the polycarboxylic acids in
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glass ionomer restorations. While the glass-ionomers cure fundamentally different from
methacrylates, the polycarboxylic acids in these restoratives serve to both etch the tooth

surface and improve adhesion through ionic bonding.

A combination of factors is needed for a successful self-etch adhesive. While the
acid etch is key, acidic groups such as sulfones are only sparingly encountered in
literature in self-etch adhesives. Besides acidity, the monomers should exhibit rapid free-
radical polymerization, and be stable in both monomer and polymer form. Crucial to the
success of a self-etch monomer is its miscibility with other monomers and solvents in the
adhesive, in addition to low water uptake, and exhibiting good wettability of and
adhesion to both types of mineralized tissue. Lastly, oral toxicity, cytotoxicity, and
biofilm formation are other important factors in the design of self-etch adhesives. With
various aspects such as number of acidic moieties, hydrolytic stability, spacer length, and
type of polymerizable double bond, various designs for self-etch adhesive monomers are

constantly being explored.

1.3 Hexaarylbiimidazoles

1.3.1 History of HABIs

Hexaarylbiimidazoles (HABIs) are a particularly interesting class of materials.
Most well-known as commercialized by DuPont in their Dylux color proofing systems
and Cromalin photoinitiators,”® HABIs as a class of materials have been subject to
intensive study since their discovery in 1960 by Hayashi and Maeda.’” These materials
are readily prepared through oxidation of 2,4,5-triarylimidazoles and allows for many
different functional group substitutions on the phenyl rings.® The resultant dimer is

bound through a weak C-N bond, which can readily and reversibly be cleaved
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homolytically through photolysis, thermolysis, and piezolysis.>® The resultant lophyl
radicals are often brightly colored®® as a result of the electron delocalization and
aromatization of the formed species. In addition, owing to the electron delocalization and
steric bulk from the pendant phenyl groups, the lophyl radicals are generally unreactive
towards molecular oxygen and have a half-life in the order of seconds to minutes,
whereas organic free radicals, save for notable exceptions (i.e. DPPH or nitroxides)

recombine or react in the order of milliseconds.

The synthetic accessibility of these HABIs allows for facile modification in order
to achieve desired properties. Significant effort has been put into expanding the light
absorbance range from the typical near-UV absorbance well into the visible range

58.61. 62 and m-conjugation extension.®® Additionally

through functional group substitution
such modifications can also result in significantly extending the radical half-life,**> or
shortening it by design.®**> While light absorbance and lophyl radical lifetime are often
the driving force behind HABI modification, functionalization with alkane® or ethylene
167

glycol®’ pendant groups has been shown to significantly improve solubility of HABIs in

monomeric resins.

1.3.2 HABISs as free radical photoinitiators

Although best known as photoinitiators, as a consequence of the aforementioned
electron delocalization and steric hindrance HABIs show little to no photoinitiation
activity in (meth)acrylate formulations lacking the presence of a suitable hydrogen-
donating coiniator.%® %® In the presence of a hydrogen-donating coinitiator such as a thiol,

HABISs do effectively and efficiently initiate free-radical chain-growth polymerization.
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Figure 1.9 HABI cleavage and chain transfer to thiol coinitiator®

The intuitive mechanism of this photoinitiation process in the presence of thiols
would be hydrogen transfer from the thiol to the lophyl radical as shown in figure X,
generating an initiating thyil radical, akin to the chain transfer step in the previously
discussed thiol-ene reaction. A study of co-initiating o-Cl-HABI with a series of known
hydrogen abstracting and electron transfer co-initiators demonstrated that the thiols 2-
mercaptobenzthiazole, 2-mercaptobenzoxazole and 2-mercaptobenzimidazole initiated
through an electron transfer/proton loss mechanism, rather than a direct abstraction, with
the reactivity of the co-initiators following the trend of their oxidation potential.®
Another study examining the mechanistic aspects of photoinitiation of o-CI-HABI with
triazole- and tetrazole- substituted thiols suggested that an addition-elimination cycle
through a tautomeric thione with the release of chlorine radicals potentially plays a
significant role in the photoinitiation of these thiols with o-CI-HABL®® Aliphatic thiols on
the other hand are incapable of reacting with the lophyl radicals through an electron
transfer/proton loss mechanism, but have also been demonstrated to react with these
radical in order to yield lophine and thiyl radicals.”® In thiol-ene formulations, various
types of HABI have been demonstrated as efficient thiol-ene polymerization
photoinitiators.®® Other initiation systems, such as o-CI-HABI combined with N-

72

phenylglycine’" 7 or dyes’®, were demonstrated to initiate though an electron
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transfer/proton loss mechanism, which with coinitiators followed the same trend as the

previously studied thiols in terms of oxidation potential.

An alternative approach towards expanding the photoactive regime of HABI
initiators lies in dye sensitization of multicomponent photoinitiating systems. In a dye-
sensitized system, the dye upon visible light exposure enters an excited state. Then
through either an electron transfer/proton loss or a chemical reaction the excited state dye
reacts with HABI to yield a photo-oxidized dye and the desired lophyl radical. This
approach has been demonstrated to be successful for HABIs a variety of dyes such as A,

B, and C.
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Figure 1.10 Illustration of sensitization pathways in a dye/HABI photoinitiating system’

As demonstrated by Figure 1.10 the mechanism and possible mechanistic
pathways of dye-activated HABI photoinitiation is highly complex, and depends strongly
on the specific components used in the photoinitiating system. This complexity of HABI
photoinitiating systems should be kept in mind in formulating HABIs. Regardless of the
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initiation mechanism, it is well agreed upon that for HABIs to act as efficient

photoinitiators a suitable hydrogen donating co-initiator is essential.”

1.3.3 Hexaarylbiimidazoles in functional materials

The transient and stable nature of the generated lophyl radicals have generated
interest in employing HABIs in stimuli responsive materials. As a result of the synthetic
accessibility HABIs have been incorporated in polymeric materials, in which they served

to crosslink and de-crosslink the polymer,’

could be used as photoresponsive self-
healing organogels,”® were employed to induce solvent-free metamorphosis,’” and used in

stress-induced coloration and crosslinking.”®

The chemical diversity of HABI functionalization further extends into small
molecule applications. Covalently coupled HABIs to fluorescent probes employed the
fluorescence-quenching behavior of free radicals to repeatedly achieve super-resolution
fluorescence imaging in both the visible and NIR regimes.””®® Interestingly, covalent
coupling through the aryl groups of HABIs strongly alters the lophyl radical
recombination kinetics. As a consequence the now diffusion-limited HABIs exhibit
lifetimes which are strongly dependent on the nature of the linkage and resultant lophyl
radical orientation with half-lives which are orders of magnitude shorter than

conventional HABIs. 6% 3488

1.4 Polymerization inhibition

1.4.1 Universal polymerization inhibition
Polymerization inhibition plays a critical aspect in the process of polymer

synthesis. Often described as stabilizer, the inhibitors serve to prevent monomer
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polymerization, increasing stability of the monomer during transport and storage, and
improving shelf-life of the monomers. Inhibitors commonly used for this application
include butylated hydroxytoluene (BHT), 4-tert-butylcathecol (TBC), and hydroquinone
(HQ). These materials inhibit free radical polymerization stemming from the
antioxidative properties associated with the phenolic alcohol, which in turn get oxidized

to ketones and quinones.

OH OH

o
OH HO

BHT TBC HQ

Figure 1.11 Structures of common radical inhibitors

Universal inhibition of free radical polymerizations is an effective means of
polymerization inhibition, but controlled, reversible inhibition and chain-transfer is an
essential part in the process of controlled free-radical polymerization (CRP). CRP has
been of great interest across academia and industry, as it allows for precise control over
vinyl monomer molecular weights, and leads to narrow molecular weight distributions of
linear polymers. The three main schools of CRP are atom transfer radical polymerization
(ATRP), nitroxide-mediated polymerization (NMP), and reversible addition-

fragmentation chain-transfer (RAFT).

1.4.2 Controlled Free Radical Polymerizations
ATRP is based on a reversible activation-deactivation cycle of free radical
polymerizations. ATRP employs a complexed transition metal catalyst and halogen-

activated esters to generate active radicals.®*? Following propagation of these radicals,
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the now oxidized transition metal reacts with the polymer radical, deactivating
(terminating) it. The newly formed halogen-terminated polymer is able to activate by
reoxidizing the metal catalyst. The reversible nature of this process, coupled with
statistical processes and the equilibrium of the activation-deactivation cycle lead to well-

defined polymeric materials with narrow distributions for a wide selection of monomers.
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Figure 1.12 Equilibrium in the ATRP of a methacrylate

NMP relies on the presence of a stable, sterically hindered organic nitroxide
additive. The nitroxide radical is able to reversibly react with a propagating polymer
radical to yield a nitroxide-capped polymer. **:°* As this carbon-oxygen bond is relatively
weak as a result of the steric hindrance and stabilized nitroxide radical, this bond can be
thermally reversed without the need of a catalyst. In the same manner as ATRP, this
results in excellent control over molecular weight and a narrow distribution. The main
limitation of this approach lies in the relatively small range of monomers compatible with
this chemistry, as well as the high temperatures required to reliably undergo this

reversible nitroxide attachment and detachment.
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Figure 1.13 NMP equilibrium of Styrene

In RAFT, thiocarbonylthiol compounds such as dithioesters, xanthogenates, and
thiocarbamates are commonly employed as reversible chain-transfer agents. Following
conventional polymer initiation, chain-transfer to the RAFT agent leads to another
polymer initiation. Following that reaction, an equilibrium between active polymer
propagation, reactions to the chain transfer agent and fragmentation from the chain
transfer agent radical intermediate result in control over the polymer molecular weight
and molecular weight distribution. The efficacy of the RAFT agent is strongly dependent
on the RAFT agent pendant groups, but does allow for a wide range of monomers. In
RAFT, as with all CRP techniques, improper tailoring of the reaction conditions will lead

to irreversible polymer termination, chain transfer and radical consumption.
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Figure 1.14 RAFT equilibrium between 2 polymers

Controlled inhibition and termination represent powerful tools in preventing undesired
polymerization and achieving excellent control over the polymerization process. Recent
work and applications of controlled polymerization inhibition in the framework of

photopolymerizations is further discussed in Section 1.5.
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1.5 Photocontrolled reactions in (stereo)lithography

Aside from chemical control over polymerizations an alternate method of control
is spatially through selective exposure of photocurable formulations, this is particularly
useful in additive manufacturing. In stereolithography (SLA), a vat of photosensitive
resin containing a movable stage is cured selectively through sequential exposure with a
laser beam in a layer-by-layer fashion. Following each layer, the stage is moved slightly
and resin is replenished. Digital light processing (DLP) proceeds through a similar
fashion, as photopolymer resin is cured through a projected image, significantly speeding
up the fabrication process relative to SLA Following each exposure, the vertical stage

moves up, and the photopolymer resin is renewed.”

T e el O
\.

Figure 1.15 Comparison between SLA and DLP irradiation (Formlabs,
https://formlabs.com/blog/3d-printing-technology-comparison-sla-dlp/)

The excellent spatial control allowed through SLA and DLP facilitates the rapid
production of bespoke objects. Although great strides have been made in
stereolithographic 3D printing, the manufacturing of large, dense structures through these
techniques remains challenging. Large surface areas limit resin reflow, and stifles
delamination from the print window. Large-scale production is further limited by print

rates. As layers typically range in height between 10-50 pm, production of tall structures
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is significantly time consuming and currently makes this approach undesirable for large-

scale manufacturing.

Removing the need for delamination and recoating by preventing adhesion to the
curing window would significantly improve production rates. Recently, Carbon described
further control over the photopolymerization process through oxygen inhibition of the
polymerization. By employing an oxygen-permeable window and an oxygen-rich
atmosphere, molecular oxygen diffuses into the photopolymer resin near the window. As
molecular oxygen inhibits free-radical polymerizations of (meth)acrylates, solidification
of the resin near the window is prevented, allowing for a continuous additive
manufacturing process, reaching unprecedented vertical print rates.”® °” This approach
however is dependent on effective diffusion of oxygen into the monomer, inhibition

efficacy is strongly related to monomer viscosity, severely limiting the scope.

Rather than passive inhibition of photopolymerizations, Scott et al. described a
novel two-color single-photon photoinitiation/photoinhibition chemistry for use in direct-
write lithography.”® This concept employs a visible-light active photoinitiator in
combination with a near-UV activated chain-transfer agent to act as a photoinhibitor.
Irradiation of the photopolymer resin with near-UV activates the chain-transfer agent,
which in turn retards any active photopolymerization reaction and prevents solidification.
In contrast, areas exposed to exclusively blue light are not affected by this retardation and
cure rapidly. The reliance on chain-transfer agents in this approach results in non-zero
polymerization rates under exclusive near-UV irradiation, and severely limits the

monomer scope as described by Forman.”
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Li et al. achieved controlled polymerization photoinhibition through deactivation
of the photoinitiating species rather than the approach of rapidly consuming active
radicals described above.!® Following activation of the photoinitiator through an 800 nm
two-photon process, the activated photoinitiator is deactivated through a continuous wave
of the same wavelength. Both this approach and Scott’s photoinitiation/photoinhibition
approach allow for sub-diffraction direct-write lithography through appropriate focus of

the initiating and deactivating wavelengths.

Light activated and deactivated crosslinking of polymeric materials through a
light-induced reversible chemical change was demonstrated by Vijayamohanan et al.'’
192 Employing spirothiopyran-bearing methacrylate polymers, activation of these moieties
with near-UV light generates a thiolate anion as the spirothiopyran (STP) ring-opens to
the merocyanine (MC) isomer. The thiolate anion subsequently reacts to maleimide-
functionalized poly(ethylene glycol) in a thiol-Michael reaction (see Figure 1.16). The
thiol-Michael reaction is prevented through rapid visible light-induced switching to the
spiropyran form. This chemistry was expanded upon and demonstrated to be feasible
without the need of a maleimide-bearing polymer.!®® Zwitterionic merocyanine pendant
groups lead to supramolecular crosslinking of these materials, and was demonstrated in a

direct-write lithography setting.
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Figure 1.16 Photochromic ring-opening of STP to MC and subsequent thiol-Michael reaction
with a maleimide'”
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The potential of photoswitchable molecular structures provides further tools for
controlled functionalization of materials. Expanding beyond polymeric materials, Lerch
et al. demonstrate a system containing azobenzene and donor—acceptor Stenhouse adduct,
both of which can be activated and deactivated orthogonally, ' granting unprecedented
light-based control over molecular structure. Orthogonal photoactivated tetrazole and
photoenol ligation with maleimides could provide yet another path towards greater
control over polymer structures.!” Independent photoswitching, selective
photoinhibition, and orthogonal polymer crosslinking chemistries prove to be extremely

powerful tools in light-based additive manufacturing approaches.

1.6 Overview of subsequent chapters

The remaining chapters of this dissertation are organized as follows.

Chapter 2 describes the synthesis of silane- and norbornyl-based thiol-ene
monomers and oligomers. These monomers and oligomers are examined for their
photopolymerization behavior. The impact of the pre-oligomerized formulations on the

thermomechanical properties and polymerization shrinkage stress is evaluated.

Chapter 3 describes further development of the thiol-ene formulations studied in
Chapter 2. The effect of allyl sulfide addition-fragmentation chain-transfer additives on
photopolymer characteristics is determined. Subsequently, the chemical compatibility of

the thiol-ene formulations with acidic monomers is evaluated.

Chapter 4 describes the demonstration of hexaarylbiimidazoles as photoinhibitors

of free-radical chain-growth photopolymerizations, and their application in a two-color
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continuous additive manufacturing system. Covalently linked hexaarylbiimidazoles are
synthesized and evaluated to overcome the shortcomings of conventional

hexaarylbiimidazoles for additive manufacturing purposes.

Chapter 5 describes butyl nitrite as an alternative photoinhibitor of free radical
photopolymerizations in two-color irradiation schemes. Following a demonstration of
two-color photoinitiation/photoinhibition in volumetric 3D printing, a combination of
cationic photopolymerization with free radical photopolymerization inhibition is

examined for the development of support-free stereolithographic additive manufacturing.

Chapter 6 gives an overall summary and conclusions of this work followed by a

discussion of future directions.
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Chapter 2

Development of Novel High T,, Low Shrinkage Stress Thiol-ene Resins

2.1 Original Publication information

Parts of this chapter are in preparation for publication or have been published or

in the following peer-reviewed papers:

H.L. Van der Laan; S.L. Zajdowicz; K. Kuroda; B.J. Bielajew; T.A. Davidson;
J. Gardinier; D.H. Kohn; S. Chahal; S. Chang, J. Liu; J. Gerszberg; T.F. Scott; and B.H.
Clarkson. Biological and Mechanical Evaluation of Novel Prototype Dental Composites.

Journal of Dental Research, 2019, 98, 91-97
2.2 Abstract

Polymerization-induced shrinkage in dental restorative materials typically leads to
significant development of polymerization shrinkage stress accompanied by various
deleterious side effects. Thiol-ene resins have emerged as a candidate to replace these
methacrylate-based materials, owing significantly to their inherently reduced
polymerization shrinkage stress, but are generally limited by subpar glass transition
temperatures resulting in rubbery materials. Here, we describe a silane-based, norbornyl-
bearing oligomers in thiol-ene dental resins and determine the impact of these materials
on the glass transition temperature, polymerization shrinkage stress, and
photopolymerization kinetics relative to a thiol-ene standard. Significant improvements

in glass transition temperature are obtained through this approach, whilst polymerization-
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induced shrinkage stress was reduced to less than half. Biological and mechanical
evaluation of filled thiol-ene composites demonstrated these materials to be on par with

methacrylate composite materials.

2.3 Introduction

Dental composite materials, consisting of an inorganic filler material dispersed
throughout a continuous cross-linked polymeric matrix have a near-ubiquitously use in
dental restorations, and have significantly displaced mercury-based amalgam alloys in
this application.! Methacrylate-based dental composites®> * demonstrate many favorable
properties including improved aesthetics, and in sifu photopolymerization to afford
materials with high elastic moduli and glass transition temperatures. Despite the excellent
properties exhibited by the composite dental fillings, methacrylate-derived monomers
introduce several complications. Volumetric shrinkage of the resin under confinement of
the cavity walls* > leads to the development of a significant amount of volumetric
shrinkage stress, which can lead to a variety of deleterious effects such as severe dental
pain, tooth deflection,® tooth cracking,’ as well as localized debonding and gap

formation.®

Although gap formation, and subsequent clinical failure of the dental
restorative can develop through long-term mechanical and thermal stresses, a direct
relationship has been demonstrated between shrinkage stress and marginal integrity. In
addition, methacrylate free radical polymerizations proceed through a chain-growth
polymerization mechanism, which is inhibited by the presence of oxygen,” !° and as a
result the cross-linked materials can exhibit low surface reaction extends, and can contain

significant amounts of unreacted, extractable monomer.!! Finally, the introduction of

methacrylate-based polymers unavoidably incorporates ester moieties that are susceptible
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to hydrolytic degradation,'? reducing structural integrity of the polymer, and allows

leeching of liberated monomers.

As the development of polymerization shrinkage stress in dental resins has a
significant effect on the longevity of the restoration, it has been a topic of high interest to
reduce the polymerization shrinkage stress in dental composites. Use of a pre-
oligomerization approach reduces the functional group concentration and the resultant
shrinkage stress. Alternatively, low shrinkage ring-opening polymerizations bearing
spiro- or oxirane moieties reduce shrinkage stress through minimizing the change in free
volume upon polymerization. Furthermore, making use of polymerization-induced
microphase separation, or modification of the in situ processing protocol have shown

great potential for reducing polymerization shrinkage stress.

Thiol-ene materials have been extensively studied as a new generation of low
shrinkage stress dental resins. In contrast to methacrylate polymerization, a thiol-ene
polymerization follows a step-growth polymerization mechanism through alternating
addition and chain transfer reactions. '* Coupling thiols and electron-rich C=C double
bonds such that these functional groups are consumed in a 1:1 stoichiometric ratio
without generating significant side products. The step-growth polymerization yields
materials with a delayed gel point, allowing significant volumetric shrinkage stress to be
dissipated through viscous flow of the resin and lower extractable material content. % 416
Furthermore, it has previously been demonstrated that thiol-ene polymerizations exhibit
lower volumetric polymerization shrinkage than methacrylates on a molecular level,

where volumetric shrinkage per mole of the double bond decreases from 22.5 cm?/mol

for methacrylates to 12-15 cm®/mol for thiol-ene systems. Not only does the thiol-ene
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polymerization exhibit reduced volumetric shrinkage and shrinkage stress relative to
methacrylate resins, it shows nearly all the advantages of the conventional free-radical
chain-growth polymerization such as high polymerization rates, polymerization can be
performed in bulk, result in optically clear materials, can be readily cured with visible
light,'” and allow for a wide variety of mechanical properties. It is also highly resistant to

inhibition by oxygen,'® ¥

preventing tacky surfaces, and reduces unreacted extractable
monomer content. In addition, ester-free thiol-ene resins have been demonstrated as
hydrolytically stable, and solvent resistant, further reducing leachables. In addition, as the
thiol-ene polymerization proceeds through a radical mechanism, the formulations can be
easily adapted to current dental infrastructure. Despite these excellent characteristics,
thiol-ene formulations are generally limited by their low elastic moduli and glass

transition temperature.?’

Several strategies have been employed to address the deficiencies presented by
thiol-ene formulations for dental resins.!* 22> Thiol-ene/methacrylate formulations can
afford materials with increased elastic moduli and glass transition temperatures while
simultaneously obtaining relatively low shrinkage stress values. 2% 2! 233% However, as a
significant amount of methacrylate monomer is required, the disadvantages of
methacrylate-based materials start to arise. Moreso, the thiol-ene conversion is limited
due to trapping in the methacrylate network, owing to the pseudo two-stage
polymerization and phase separation.? 2% 3! Alternatively via a mixed mode thiol—
ene/thiol-epoxy formulation, two step-growth polymerizations are combined to yield a
combined rubbery/glassy network, however the stoichiometric balance of this approach,

as well as the amines required for the epoxy curing make this method less than desirable.
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2l More recently, success has been achieved through the use of silane-based tetrathiols.
These silane-based materials yield increased glass transition temperatures owing to their
increased crosslink density.>? These silane-based materials also lack ester moieties, which
are common in thiol-ene resins, giving them increased resistance to hydrolysis. However,
it was reported that these monomers display significantly lower rates of polymerization

compared to the model thiol-ene systems studied.

Here, rather than employing mixed mode polymerizations, we address the
deficiencies of the thiol-ene resins by using the silane-based tetrathiol, and combining it
with norbornene-bearing monomers to further increase the glass transition temperature.
While these norbornene monomers are poorly miscible with regular thiol-ene resins, we
utilize a pre-oligomerization to prepare norbornyl-bearing oligomers, that are miscible
with conventional ene monomers. This approach has the added advantages of reducing
shrinkage stress via pre-oligomerization, and additionally result in low vapor pressure
oligomers, curtailing the malodorous silane-based tetrathiols. We expect that this
combination of factors will result in significantly improved materials for dental

applications.

2.4 Experimental

2.4.1 Materials

Tetravinylsilane =~ was  obtained  from  Gelest (Morrisville, PA),
azobisisobutyronitrile, tetrahydrofuran. thioacetic acid, 1,3,5,-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO), dicyclopentadiene, methanol, dioxane, and
pentaerythritol tetra-3-mercaptopropionate (PETMP) were obtained from Sigma-Aldrich

(St. Louis, MO) , concentrated hydrochloric acid was obtained from Fisher Scientific

47



(Hampton, NH). Diallyl bisphenol A was obtained from AstaTech (Bristol, PA).
Diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) was received from BASF
(Florham Park, NIJ). tris(N-nitroso-N-phenylhydroxylaminato)aluminum (Q1301) was
obtained from Wako Chemicals (Richmond, VA). THF was passed through basic

alumina to remove inhibitor prior to use. All other chemicals were used as received.

The monomers PETMP and TATATO were used as a mixture, such that the thiol
(i.e., mercapto) and ene (i.e., allyl) functional groups were present at a 1:1 stoichiometric
ratio, and used as a model thiol-ene resin. Tetra(2-mercaptoethyl)silane (TMES) was
similarly mixed with TATATO in a 1:1 stoichiometric ratio. TMES was also pre-
oligomerized with 1,3,5,-trinorbornyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TNTATO),
or Dinorbornyl bisphenol A ether (DNBPA) in a 1:0.32 and 1:0.16 ratio prior to
formulating with TATATO. Prior to thiol and ene component mixing, 0.01 wt% Q1301
was added to the TATATO as a radical polymerization inhibitor to preclude premature
thiol-ene polymerization. Diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (Irgacure
TPO) was used as visible light-active photoinitiating systems at 1 wt%. the
concentrations as indicated in the text. All commercial monomers and photoinitiators
were used without further purification, the synthesis of TMES, TNTATO, DNBPA, and
their pre-oligomerization is described in reference, and the structures of all materials used

are shown in Figure 2.1.
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Figure 2.1 Materials used in this study (@) TMES (b) PETMP (c) TPO (d) TATATO (e)
TNTATO (f) DNBPA

2.4.2 Methods
2.4.2.1 Light Sources and intensity measurement

Violet light was provided by a collimated, LED-based illumination source
(Thorlabs M405L2-C) with an emittance centered at 405 nm (FWHM 13 nm), used in
combination with a current-adjustable LED driver (Thorlabs LEDD1B) for intensity
control. Irradiation intensities were measured with an International Light IL1400A
radiometer equipped with a broadband silicon detector (model SELO033), a 10x

attenuation neutral density filter (model QNDS1), and a quartz diffuser (model W).

2.4.2.2 FTIR Spectroscopy

Photopolymerization reaction kinetics were examined using a Thermo Scientific
Nicolet 6700 FT-IR spectrometer equipped with a horizontal transmission accessory, as
described elsewhere, recording spectra from 2000 cm™ to 7000 cm at a rate of
approximately 2 every second. Resins were mixed in 1:1 thiol:ene stoichiometric ratios,

formulated with 1 wt% Irgacure TPO, and introduced between two glass microscope
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slides separated by 50 pum thick spacers. The functional group conversions upon
irradiation were determined by monitoring the disappearance of the peak area centered at
2571 em™ corresponding to the thiol group stretch and 3083 cm™ corresponding to the
allylic vinyl group stretch. All experiments were conducted in triplicate, and the

irradiation intensities were as indicated in the figure captions.

2.4.2.3 Dynamic Mechanical Analysis

Cross-linked polymer films were prepared from thiol-ene formulations containing
1 wt% Irgacure TPO which were polymerized between glass microscope slides separated
by 250 pum thick spacers for 30 minutes at room temperature under 405 nm irradiation at
10 mW-cm™. Samples of approximately 15 mm x 5 mm x 0.25 mm were cut from the
cured films and mounted in a TA Instruments Q800 dynamic mechanical analyzer
equipped with a film tension clamp. Experiments were performed at a strain and
frequency of 0.1% and 1 Hz, respectively, scanning the temperature from —25°C to
200°C twice at 2°C-min’!, and the storage modulus (E’) and tan § curves were recorded.
All experiments were conducted in triplicate. The repeated temperature scan was used to
determine the influence of dark polymerization at temperatures greater than the glass
transition temperature (Tg). The T, was assigned as the temperature at the tan & curve

peak.

2.4.2.4 Polymerization Shrinkage Stress

Polymerization-induced shrinkage stress was determined using a tensometer.
Resins formulated in 1:1 thiol:ene stoichiometric ratios, containing 1 wt% Irgacure TPO
as the photoinitiator were introduced between 2 polished quartz rods (6mm diameter)

spaced 1 mm apart. The samples were irradiated from below through the quartz rod and
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the polymerization-induced shrinkage stress was monitored through cantilever deflection
and recorded at a rate of 10 per second. All experiments were conducted in triplicate, and

the irradiation intensities were as indicated in the figure captions.

2.4.2.5 FA Synthesis

Briefly, a solution containing 0.25M EDTA-Ca-Na, 0.15M NaH>PO4-H:0, and
0.05M NaF was subjected to mild hydrothermal conditions (121 °C, 2 atm) for 10 h to
dissociate the Ca®" and allow its slow release from EDTA-Ca complex. The resultant
crystals were washed 3 times in distilled water. They were then ground with a
SpeedMixer (FlackTek Inc.) resulting in a crystal length of approximately 600 nm to 1
um. Even dispersion and wetting of the FA crystals in the resins were carried out with a

SpeedMixer.

2.4.2.6 Composite Specimen Composition for all Tests

Composites made from TMES-TNTATO/TATATO and
TMESDNBPA/TATATO were tested and benchmarked against bisGMA (70 wt%) and
TEGDMA (30 wt%) composites. The resins contained 1% Irgacure TPO as the
photoinitiator and were cured at 405 nm with Thorlabs M405L2 LED at an intensity of
10 mW/cm2 for 30 min. The samples reached 70% conversion. Each resin was filled with
either 1) 50% w/w silanated glass (hybrid of 40% 700 nm barium borosilicate glass filler
[BBAS] + 60% 2 um BBAS) or 2) 50% w/w glass + FA (hybrid of 30% 700 nm BBAS +

40% 2 pm BBAS + 30% 600 nm—1 pm FA).
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2.4.2.7 Material Cytotoxicity

Following ISO 10993-12 and ISO 10993-5 protocol, human dental pulp stem cells
were used to evaluate the toxicity of the synthesized polymers (TMES-
TNTATO/TATATO, TMES-DNBPA/TATATO, and bisGMA/TEGDMA) and their
glass- or glass + FA-filled composites. The leachables were extracted from 4.5
specimens (5 x 25 x <0.5 mm each) after their incubation in 1-mL Dulbecco’s modified
Eagle’s medium (DMEM) with the addition of 10% fetal bovine serum at pH 7.4 for 24
h. After 5 x 104 dental pulp stem cells were seeded into 96-well plates, they were
cultured for 24 h and then treated with serially diluted leachables from the composites for
24 h. XTT solutions, or 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetra-zolium5-
carboxanilide, were added to each test well, and the plate was incubated for 5 h. Optical
density (OD) values were measured at 450 nm. Statistical analysis by 2-way analysis of
variance (ANOVA) was based on GraphPad Prism 6, and significance was considered at

P <0.05.

2.4.2.8 Mechanical Property Evaluation

Composite beams (25 x 2 x 2 mm) were fabricated in stainless steel split molds
and specimens light cured in 5 overlapping sections for maximum conversion on the top
and bottom surfaces, according to ISO 4049 protocol. Flexural tests (n = 5 per condition)
were conducted on an Admet eXpert 450 Universal Testing Machine at 0.01-mm/s until
failure. During each test, load and deflection were recorded, and stress and strain were
calculated from standard 3-point beam-bending equations: preyield, postyield, and total
toughness were calculated per the area under the elastic, plastic, and total stress-strain

curve at fracture, respectively. Due to the brittle nature of the composites, postyield
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toughness was negligible, and preyield toughness was equal to total toughness and

therefore not reported.

2.4.2.9 Biofilm Evaluation

Biofilms were formed with a monospecies biofilm model containing a luciferase-
expressing Streptococcus mutans. Briefly, composite discs 7 mm in diameter and 1 mm
thickness were sterilized in 70% alcohol containing 0.5% triclosan for 30 min; 3
experiments were conducted with 3 discs for each sample, yielding a total 9 discs per
sample. Following sterilization, discs were rinsed in sterile saline and brain-heart infusion
(BHI) broth for at least 1 h. S. mutans firefly was grown in BHI broth overnight at 37 °C
with 5% CO;. Following incubation, the OD at 600 nm (OD600) was measured, and
cultures were diluted to an OD600 of 0.05 into fresh BHI broth supplemented with 1%
sucrose. Discs were transferred to sterile white opaque 24-well plates (Fisher Scientific);
1 mL of the bacterial dilution was added to each well; and the plates were incubated with
static conditions at 37 °C with 5% CO?2 for 24 h to allow for mature biofilm formation.
Controls were also prepared (no bacteria added), where only BHI + 1% sucrose were
added to the wells containing discs. After incubation, all discs were transferred to fresh
BHI + 1% sucrose and incubated for 1 h to allow for repletion of ATP. To measure
luciferase activity, 2mM D-luciferin (Fisher Scientific) was added, and luminescence was
measured at 2-min intervals up to 10 min (FilterMax F5; Molecular Devices). Statistical
analysis was performed with a Student’s t test and ANOVA. After luciferase activity was
measured, biofilms on each resin were disrupted through sonication with a water bath
sonicator (Ultrasonic Bath 1.9L; Thermo Fisher Scientific) for 10 min, followed by

agitation by vortexing for 3 min. The bioburden on discs was enumerated as colony-
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forming units per milliliter (CFU/mL), and statistical analysis was performed with a

Student’s t test and ANOVA.

2.4.3 Synthesis
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Figure 2.2 '"H-NMR Spectrum of Tetra(S-ethylethanethioate)silane

2.4.3.1 Tetra(S-ethylethanethioate)silane.

Tetravinylsilane (50g), azobisisobutyronitrile (8g), and thioacetic acid (120 mL) were
dissolved in Tetrahydrofuran (500 mL) in a 1L round-bottom flask equipped with a reflux
condenser. The solution was heated to 70°C, and stirred overnight. The solution was
allowed to cool to room temperature, and the solvent was removed under reduced
pressure to yield a yellow oil. The obtained material was used in the next step without
further purification. 'H NMR (400 MHz, CDCls): § = 2.90-2.95 (m, 8H, -SCH>-), 2.31 (s,

12H, -CH3), 1.02-1.06 (m, 8H, -CH>-Si).
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Figure 2.3 'H-NMR Spectrum of Tetra(2-mercaptoethyl)silane (TMES)

2.4.3.2 Tetra(2-mercaptoethyl)silane.

The Tetra(S-ethylethanethioate)silane obtained from the previous step was dissolved in a
mixture of methanol (200 mL) and 1,4-dioxane (300 mL) in a 2-neck flask equipped with
a reflux condenser. To this was added concentrated hydrochloric acid (100 mL), and the
solution was heated to 65°C, and stirred over the weekend. The solution was allowed to
cool to room temperature, and the solvent was removed under reduced pressure. To the
resultant oil was added water (200 mL), and the aqueous phase was extracted 3 times
with methylene chloride (150 mL). The combined organic phases were dried over
magnesium sulfate, and the solvent removed under reduced pressure. The residual oil was
distilled under vacuum (200°C, 0.4 Torr), and the first fraction product was collected and
redistilled under the same conditions 2 additional times to afford TMES as a colorless,
malodorous oil. 'H NMR (400 MHz, CDCl3): § = 2.58-2.69 (m, 8H, -SCH>-), 1.56-1.62
(m, 4H, -SH), 1.04-1.16 (m, 8H, -CH>-Si).
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Figure 2.4 'H-NMR Spectrum of Trinorbornyl triazine trione (TNTATO)

2.4.3.3 Trinorbornyl triazine trione (TNTATO).

Dicyclopentadiene (8.75 g) and triallyl triazine trione (5.5 g) were added to a 50 mL glass
bomb flask. The flask was sealed and heated to 190°C for 2 days. The mixture was
allowed to cool to room temperature, and was dissolved in methylene chloride (100 mL).
The solution was filtered over a pad of celite, and the solvent removed under reduced
pressure. The product loaded on a silica column, and after washing with hexanes, was
purified through silica column chromatography (hexanes:methylene chloride = 2:1).
Removal of the solvent under reduced pressure yielded the product as a mixture of endo
and exo adducts as a white powder. '"H NMR (400 MHz, CDCl3): 6 6.36-5.88 (m, 6H),
3.74-4.11 (m), 3.74-3.44 (m), 2.95-2.63 (m), 2.63-2.38 (m), 2.38-1.96 (m), 1.96-1.61 (m),

1.50-1.34 (m), 1.34-1.15 (m), 0.79-0.44 (m)
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Figure 2.5 'H-NMR Spectrum of Dinorbornyl bisphenol A (DNBPA)

2.4.3.4 Dinorbornyl bisphenol A (DNBPA)

Dicyclopentadiene (6.1 g) and diallyl bisphenol A (7.2 g) were added to a 50 mL
glass bomb flask. The flask was sealed and heated to 190°C for 2 days. The mixture was
allowed to cool to room temperature, and was dissolved in methylene chloride (100 mL).
The solution was filtered over a pad of celite, and the solvent removed under reduced
pressure. The product loaded on a silica column, and after washing with hexanes, was
purified through silica column chromatography (hexanes:methylene chloride = 2:1).
Removal of the solvent under reduced pressure yielded the product as a mixture of endo
and exo adducts as a white powder. '"H NMR (400 MHz, CDCls): 6 7.20-7.08 (m, 4H),
6.92-6.73 (m, 4H), 6.22-5.88 (m, 4H), 4.07-3.76 (m), 3.74-3.46 (m), 3.08-2.99 (m), 2.96-
2.74 (m), 2.62-2.48 (m), 2.37-2.10 (m), 2.08-1.96 (m), 1.96-1.83 (m), 1.83-1.69 (m),

1.69-1.59 (s, 6H), 1.53-1.41 (m), 1.39-1.19 (m), 0.75-0.46 (m)
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2.4.3.5 TMES-TNTATO and TMES-DNBPA Oligomers

The monomers were mixed in a 1:0.16 and 1:0.32 thiol-ene stoichiometric ratios
for TMES-TNTATO and TMES-DNBPA, respectively, formulated with 1 wt% Irgacure
TPO, and approximately 5 grams of the monomer mixture was dissolved in 50 mL THF.
The solution was stirred overnight under irradiation with 405 nm at 15 mW/cm? using a
Thorlabs M405L2 LED. After removal of the solvent under reduced pressure a golden,
mildly odorous oil was obtained. Excess solvent was removed under reduced pressure,

and through heating under a strong vacuum.

2.5 Results and Discussion

Rapid polymerization rates, required for clinically acceptable dental material
processing times, are a hallmark of the contemporary, methacrylate-based dental
restorative resins. The PETMP/TATATO monomer system formulated in a 1:1
stoichiometric ratio has been widely studied as a thiol-ene alternative to the methacrylate
resins, as it displays polymerization rates comparable to the methacrylate monomers, and
will be used as the benchmark resin in this study. The photopolymerization behavior and
consumption of vinyl and thiol moieties of PETMP with TATATO, TMES with
TATATO, TMES-TNTATO oligomer with TATATO, and TMES-DNBPA oligomer
with TATATO, all containing 1 wt% TPO were examined using FTIR spectroscopy (See
Figure 2.8). Of these, PETMP/TATATO reference saw the highest rates of
polymerization and final thiol and ene conversions, followed by TMES/TATATO, and
the pre-oligomerized formulations. In contrast to previous reports, it was demonstrated

that the silane-based lower MW tetrathiol TMES polymerizes with TATATO at rates
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comparable to the PETMP/TATATO. The discrepancy is likely attributable to residual
impurities following the preparation of TMES. Initial photopolymerization experiments
showed results comparable to those previously reported. Consistent, improved

photopolymerization was observed following rigorous and consecutive fractional

distillation of TMES.
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Figure 2.8 Photopolymerization kinetics Conversion versus time for the photopolymerizations
of (@) PETMP/TATATO, (b) TMES/TATATO, (c) TMES-TNTATO/TATATO, and (d) TMES-
DNBPA/TATATO. Continuous irradiation with 405 nm at intensities of 1 (blue triangles), 3
(red circles), and 10 (black squares) mW/cm’. TATATO ene conversions are displayed as solid
lines and symbols, whereas thiol conversions are dashed lines and open symbols
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Attempts to identify the impurities through 'H-NMR spectroscopy and mass
spectrometry were unsuccessful. Having established the photopolymerization behavior of
TMES, TMES was oligomerized in solution with the norbornyl-bearing monomers
TNTATO and DNBPA in a 1:0.16 and 1:0.32 thiol-ene stoichiometry respectively to
allow maximum conversion prior to gelation. Complete consumption of the norbornyl

moieties is confirmed through 'H-NMR spectroscopy as shown in Figure 2.9.

(a) TMES
(b) TNTATO!
. |
i I
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Figure 2.9 '"H-NMR spectra of (a) TMES, (b)) TNTATO, and (c) TMES-TNTATO oligomer
Complete incorporation of TNTATO in the oligomer is confirmed by the disappearance of the
norbornyl signal centered at 6 ppm highlighted in the dashed box

The pre-oligomerized formulations demonstrate rapid polymerization following
exposure to 405nm irradiation. While rapid photopolymerization occurs at increased
irradiation intensities, the rate of thiol and ene consumption is significantly reduced
compared to both TMES/TATATO and PETMP/TATATO at lower irradiation
intensities, with a lower overall conversion. As the concentration of both thiol and ene in

the oligomeric formulation 1is significantly reduced relative to the monomeric
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TMES/TATATO formulations, the reduction in polymerization rates was not unexpected.
While TMES-TNTATO/TATAO saw more rapid TATATO consumption and final
conversion than TMES-DNBPA/TATATO, higher rates of thiol consumption and
increased final thiol conversion was observed in TMES-DNBPA/TATATO. As the
incident irradiation intensity was raised, increased thiol and ene polymerization was
observed. Additionally, while the resins were formulated in a 1:1 stoichiometric thiol/ene
ratio, TATATO consumption proceeded faster and to greater extend than that of the thiols
in all formulations. Polymerization initiated readily upon irradiation with no noticeable
induction period. When considering overall conversion of the various photopolymers the
reduction in final conversion of the TMES-based formulations is lower than the
PETMP/TATATO formulation. The decrease is likely related to the increased glass
transition temperature (See Figure 2.11 and Table 2.1) of the resultant polymer, and
resultant vitrification trapping radicals and preventing further conversion of the
monomers. Although thiol-ene polymerizations are often described as ideal alternating
copolymerizations, where the thiol and ene moieties are consumed at equal rates as these
polymerizations proceed, the allyl functional group was consistently consumed more
rapidly than the thiol under all irradiation conditions for each of the examined
formulations, attributable to a limited amount of allylic homopolymerization during each
reaction. While these systems do show reduced rates of polymerization, they nevertheless
cure rapidly at increased incident irradiation intensities. As the irradiation intensity
emitted by the light guide of conventional dental lamps usually approaches or exceeds 1

W-cm this is not a cause of concern for these oligomeric formulations.
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Figure 2.10 Dynamic Mechanical Analysis traces of storage modulus (E’, solid lines) and tan 6
(dashed lines) as a function of temperature (a) PETMP/TATATO, (b) TMES/TATATO, (¢
TMES-TNTATO/TATATO, and (d) TMES-DNBPA/TATATO, irradiated with 405 nm at 10
mW-cm™. First heating ramp is in black, and second heating ramp is in red. Storage modulus
is displayed as solid lines and symbols, whereas tan 0 is displayed as dashed lines and open
symbols

For resins to be acceptable for clinical dental applications, one requirement to be
met is a sufficiently high glass transition temperature of the cured resin, generally
needing to exceed 100°C. The viscoelastic properties of the 4 different thiol-ene resins

2 of 405 nm light were determined using dynamic mechanical

cured at 10 mW/cm
analysis (See Figure 2.10. summarized in Table 2.1). The storage modulus (E’) prior to
the glass transition onset was lower for the second temperature ramp than for the first

ramp for all samples, whereas the E’ was consistently higher in the rubbery regime for the
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second ramp than for the first. Whereas the observed glass transition temperature (Tg), as
determined by the peak in the tan 6 curve, was higher for the second temperature ramp

than the first for all samples.
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Figure 2.11 Dynamic Mechanical Analysis comparison of cured thiol-ene monomeric and
oligomeric resins as indicated and irradiated with 405 nm at 10 mW-cm™ in the first (maize)
and second (blue) heating cycles (a) glass transition temperature as indicated by tan 6, and (b)
storage modulus at 37 °C.

The PETMP/TATATO formulation when cured under these conditions displays a
glass transition temperature of 78.6°C, while this increased to 92.5°C in the second
heating ramp, the lowest Ty of the studied thiol-ene materials. During the heating cycle
of the DMA, the cured material softens and allows for trapped radicals to further advance
monomer conversion. The increased conversion is more representative of the dental
clinical practice as the irradiation intensities delivered by light guides of conventional

dental lights results in an increased monomer conversion compared to those used in this
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study. The hypothesis that the increased crosslinking density obtained from using the
lower MW TMES to replace PETMP would increase the glass transition temperature of
the resultant polymer is confirmed by DMA. The T of the TMES/TATATO polymer was
increased in both the first and second heating ramps, with an observed T, of 108.5°C and
111.3°C respectively. As expected, the inclusion of the norbornyl monomers in the
TMES/TATATO formulations through pre-oligomerization resulted in a further increase
of the glass transition temperature of the resultant polymer films. TMES-
TNTATO/TATATO saw an increase in Tg to 111.1°C in the first heating ramp and
119.2°C in the second heating ramp. The T, of the DNBPA-containing formulations
increased to 114.9°C and 123.8°C in the first and second heating ramps respectively,
demonstrating that the inclusion of norbornyl-containing monomers in thiol-ene
photopolymers yields an increase in the glass transition temperature as summarized in
Figure 2.11 and Table 2.1, reaching T, values comparable to contemporary methacrylate-

based dental resins.

Table 2.1 DMA Summary thiol-ene formulations as indicated and irradiated with 405 nm at 10
mW-cm™ for 10 minutes

Formulation Tg (°C), ramp 1 E’ at 37°C | Tg (°C), ramp 2 E' at 37°C
(GPa), ramp 1 (GPa), ramp 2

PETMP/TATATO 78.1+1.6 1.89+£0.09 92.5+1.3 1.86 +£0.07
TMES/TATATO 108.5+0.9 2.03 £0.08 111.3+0.7 1.75+£0.02
TMES-TNTATO/ 111.1+1.7 2.12+£0.02 1192+ 1.6 1.92+0.07
TATATO

TMES-DNBPA/ 1149+ 04 2.29+£0.09 123.8 +0.8 2.00+0.01
TATATO
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Figure 2.12 Tensometry Polymerization Shrinkage stress versus time for the photocuring of (a)
PETMP/TATATO, (b) TMES/TATATO, (c) TMES-TNTATO/TATATO, and (d) TMES-
DNBPA/TATATO. Continuous irradiation with 405 nm at intensities of 1 (blue triangles), 3
(red circles), and 10 (black squares) mW-cm™.

A strong motivation for the development of thiol-ene dental resin lies in their
significant reduction in the observed polymerization-induced shrinkage stress relative to
methacrylate-based dental resins, owing to both the inherently lower volumetric
shrinkage, and the delayed gelation following from the step-growth polymerization
mechanism. The PETMP/TATATO formulation displays a five-fold reduction in

polymerization-induced shrinkage stress relative to the bisGMA/TEGDMA methacrylate
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reference. In this study tensometry experiments to determine polymerization shrinkage
stress were carried out at light intensities matching those of the photopolymerization
kinetics. As demonstrated in Figure 2.12 the development of polymerization-induced
shrinkage stress of the PETMP/TATATO develops rapidly, while in the TMES/TATATO
formulation, both the rate of shrinkage stress development as well as final observed

shrinkage stress are significantly decreased.

Table 2.2 Shrinkage stress comparison of thiol-ene monomeric and oligomeric resins as
indicated and irradiated with 405 at the noted intensity for 10 minutes

Formulation Final shrinkage Stress at | Final shrinkage Stress | Final shrinkage Stress
1 mW/cm? @ 405nm at 3 mW/cm? at 10 mW/cm?

PETMP/TATATO 0.49 £0.02 0.75+0.01 1.00 +0.02
TMES/TATATO 0.34+£0.02 0.56 £0.05 0.82+£0.01
TMES-TNTATO/ 0.17+0.01 0.30+0.01 0.43+£0.04

TATATO

TMES-DNBPA/ 0.13+£0.01 0.25+0.01 0.38 £ 0.01

TATATO

Previously reported oligomerization of PETMP/TATATO formulations prior to
resin curing leads to a further decrease in the observed polymerization-induced shrinkage
stress, as the volumetric shrinkage that occurs as a result of the pre-oligomerization is
dissipated through viscous flow in solution. Similarly, it was hypothesized that among
other benefits the pre-oligomerization of TMES with TNTATO and DNBPA would result

in an overall decrease in the observed polymerization shrinkage stress.
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Figure 2.13 Shrinkage stress comparison of thiol-ene monomeric and oligomeric resins as
indicated and irradiated with 405 nm at 10 mW-cm™ for 10 minutes.

Photopolymerization of the TMES-TNTATO/TATATO and TMES-
DNBPA/TATATO formulations show a significant delay in the development of
polymerization shrinkage stress, as well as a slower development of said shrinkage stress.
As summarized in Figure 2.13, the final observed polymerization-induced shrinkage
stress of the oligomeric resins cured at 10 mW/cm? is reduced to half for both oligomeric
resins. In accordance with previous literature the development of shrinkage stress, as well
as the final observed shrinkage stress is significantly decrease at lowered incident light
irradiation intensities, as is summarized in Table 2.2. Importantly, this reduction in
observed shrinkage stress is not a result of decreased curing of the resins, as Figure 2.8
demonstrates that the conversion in all formulations reaches a similar level. Through
correlation of monomer conversion (Figure 2.8) with shrinkage stress (Figure 2.12) as

shown in Figure 2.14, it is demonstrated this observation holds true for all the studied
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formulations and irradiation intensities, further indicating the potential for pre-

oligomerized thiol-ene formulations for dental restorative resins.
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Figure 2.14 Correlation of TATATO double bond conversion with the observed polymerization
shrinkage stress of (a) PETMP/TATATO, (b) TMES/TATATO, (c) TMES-TNTATO/TATATO,
and (d) TMES-DNBPA/TATATO. Continuous irradiation with 405 nm at intensities of 1
(blue), 3 (red), and 10 (black) mW-cm™. Data from Figure 2.8 and Figure 2.12.

In all occasions, increasing the light irradiation intensity resulted in earlier onset
of polymerization shrinkage stress development, and increased overall polymerization-
induced shrinkage stress. The PETMP/TATATO thiol—ene reference showed the highest
shrinkage stress values, followed by TMES/TATATO, TMES-TNTATO/TATATO, and

with TMES-DNBPA/TATATO showing the lowest shrinkage stress. Polymerization
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shrinkage stress data was correlated to photopolymerization kinetics data to provide

insight in the conversion-shrinkage stress relationship.

Following the demonstration of rapid photopolymerization of the
TMES/TATATO and the oligomeric TMES-derived formulations, these formulations
were further examined in glass, and glass & fluoroapetite crystal filled composites and
compared for their performance to a similarly filled bisGMA/TEGDMA composite for

their cytotoxicity and mechanical properties by collaborators.

When extracted under the DMEM culture media conditions, at the highest
leachable concentrations (10x dilution) and the more diluted concentrations (100x and
1000x dilutions), all three filled resins, i.e. TMES-TNTATO/TATATO, TMES-
DNBPA/TATATO and bisGMA/TEGDMA, filled with glass, with and without FA

crystals, did not show toxic effects compared to the cell only controls.

TMES-TNTATO/TATATO TMES-DNPBA/TATATO bisGMA/TEGDMA

I [Iﬂ I

TNT TNT-G  TNT-GF  Control DNB DNB-G DNB-GF Control Bis Bis-G Bis-GF  Control
DPSC DPSC DPSC

Figure 2.15 Cell viability testing
Composites made from the new resins, TMES-DNBPA/TATATO and TMES-

TNTATO/TATATO exhibited a trend toward greater total toughness than composites

made from bisGMA/TEGDMA. The increase in toughness did not come at the expense of
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strength or stiffness, as is typical, as these properties were not significantly different from
those of bisGMA/TEGDMA based composites, and trended towards higher values.
Introduction of FA reduced the strength but not the modulus, compared to the same
composite filled with glass only. This is expected, given the non-silated nature of the
FA/resin coupling and resultant inferior bonding of FA to the matrix compared, and the
greater dependence of strength on the resin/filler bond. However, the magnitude of these

properties exceeds that of bisGMA/TEGDMA composites containing FA fillers.

Table 2.3 Mechanical testing results of composite formulations

Composite Flexural Flexural Yield Post-Yield Total
Modulus Strength Strength Toughness Toughness
(GPa) (MPa) (MPa) (MPa) (MPa)

Bis-GMA 5.94+1.35 7334+ 16.13 | 73.34%16.13 | 0.00 £ 0.00 0.53+0.26

50% glass

Bis-GMA 422+ 1.08 51.21+12.87 | 51.21 £12.87 | 0.00 %+ 0.00 037+£0.22

50% glass + FA

TMES-DNBPA 3.56 + 0.85 68.60 = 16.75 | 68.60 % 16.75 | 0.00 & 0.00 0.73 +£0.28

50% Glass

TMES-DNBPA | 344 +0.16 59.22+2.71 59224271 | 0.00 =% 0.00 0.58 £ 0.09

50% Glass+FA

TMES-TNTATO | 324 £ 0.61 67.11+15.14 | 67.11 %+ 15.14 | 0.00 & 0.00 0.81+0.33

50% Glass

TMES-TNTATO | 326 £ 0.56 4617+ 7.17 | 46.17+7.17 | 0.00 % 0.00 0.36 £ 0.09

50% Glass+FA

2.6 Conclusion

In this work, we compared the PETMP/TATATO model thiol-ene resin to the
ester-free silane-based alternative TMES, and 2 different TMES-derived norbornyl-
containing oligomers of TNTATO, and DNBPA for the formulation of dental restorative
resins. The resultant resins cure rapidly under moderate intensity visible light irradiation,
resulting in highly cross-linked materials. These cross-linked materials all show an

improved Ty in both the first and second heating ramp of the dynamic mechanical testing,
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increasing the Tg up to 36°C relative to PETMP/TATATO. Furthermore, the
polymerization-induced shrinkage stress was reduced by employing TMES to replace
PETMP, and pre-oligomerization of TMES with either TNTATO or DNBPA slowed
down the shrinkage stress development, and significantly lowered the final observed
shrinkage stress. Furthermore, oligomeric resins filled with glass and glass +
fluoroapetite behave similarly to the methacrylate control in terms of cytotoxicity,
flexural modulus and toughness. Through a combination of silane-based based
monomers, and pre-oligomerization, we have developed novel ester-free norbornyl-
containing thiol-ene resins with improved glass transition temperatures, significantly

reduced shrinkage stresses, while still curing rapidly and to high conversions.
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Chapter 3
Further Development of Thiol-ene Dental Resins Through Addition-

Fragmentation Chain-Transfer Chemistry and Adhesive Monomers

3.1 Abstract

Methacrylate-based dental composite resins have long suffered from high
polymerization-induced shrinkage stress, and poor adhesion to mineralized tissues.
Consequently, novel chemistries have been developed for these materials to improve on
these aspects. With the recent development of high glass transition, low shrinkage stress
thiol-ene polymers for dental restorative purposes the need arises for further
development of these materials to be competitive with methacrylate composites. Here, we
examine allyl sulfide addition-fragmentation chain-transfer chemistry as a means of
reducing polymerization-induced shrinkage stress in glassy thiol-ene polymers and
determine the impact of this chemistry on reaction kinetics and thermomechanical
properties. To improve adhesion of the thiol-ene resins to mineralized tissue, acid-
containing allyl monomers were prepared and evaluated for their effect on the thiol-ene
photopolymerization and glass transition temperature. Further reduction of shrinkage
stress in glassy thiol-ene materials was achieved, and carboxylic acid-containing

monomers demonstrate good compatibility with thiol-ene photopolymerizations.
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3.2 Introduction

3.2.1 Addition-fragmentation chain-transfer chemistry in thiol-ene systems

Rapid photopolymerization reactions of vinyl monomers through free radical
chain-growth polymerizations is frequently observed with a significant decrease in
volume. In the case of methacrylate-based dental restorative materials the development of
shrinkage stress as a result of this can lead to various deleterious effects such as marginal
gap formation', tooth cracking,? and post-operative sensitivity. Among the approaches to
reduce polymerization-induced shrinkage stress in dental formulations, thiol-ene
chemistry has emerged as a potential candidate to this end.> Through a combination of
inherently lower shrinkage and delayed gelation, thiol-ene polymers show very favorable
attributes. While historically limited by their low glass transition temperatures, the
previous chapter discusses the successful development of low shrinkage stress, high Tg
thiol-ene polymers. While the obtained results are promising, additional avenues towards

improving on these materials are available.

A well-established approach towards reduction of polymerization-induced
shrinkage stress lies in stress relaxation of the crosslinked polymeric network.* This can
be achieved through free-radical mediated rearrangement via addition-fragmentation
chain-transfer (AFCT) reactions. AFCT agents containing B-quaternary carbon centers’
and PB-allyl sulfones® allow for single-use stress relaxation, as these necessitate a nearby
double bond for successful AFCT. Allyl sulfide AFCT agents in contrast demonstrate the
ability to undergo addition and fragmentation multiple times without loss of active
radicals or allyl sulfide as demonstrated in Scheme 3.1. In addition, the allyl disulfide

network rearrangement mechanism provied a means of stress relaxation without change
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in thermomechanical properties, as the crosslinking density of the material is preserved.*
7 The allyl disulfide AFCT approach is particularly well-suited for stress relaxation in
thiol-ene-based crosslinked polymers. As Scheme 3.2 shows, the thiyl radicals involved
in the thiol-ene polymerization are interchangable with AFCT-derived thiyl radicals in
the network rearrangement.®® Thus, the thiyl radical acts as a central intermediate in the

thiol-ene/AFCT cascade reactions.
T T T
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Scheme 3.1 Addition-fragmentation chain-transfer mechanism demonstrating network

rearrangement through thiyl radical addition to an allyl disulfide and subsequent
fragmentation
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Scheme 3.2 The thiol-ene/AFCT cascade reaction mechanism in which the central thiyl
radical takes part in either the thiol-ene polymerization (left, maize cycle), or addition-
fragmentation chain-transfer through an allyl disulfide (right, blue cycle).
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Owing to their ubiquitous use in contemporary dental restorations, methacrylate
have been the main focus of AFCT chemistries for shrinkage stress reduction. Allyl
sulfides as AFCT agents in dimethacrylate formulations have lead to significant reduction
in observed polymerization shrinkage stress.!® !' However, as the AFCT is irreversible

methacrylate-only resins, greater shrinkage stress reduction was observed in dual thiol-
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methacrylate formulations,'? as a result of both the increased step-growth polymerization
character of the curing, as well as decreased consumption of the allyl sulfides. Despite
these successes, the inherently high shrinkage stress of dimethacrylates resins is limiting
to reducing the total shrinkage stress. Thiol-ene polymerizations on the other hand
display a signifcantly lower shrinkage stress, a combination of delayed gelation and
inherently lower shrinkage per monomer consumed.® !> A significant deterrent to the use
of thiol-ene formulations in dental resins lies in the generally lower T, of the polymeric
materials. Especially the subpar Tgs exhibited by previously described thiol-ene/AFCT
formulations rendered them ill-suited as dental restoratives.® However, the silane-based
oligomers described in the previous chapter provide high T, thiol ene-based materials.
Additionally, while other AFCT chemistries are limited in their use, thiol-ene
polymerizations in conjuction with allyl sulfide AFCT is not limited by this as the allyl
sulfide is regenerated following AFCT. Here, we examine the impact of incorporating
allyl sulfide AFCT agents on the previously developed silane-based oligomeric resins.
The effects on polymerization shrinkage stress profiles, thiol-ene photopolymerization
kinetics, and thermomechical properties are studied. Propyl sulfide bearing additives

unable to undergo AFCT were studied in tandem as a control.

3.2.2 Acidic monomers to improve adhesion to mineralized tissues

Excellent adhesion of the dental formulations to the tooth is essential for the
longevity of the restoration. For methacrylate-based dental composites typically
following preparation of the cavity, the exposed enamel and dentin is subjected to a
phosphoric acid-based etchant. Subsequently the etchant is rinsed away, and an adhesive

resin, typically consisting of solvent, hydroxyethylmethacrylate (HEMA) and
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dimethacrylates is applied,'#'¢

after which the actual restorative composite is placed. The
phosphoric acid-based etchant serves to remove the smear layer, increase enamel surface
area, and demineralize the dentin leaving behind a collagen matrix.!” '* The adhesive
resin then infiltrates the prepared tissue, penetrating into the collagen matrix, dental

tubules in dentin,"

and the rough enamel surface. Adhesion is achieved through a
combination of chemical bonding between the tissue and adhesive, and mechanical
interlocking of the crosslinked polymers with the enamel surface and collagen matrix.
While this “etch-and-rinse” or “total etch” approach has been a staple in promoting
restoration adhesion, the results are highly technique dependent. Poorly application of the
etchant can result in various deleterious effects including significant post-operative

20-22

sensitivity 23, A

and incomplete penetration of the adhesive into the tissue.
Additionally the influence of the smear layer on adhesion is highly debated and it might

have a positive impact on restoration longevity.

With the demand for a less technique sensitive approach, self-etch adhesives were
developed. In contrast to the total etch approach; no strong etchant is applied following
cavity preparation. Instead, the adhesive resin contains acid curable monomers. These
monomers contain a polymerizable moiety and an active acidic group,'® typically a
carboxylic acid,® phosphoric acid,'* or phosphonate acid.’® 2’ These acidic moieties
serve to demineralize the tooth tissue, and promote adhesion to the hydroxyapatite and
collagen in the tissue through either covalent or ionic bonding. In the reduced
concentration in the resin the acids are typically significantly weaker than the phosphoric
acid etchant, and as a result demineralization of dentin is significantly limited, resulting

in a decreased hybrid adhesive/tissue layer. As the etching characteristics of the adhesive
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are intrinsic to the formulation, more consistent results can be achieved independent of

the practitioner.

Notwithstanding the success of self-etch adhesives, the monomers display several
disadvantageous properties. The most significant consequence of the monomer design is
a decrease in the adhesive lifetime, both in bottle and in restoration.?> 2% ?° The general
concern of methacrylate hydrolysis is amplified by these monomers. As ester hydrolysis
is catalyzed at low and high pH, the inherent presence of acidic moieties leads to auto-
catalyzed hydrolysis. This is further amplified by the common use of water as a solvent in
adhesive resins. In the case of phosphate ester monomers, additional hydrolysis is

possible at the phosphate ester bonds.*°

Efforts to improve hydrolytic resistance of acid-containing monomers commonly
focus on either the monomer hydrophobicity or replacement of methacrylates by more
resistant moieties. Exchanging the methacrylate ester group for methacrylamides,’! ether
linkages,?® or acrylonitriles*? significantly improves hydrolytic resistance, and have been
successfully demonstrated with multiple acidic moieties. Increasing steric hindrance near
the methacrylate or incorporation of a more hydrophobic spacer similarly leads to
improvements in hydrolytic resistance.>® 3* Nevertheless, this latter approach fails to

25,35 a5 even the

address the inherent issue of methacrylate susceptibility to hydrolysis,
decylene spacer in the phosphate ester-bearing methacryloyldecylphosphate does not
completely prevent methacrylate hydrolysis.>> While hydrolytic resistance is an important
aspect of these self-etch monomers, some excellently stable monomers are nevertheless
ill-suited for applications in dental adhesive resins as they suffer from slow

polymerization rates, poor tissue wettability and weak adhesion to the tooth tissue.*® 3’
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Design of self-etch monomers can improve the stability of these particular
compounds, this approach fails to take into account their impact on the resin as a whole.
A significant portion of the self-etch adhesive is commonly made up of HEMA and
dimethacrylates. Whilst monomer design increases the self-etch adhesive, the
methacrylates used in contemporary adhesive formulations remain ever susceptible to the
acid-catalyzed hydrolysis. In contrast, the silane-based oligomeric thiol-ene resins
described previously are devoid of hydrolysis-susceptible ester moieties, and the silane
thiol core has been demonstrated to form hydrolysis-resistant thiol-ene polymers.>®
Combination of thiol-ene chemistry with methacrylate-free thiol-ene compatible acidic
monomers would potentially allow for combining the advantages of low shrinkage stress
thiol-ene polymers with the benefits of improved adhesion from self-etch. In here, the
synthetic approach to carboxylate-, phosphate-, phosphonate-, and trimellitic anhydride-
containing monomers is described. The characterization of the successfully prepared
monomers, and photopolymerization behavior of these methacrylate-free thiol-ene
compatible acidic monomers to improve adhesion to mineralized tissue is described. The
cured materials are further examined for the impact of the acidic monomers on the
thermomechanical properties of the thiol-ene polymers. To the best of our knowledge,

acidic, adhesion-promoting self-etch monomers have not been previously described for

thiol-ene polymers.

3.3 Experimental

3.3.1 Materials
Tetra(2-mercaptoethyl)silane (TMES) and 1,3,5,-trinorbornyl-1,3,5-triazine-

2,4,6(1H,3H,5H)-trione (TNTATO) were prepared as described in the previous chapter.
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Dicyclopentadiene, allyl bromide, Potassium ethyl xanthogenate, ethylene diamine,
sodium, trimethylolpropane diallyl ether, pentaerythrithol allyl ether (technical grade
70%), phosphorous (V) oxychloride were obtained from Sigma-Aldrich (St. Louis, MO).
2-methylpropan-1,3-diol was obtained from TCI America (Portland, OR). Sodium
Bromide, potassium tert-butoxide, bromoacetic acid, triethyl amine, absolute ethanol,
methanol, sulfuric acid, and fert-butanol were obtained from Fisher Scientific (Hampton,
NH). 1,3-dichloro-2-methylenepropane was obtained from AK Scientific (Union City,

CA)

3.3.2 Methods
3.3.2.1 Light Sources and intensity measurement

Violet light was provided by a collimated, LED-based illumination source
(Thorlabs M405L2-C) with an emittance centered at 405 nm (FWHM 13 nm), used in
combination with a current-adjustable LED driver (Thorlabs LEDDI1B) for intensity
control. Irradiation intensities were measured with an International Light IL1400A
radiometer equipped with a broadband silicon detector (model SELO033), a 10x

attenuation neutral density filter (model QNDS1), and a quartz diffuser (model W).

3.3.2.2 FTIR Spectroscopy

Photopolymerization reaction kinetics were examined using a Thermo Scientific
Nicolet 6700 FT-IR spectrometer equipped with a horizontal transmission accessory, as
described elsewhere, recording spectra from 2000 cm™ to 7000 cm™ at a rate of
approximately 2 every second. Resins were mixed in 1:1 thiol:ene stoichiometric ratios,
formulated with 1 wt% Irgacure TPO, and introduced between two glass microscope

slides separated by 50 pm thick spacers. The functional group conversions upon
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irradiation were determined by monitoring the disappearance of the peak area centered at
2571 em™ corresponding to the thiol group stretch and 3083 cm™! corresponding to the
allylic vinyl group stretch. All experiments were conducted in triplicate, and the

irradiation intensities were as indicated in the figure captions.

3.3.2.3 Dynamic Mechanical Analysis

Cross-linked polymer films were prepared from thiol-ene formulations containing
1 wt% Irgacure TPO which were polymerized between glass microscope slides separated
by 250 pum thick spacers for 30 minutes at room temperature under 405 nm irradiation at
10 mW-cm™. Samples of approximately 15 mm x 5 mm x 0.25 mm were cut from the
cured films and mounted in a TA Instruments Q800 dynamic mechanical analyzer
equipped with a film tension clamp. Experiments were performed at a strain and
frequency of 0.1% and 1 Hz, respectively, scanning the temperature from —25°C to
200°C twice at 2°C-min’!, and the storage modulus (E’) and tan § curves were recorded.
All experiments were conducted in triplicate. The repeated temperature scan was used to
determine the influence of dark polymerization at temperatures greater than the glass
transition temperature (Tg). The Ty was assigned as the temperature at the tan 6 curve

peak.

3.3.2.4 Polymerization Shrinkage Stress

Polymerization-induced shrinkage stress was determined using a tensometer.
Resins formulated in 1:1 thiol:ene stoichiometric ratios, containing 1 wt% Irgacure TPO
as the photoinitiator were introduced between 2 polished quartz rods (6mm diameter)
spaced 1 mm apart. The samples were irradiated from below through the quartz rod and

the polymerization-induced shrinkage stress was monitored through cantilever deflection
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and recorded at a rate of 10 per second. All experiments were conducted in triplicate, and

the irradiation intensities were as indicated in the figure captions.

3.3.3 Synthesis
3.3.3.1 Norbornyl bromide

Dicyclopentadiene (4.73 g), allyl bromide (10.73 g), and Q-1301 (16 mg) were
added to a 50 mL glass bomb flask. The flask was sealed and heated to 170°C for 20
hours. The flask was allowed to cool to room temperature, and the excess allyl bromide
was removed by heating the opened flask to 100°C for several hours. The resultant
material was distilled under reduced pressure (40°C, 300 mTorr) to yield the desired
material in a mixture of endo and exo isomers (85:15) as a colorless oil. 'H NMR (400
MHz, CDCl3) 6 6.21 (d, 1H), 6.00 (d, 1H), 3.22 (t, IH), 3.05 (t, IH), 3.00 (m, 1H), 2.88

(s, 1H), 2.52 (bm, 1H), 1.95 (m, 1H), 1.49 (m, 1H), 1.32 (m, 1H), 0.61 (d, 1H)
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Figure 3.1 'H-NMR Spectrum of endo-Norbornyl bromide (major isomer)
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3.3.3.2 2-methylenepropane-1,3-di(ethylxanthogenate)

Potassium ethyl xanthogenate (27 g) was added to absolute ethanol (300 mL) in a
500 mL 2-neck round-bottom flask equipped with an addition funnel. 1,3-dichloro-2-
methylenepropane (10 g) was dissolved in ethanol (10 mL) added dropwise, and the
solution was stirred at room temperature overnight. The solvent was removed under
reduced pressure and water (200 mL) was added. The mixture was extracted 3 times with
ethyl ether (100 mL), and the combined organic phases were washed with brine (100
mL). The organic phase was dried over magnesium sulfate and the solvent removed
under reduced pressure. The obtained material was used without further purification 'H

NMR (400 MHz, CDCl3) 55.26 (s, 2H), 4.64 (qt, 4H), 3.91 (s, 4H), 1.43 (t, 6H)
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Figure 3.2 '"H-NMR of 2-methylenepropane-1,3-di(ethylxanthogenate)
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3.3.3.3 2-methylenepropane-1,3-dithiol

2-methylenepropane-1,3-di(ethylxanthogenate) (20 g) was added dropwise to
ethylene diamine (40 mL) cooled on ice. The mixture was stirred on ice for 2 hours after
which it was very carefully added to a mixture of sulfuric acid (100 mL) and ice (500 g)
and stirred for 30 minutes. The mixture was extracted 3 times with ethyl ether (125 mL)
and the combined organic phases were washed with 2M aqueous sulfuric acid (250 mL)
and brine (250 mL). The solution was dried over magnesium sulfate, filtered, and the
solvent removed under reduced pressure. The obtained material was distilled under
reduced pressure (41°C, 0.4 Tor) to obtain the desired product as a malodorous colorless

oil. 'H NMR (400 MHz, CDCl3) 54.99 (s, 1H), 1.32 (m, 1H), 0.61 (d, 1H)
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Figure 3.3 '"H-NMR Spectrum of 2-methylenepropane-1,3-dithiol
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3.3.3.4 2-Methylenepropane-1,3-di(norbornene sulfide) (NAS)

To a 250 mL 3-neck round bottom flask equipped with a reflux condenser and an
addition funnel was added to 80 mL anhydrous methanol in an argon atmosphere
elemental sodium (1.34g). The solution was heated to 75°C for 1 hour. Then, a mixture of
norbornyl bromide (5.10g) and 2-methylenepropane-1,3-dithiol (2.76g) in a minimal
amount of anhydrous methanol was added dropwise, and the solution was left to stir
overnight. The next morning, the solution was allowed to cool to room temperature, and
the solvent was removed under reduced pressure. Water was added to the residue, and the
mixture was extracted 4 times with ethyl ether (80 mL). The combined organic phases
were washed with brine, dried over magnesium sulfate and the solvent removed under
reduced pressure. The resultant material was distilled under reduced pressure (210°C, 0.2

Torr) to obtain the desired material as a waxy solid.
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Figure 3.4 '"H-NMR Spectrum of NAS
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3.3.3.5 1,3-dibromo-2-methylpropane

Sodium bromide (215g and 2-methylpropan-1,3-diol (74 mL) were dissolved in
deionized water (74 mL) in a 500 mL round-bottom flask equipped with a reflux
condenser. Sulfuric acid (190 mL) was added dropwise, and the solution was heated to
140°C, and stirred for 2 hours. The solution was allowed to cool to room temperature,
and was extracted 3 times with methylene chloride (100 mL). The combined organic
phases were washed with 1M aqueous sodium carbonate solution (100 mL) and brine
(100 mL). The solution was dried over magnesium sulfate and the solvent was removed
under reduced pressure. The resultant material was distilled under reduced pressure
(105°C, 10 Torr) to yield the desired product as a colorless liquid. 'H NMR (400 MHz,

CDCls) 53.51 (m, 4H), 2.18 (m, 1H), 1.15 (d, 3H)
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3.3.3.6 2-methylpropane-1,3-di(ethylxanthogenate)

Potassium ethyl xanthogenate (150g) was added to absolute ethanol (250 mL) in a
500 mL 2-neck round-bottom flask equipped with an addition funnel. The 1,3-dibromo-2-
methylpropane obtained from the previous step was added dropwise, and the solution was
stirred at room temperature for 2 days. Water (200 mL) was added to the solution, and the
mixture was extracted 3 times with ethyl ether (100 mL). The organic phases were
combined and dried over magnesium sulfate and the solvent removed under reduced
pressure. The obtained material was purified using silica column chromatography
(hexanes:ethyl acetate = 8:2) to obtain the desired product as a... '"H NMR (400 MHz,

CDCls) 54.66 (q, 4H), 3.00-3.30 (ddd, 4H), 2.26 (m, 1H), 1.42 (t, 6H), 1.13 (d, 3H)
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3.3.3.7 2-methylpropane-1,3-dithiol

2-methylpropane-1,3-di(ethylxanthogenate) (20 g) was added dropwise to
ethylene diamine (40 mL) cooled on ice. The mixture was stirred on ice for 2 hours after
which it was very carefully added to a mixture of sulfuric acid (100 mL) and ice (400 g)
and stirred for 30 minutes. The mixture was extracted 3 times with ethyl ether (125 mL)
and the combined organic phases were washed with 2M aqueous sulfuric acid (250 mL)
and brine (250 mL). The solution was dried over magnesium sulfate, filtered, and the
solvent removed under reduced pressure. The obtained material was distilled under

reduced pressure (50°C, 0.5 Torr) to obtain the desired product as a malodorous colorless

oil. 'H NMR (400 MHz, CDCl3) 52.59 (m, 4H), 1.80 (m, 1H), 1.25 (t, 2H), 1.02 (d, 3H)
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3.3.3.8 2-Methylpropane-1,3-di(norbornene sulfide) (NPS)

To a 250 mL 3-neck round bottom flask equipped with a reflux condenser and an
addition funnel was added to 80 mL anhydrous methanol in an argon atmosphere
elemental sodium (1.34g). The solution was heated to 75°C for 1 hour. Then, a mixture of
norbornyl bromide (5.10g) and 2-methylpropane-1,3-dithiol (2.76g) in a minimal amount
of anhydrous methanol was added dropwise, and the solution was left to stir overnight.
The next morning, the solution was allowed to cool to room temperature, and the solvent
was removed under reduced pressure. Water was added to the residue, and the mixture
was extracted 4 times with ethyl ether (80 mL). The combined organic phases were
washed with brine, dried over magnesium sulfate and the solvent removed under reduced
pressure. The resultant material was distilled under reduced pressure (210°C, 0.2 Torr) to

obtain the desired material as a colorless oil.
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3.3.3.9 Trimethylolpropanediallyl ethermonoacetic acid (DAC)

Potassium tert-butoxide (22g) and trimethylolpropane diallyl ether (20 mL) were
added to tert-butanol (160 mL) in a 500 mL 2-neck round bottom flask equipped with a
reflux condenser and an addition funnel. The solution was heated to 90°C and stirred for
1 hour. A solution of bromoacetic acid (13.2 g) in tert-butanol (40 mL) was added
dropwise to the solution. Immediately following addition, a white precipitate started to
form. Following complete addition, the reaction was stirred at 90°C for another 2 days.
The solution was allowed to cool to room temperature, and most solvent was removed
under reduced pressure. Water (120 mL) was added to the residue, and the precipitate
dissolved. The alkaline aqueous phase was extracted 2 times with diethyl ether (120 mL).
To the aqueous phase was carefully added 200 mL of hydrochloric acid (1 M), and the
pH was confirmed to be near 1. The acidic aqueous phase was extracted 4 times with
methylene chloride (75 mL), and the combined methylene chloride phases were washed
with brine (100 mL). The organic phase was dried over magnesium sulfate, and the
solvent was removed under reduced pressure. Further purification through fractional
Kugelrohr distillation (First fraction 100°C (tBuOH), second fraction 160°C 0.4 Torr)
yielded the product as a colorless, viscous oil. 'H NMR (400 MHz, CDCls) 6 5.89 (m,
2H), 5.21 (dd, 4H), 4.01 (s, 2H), 3.98 (m, 4H), 3.45 (s, 2H), 3.38 (qt, 4H), 1.44 (qt, 2H),

0.85 (t, 3H)
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Figure 3.9 '"H-NMR Spectrum of DAC

3.3.3.10 Pentaerythritoltriallyl ethermonoacetic acid (TAC)

Potassium tert-butoxide (22g) and pentaerythritol allyl ether (70%) (24.8 g) were added
to tert-butanol (160 mL) in a 500 mL 2-neck round bottom flask equipped with a reflux
condenser and an addition funnel. The solution was heated to 90°C and stirred for 1 hour.
A solution of bromoacetic acid (13.2 g) in tert-butanol (40 mL) was added dropwise to
the solution. Immediately following addition, a white precipitate started to form.
Following complete addition, the reaction was stirred at 90°C for another 2 days. The
solution was allowed to cool to room temperature, and most solvent was removed under
reduced pressure. Water (120 mL) was added to the residue, and the precipitate dissolved.
The alkaline aqueous phase was extracted 2 times with diethyl ether (120 mL). To the
aqueous phase was carefully added 200 mL of hydrochloric acid (1 M), and the pH was
confirmed to be near 1. The acidic aqueous phase was extracted 4 times with methylene
chloride (75 mL), and the combined methylene chloride phases were washed with brine
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(100 mL). The organic phase was dried over magnesium sulfate, and the solvent was
removed under reduced pressure. Further purification through fractional Kugelrohr
distillation (First fraction 100°C (tBuOH), second fraction 180°C 0.4 Torr) yielded the
product as a colorless, viscous oil. 'H NMR (400 MHz, CDCl3) §5.88 (m, 3H), 5.23 (dd,

6H), 4.05 (s, 2H), 3.97 (m, 6H), 3.56 (s, 2H), 3.47 (s, 6H), 1.4 (qt, 2H), 0.85 (t, 3H)
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Figure 3.10 '"H-NMR Spectrum of TAC

3.3.3.11 Trimethylolpropane diallyl ether monophosphoric acid (DAP)

Triethylamine (1.3g) and trimethylolpropane diallyl ether (2.76 g) were added to
anhydrous diethyl ether (20 mL) in a 100 mL round bottom flask equipped with an
addition funnel. The solution was cooled on ice and stirred for 1 hour. A solution of
phosphorous(V) oxychloride (1.77 g) in anhydrous diethyl ether (15 mL) was added
dropwise to the solution. Following complete addition, the solution was allowed to

slowly warm up to room temperature and stirred overnight, during which a white
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precipitate formed. The precipitate was filtered off, and the remaining solution was added
dropwise to 50 mL of vigorously stirring, ice cold water. Then, a solution of sodium
carbonate (250 g/L) was added and the aqueous phase was extracted 3 times with diethyl
ether (50 mL). The aqueous phase was brought to a pH of 3 through careful addition of
concentrated hydrochloric acid. The acidic aqueous phase was extracted three times with
diethyl ether (50 mL). The combined ethereal phases were dried over sodium sulfate, and
the solvent removed under reduced pressure to yield the desired product as a slightly
yellow, viscous oil. 'H NMR (400 MHz, CDCl3) §9.00-9.20 (m, 2H), 5.86 (m, 2H), 5.20-
5.30 (m, 4H), 3.96 (m, 6H), 3.33 (s, 4H), 1.45 (m, 2H), 0.86 (t, 3H) *'P NMR (400 MHz,

CDCl3) 51.78 (s)
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3.3.3.12 Pentaerythritol triallyl ethermonophosphoric acid (TAP)

Triethylamine (1.9g) and pentaerythritol allyl ether (70%) (4.95 g) were added to
anhydrous diethyl ether (30 mL) in a 100 mL round bottom flask equipped with an
addition funnel. The solution was cooled on ice and stirred for 1 hour. A solution of
phosphorous(V) oxychloride (2.65 g) in anhydrous diethyl ether (30 mL) was added
dropwise to the solution. Following complete addition, the solution was allowed to
slowly warm up to room temperature and stirred for 2 days, during which a white
precipitate formed. The precipitate was filtered off, and the remaining solution was added
dropwise to 100 mL of vigorously stirring, ice cold water. Then, a solution of sodium
carbonate (250 g/L) was added and the aqueous phase was extracted 3 times with diethyl
ether (100 mL). The aqueous phase was brought to a pH of 3 through careful addition of

concentrated hydrochloric acid. The acidic aqueous phase was extracted twice with
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diethyl ether (50 mL). The combined ethereal phases were dried over magnesium sulfate,
and the solvent removed under reduced pressure to yield the desired product as a slightly
yellow, viscous oil. '"H NMR (400 MHz, CDCls) & 7.75-8.25 (bs, 2H), 5.84 (m, 3H),

5.10-5.32 (m, 6H), 4.11 (m, 2H), 3.96 (m, 6H), 3.47 (s, 6H), 0.86 (t, 3H) 3'P NMR (400

MHz, CDCl3) 52.01 (s)
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3.4 Results and discussion

3.4.1 Effect of Addition-Fragmentation CT on thiol-ene resins

oo @ Vowrskswsrc’v O e e e (0 e L))

Scheme 3.3 Synthesis of NAS Reagents and conditions: (a) Potassium ethyl xanthogenate, r.t.
overnight, EtOH,(b) ethylene diamine, 0°C, 2h, (¢c) Na, norbornyl bromide, 75°C, overnight,
MeOH

2 HSJVSH = @VSJVSMKD

Scheme 3.4 Synthesis of NPS Reagents and conditions: (a) H;SO4 NaBr, reflux, water (b)
Potassium ethyl xanthogenate, r.t. overnight, EtOH,(c) ethylene diamine, 0°C, 2h, (d) Na,
norbornyl bromide, 75°C, overnight, MeOH
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The addition-fragmentation chain transfer (AFCT) additive norbornyl allyl sulfide
(NAS) (see Scheme 3.3) was prepared as previously described in literature. In order to
evaluate the effects of AFCT versus the effect of the addition of a new monomer in the
system, a negative control, which reacts in the thiol-ene reaction as NAS, but cannot
undergo the AFCT, norbornyl propyl sulfide (NPS) (see Scheme 3.4) was also prepared.
As shown in Chapter 1, the TMES/TATATO, and TMES-TNTATO/TATATO
formulations serve as low shrinkage stress ester-free high Ty alternatives for thiol-ene
dental restorative resins. To evaluate the effect of AFCT chemistry on the
photopolymerizations of these resins NAS was added at various concentrations (5-15%)
and NPS at a single concentration (10%) to these resins. In the photopolymerization of
TMES/TATATO with NAS & NPS (see Figure 3.16) the effect of NAS on the thiol-ene
polymerization is significant. Relative to the pristine TMES/TATATO formulation
(Figure 2.8b) the rate of consumption of both the thiol and ene is significantly reduced,
with a more pronounced effect as higher NAS content. As the thiyl radical in the thiol—
ene reaction takes part in the AFCT mechanism, the competing reaction is expected to
reduce the rate of polymerization, this is in agreement with the observed decrease in
polymerization rates as the NAS concentration increases. Furthermore, the formulation
containing NPS (Figure 3.16d) shows photopolymerization behavior similar to the
pristine TMES/TATATO resin. Of interest is the increased thiol consumption relative to
TATATO in the NAS-containing formulations. It is possible that the carbon-centered
radical intermediate of the AFCT reaction can undergo a chain-transfer reaction with a

free thiol, thus consuming the thiols as shown in Figure 3.15.
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Figure 3.15 Possible mechanism for thiol consumption in AFCT

Unfortunately, unlike previously reports, the allyl sulfide moiety could not be

monitored through FTIR spectroscopy in this system, as the signal overlaps with other

signals in the spectrum.® Incorporation of NAS/NPS into the crosslinked polymer

network was achieved though the thiol-ene reaction with the pendant norbornene

moieties, in which the thiol-norbornene reaction proceeds more rapidly than the thiol—-

TATATO reaction, demonstrated by Figure 3.17. The favored thiol-ene reaction with the

norbornene moieties provides another alternative avenue for the increased thiol

consumption in these formulations. It is however unlikely to be a major factor, as the

NPS-formulated resins displayed thiol and ene conversions akin to those of pristine

TMES/TATATO.
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Figure 3.16 Photopolymerization kinetics Conversion versus time for the photopolymerizations
of TMES/TATATO formulated with (a) 5% NAS, (b) 10% NAS, (c) 15% NAS, and (d) 10%
NPS Continuous irradiation with 405 nm at intensities of 10 (black squares), 3 (red circles),
and 1 (blue triangles) mW-cm™. TATATO ene conversions are displayed as solid lines and
symbols, whereas thiol conversions are dashed lines and open symbols
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Figure 3.17 NAS and NPS norbornene photopolymerization kinetics versus time in
Sformulations of (a) TMES/TATATO, and (d) TMES-TNTATO/TATATO. Continuous
irradiation with 405 nm at 10 mW-cm? of formulation containing 5% NAS (black squares),
10% NAS (red circles), 15% NAS (blue triangles), and 10% NPS (green diamonds)

The observations made in the TMES-TNTATO/TATATO formulations follow the
same trends as the TMES/TATATO-based formulations. The discrepancy between thiol
and ene polymerization however, is observed to be much greater in the pre-oligomerized
systems, particularly at high NAS concentrations (see Figure 3.18). The relative
concentration of allyl sulfide and norbornyl moieties is significantly higher in the pre-
oligomerized formulations, as a substantial fraction of the total enes has been consumed
in the pre-oligomerization. With the rapid incorporation of norbornenes into the resin,
coupled with the proposed addition/chain-transfer reaction in Figure 3.15 the elevated
thiol consumption can be explained. Overall, the addition-fragmentation chain-transfer
monomers are compatible with the previously developed thiol-ene and oligomeric thiol—
ene formulations, as the reduction in polymerization rates can be overcome through

increasing light intensities.
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Figure 3.18 Photopolymerization kinetics Conversion versus time for the photopolymerizations
of TMES-TNTATO/TATATO formulated with (a) 5% NAS, (b) 10% NAS, (c) 15% NAS, and
(d) 10% NPS. Continuous irradiation with 405 nm at intensities of 10 (black squares), 3 (red
circles), and 1 (blue triangles) mW-cm™. TATATO ene conversions are displayed as solid lines
and symbols, whereas thiol conversions are dashed lines and open symbols
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Figure 3.19 Polymerization-induced shrinkage stress versus time for the photopolymerizations
of TMES/TATATO formulated with (a) 5% NAS, (b) 10% NAS, (c) 15% NAS, and (d) 10%
NPS. Continuous irradiation with 405 nm at intensities of 10 (black squares), 3 (red circles),
and 1 (blue triangles) mW-cm™.

The impact of NAS on the polymerization-induced shrinkage stress was evaluated

through tensometry. The shrinkage stress observed in TMES/TATATO formulations was

impacted significantly by the inclusion of NAS. Whereas in the pristine TMES/TATATO

formulation shrinkage stress rapidly developed shortly following irradiation (see Figure

2.12b), the TMES/TATATO formulations containing NAS (see Figure 3.19) saw a

significant delay in the development of shrinkage stress, coupled with an overall decrease
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in the observed value, with no significant stress observed at the lowest irradiation
intensities. Incremental increase in the NAS content lead to a steady decrease in the
onset, rate, and final shrinkage stress. Conversely, inclusion of the negative control NAS

did not result in a significant change in polymerization-induced shrinkage stress.
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Figure 3.20 Polymerization-induced shrinkage stress versus time for the photopolymerizations
of TMES-TNTATO/TATATO formulated with (a) 5% NAS, (b) 10% NAS, (c¢) 15% NAS, and
(d) 10% NPS. Continuous irradiation with 405 nm at intensities of 10 (black squares), 3 (red
circles), and 1 (blue triangles) m W-em™.

Similar to the TMES/TATATO formulations, inclusion of NAS into the pre-
oligomerized TMES-TNTATO/TATATO formulations lead to a further decrease in the
observed shrinkage stress. The impact of NAS on the oligomeric formulations however

was much less pronounced (see Figure 3.20). Rather, the onset, rate, and final shrinkage
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stress were very similar to those observed in the TMES/TATATO-based formulations
(summarized in Figure 3.21 and Table 3.1). This observation demonstrates that the AFCT
chemistry, which rearranges the crosslinked polymeric network, dominates the
development of shrinkage stress rather than the initial reduction from the pre-
oligomerization. Correlating polymerization shrinkage stress with TATATO ene
conversion further visualizes the limited effect of NAS on conversion while significantly

reducing shrinkage stress.
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Figure 3.21 Polymerization shrinkage stress versus allyl sulfide (NAS) content for
TMES/TATATO (maize) and TMES-TNTATO/TATATO (blue) based formulations containing
1% TPO as the photoinitiator and irradiated for 10 minutes with 405nm light @ 10 mW/cm’.
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Table 3.1 Summary of polymerization-induced shrinkage stress of thiol-ene formulations
based on TMES/TATATO and TMES-TNTATO/TATATO after constant irradiation for 10
minutes with 405nm light at the indicated light intensity.

Formulation Final shrinkage Stress | Final shrinkage Stress | Final shrinkage Stress
at 1 mW/cm? (MPa) at 3 mW/cm? (MPa) at 10 mW/cm? (MPa)

TMES/TATATO 0.34+£0.02 0.56 +£0.05 0.82+0.01

TMES-TNTATO/ 0.17+0.01 0.30+0.01 0.43+0.04

TATATO

TMES/TATATO/ 0.004 + 0.003 0.15+0.01 0.32+0.01

NAS (5%)

TMES-TNTATO/ 0.012 £ 0.005 0.170 + 0.005 0.287 £ 0.004

TATATO/NAS (5%)

TMES/TATATO/ 0.000 + 0.001 0.069 + 0.003 0.233 £ 0.009

NAS (10%)

TMES-TNTATO/ 0.00 +0.03 0.069 + 0.004 0.226 + 0.004

TATATO/NAS (10%)

TMES/TATATO/ 0.002 +0.002 0.02 +£0.01 0.187 +0.003

NAS (15%)

TMES-TNTATO/ 0.002 + 0.005 0.037 £ 0.005 0.188 +0.004

TATATO/NAS (15%)

TMES/TATATO/ 0.25+0.01 0.49+0.06 0.72+0.01

NPS (10%)

TMES-TNTATO/ 0.126 + 0.006 0.251 +0.006 0.394 £ 0.006

TATATO/ NPS (10%)
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Figure 3.22 Correlation between monomer conversion and polymerization-induced shrinkage
stress of TMES/TATATO formulated with (a) 5% NAS, (b) 10% NAS, (c) 15% NAS, and (d)
10% NPS Continuous irradiation with 405 nm at intensities of 10 (black squares), 3 (red
circles), and 1 (blue triangles) mW-cm™. TATATO ene conversions are displayed as solid lines
and symbols, whereas thiol conversions are dashed lines and open symbols
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Figure 3.23 Correlation between monomer conversion and polymerization-induced shrinkage
stress of TMES-TNTATO/TATATO formulated with (a) 5% NAS, (b) 10% NAS, (c) 15% NAS,
and (d) 10% NPS Continuous irradiation with 405 nm at intensities of 10 (black squares), 3
(red circles), and 1 (blue triangles) mW-cm™. TATATO ene conversions are displayed as solid
lines and symbols, whereas thiol conversions are dashed lines and open symbols

The inclusion of NAS into the thiol-ene formulations is expected to result in a
decrease of the crosslinking density of the resultant polymer network, as the trifunctional
TATATO is replaced by the difunctional AFCT monomer. To evaluate the effect of
changing the monomers, as well as the impact of AFCT on the T of the resultant
polymeric materials, TMES/TATATO and TMES-TNTATO/TATATO crosslinked
polymers containing NAS, as well as formulations containing the negative control NPS

were examined through dynamic mechanical analysis with the results shown in Figure
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3.24 and Figure 3.25. The T, of the polymers including NAS and NPS was decreased
relative to their parent resins. With the changes highlighted in Figure 3.26 and Table 3.2,
the decrease in crosslinking density appears to be the major factor in this change. The
AFCT chemistry has little impact on the resultant T, as is indicated by a minor difference
in Ty between the formulations containing NAS and those containing NPS. Furthermore,
at ambient temperatures the polymeric materials exhibited moduli well into the glassy
regime. While the broadness of the glass transition in the first heating ramp in these
resins could be a cause for concern, the second heating ramp is more representative of the
actual dental practice since the light intensities used in this study are significantly lower
compared to the dental clinical practice (10 mW/cm? vs <I W/cm?) the increased

polymerization exotherm and extend.

—e— FE, first heating ramp

—e— E, second heating ramp
-0 tand, first heating ramp
..... tan 3, second heating ramp
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Figure 3.24 Dynamic Mechanical Analysis traces of storage modulus (E’, solid lines) and tan 6
(dashed lines) as a function of temperature (a) TMES/TATATO, (b) TMES/TATATO/NAS
(10%), (c) TMES/TATATO/NPS (10, irradiated with 405 nm at 10 mW-cm™. First heating
ramp is in black, and second heating ramp is in red. Storage modulus is displayed as solid lines
and symbols, whereas tan 9 is displayed as dashed lines and open symbols
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Figure 3.25 Dynamic Mechanical Analysis traces of storage modulus (E’, solid lines) and tan o
(dashed lines) as a function of temperature (a) TMES-TNTATO/TATATO, (b) TMES-
TNTATO/TATATO/NAS (10%), (c) TMES-TNTATO/TATATO/NPS (10%), irradiated with
405 nm at 10 mW-cm™. First heating ramp is in black, and second heating ramp is in red.
Storage modulus is displayed as solid lines and symbols, whereas tan 6 is displayed as dashed
lines and open symbols
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Figure 3.26 Dynamic Mechanical Analysis comparison of cured TMES/TATATO and TMES-
TNTATO/TATATO resins formulated with AFCT monomer NAS and negative control NPS at
10 wt% as indicated and irradiated with 405 nm at 10 mW-cm™ in the first (maize) and second
(blue) heating cycles (a) glass transition temperature as indicated by tan 6, and (b) storage
modulus at 37 °C
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Table 3.2 Compilation glass transition temperatures and storage moduli at 37°C in both
heating ramps of TMES/TATATO and TMES-TNTATO/TATATO-based formulations
irradiated with 405 nm at 10 mW-cm™

Formulation Tg (°C), ramp | E’ at 37°C | T (°C), ramp 2 | E’ at 37°C
1 (GPa), ramp 1 (GPa), ramp 2

TMES/TATATO 108.5+£0.9 2.03+0.08 111.3+0.7 1.75+£0.02

TMES/TATATO/ 93.2+£0.8 1.95+0.02 99.0+£0.9 1.98 £0.03

NAS (10%)

TMES/TATATO/ 99.2+1.1 1.85+0.03 10247 +1.1 1.73 £0.02

NAS (10%)

TMES-TNTATO/ 111.1+1.7 2.12+£0.02 1192+1.6 1.92 +£0.07

TATATO

TMES-TNTATO/ 1014+ 1.1 1.86 £ 0.04 108.2+0.8 1.85+0.03

TATATO/NAS (10%)

TMES-TNTATO/ 1069+ 1.3 2.06 £0.03 111.5+£1.1 1.92+0.03

TATATO/NPS (10%)

3.4.2 Acidic monomers for improved tissue adhesion

To promote adhesion of the developed thiol-ene dental restorative resins to

mineralized tissue, a library of acid-containing allylic monomers based on methacrylate

adhesive monomers was proposed. The monomers containing carboxylates, phosphates,

phosphonates, and anhydride adhesive moieties contain a central trimethylolpropane

diallyl ether or pentaerythritol triallyl ether core (Figure 3.27), allowing for further

insight into how the degree of functionality affects the resultant thiol-ene polymers.
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Figure 3.27 Structures of proposed self-etching monomers

The synthesis of the diallylcarboxylate and triallylcarboxylate (Figure 3.27a and
b) was performed according to an adjusted literature procedure, and the materials were
purified through vacuum distillation. Similarly, the diallylphosphate and triallylphosphate
(Figure 3.27¢ and d) synthesis was successful, though attempts at purification through
vacuum distillation proved unsuccessful. Despite this, 'TH-NMR and 3!P-NMR suggested

these materials to be of high purity.

The diallyl phosphonate and triallyl phosphonate (Figure 3.27e and f) synthesis
however was significantly more challenging. The reactions involving the phosphonate as
the electrophile were unsuccessful, despite previous success in the preparation of the

carboxylate-bearing monomers. In an alternate approach, trimethylolpropane diallyl ether
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was successfully functionalized with bromine, triflate, and sulfonate leaving groups, but
attempts to further react these materials with hydroxy-functionalized phosphonates also
proved unsuccessful. Similarly, attempts were made to react trimethylolpropane diallyl
ether and pentaerythritol triallyl ether with trimellitic anhydride chloride to yield the

desired anhydride functionalized monomers (Figure 3.27g and h).

The difficulty in preparing these acid-containing monomers was unexpected.
While the carboxylate and phosphate monomers could be obtained in sufficient purity,
the yield of the reaction was low. It is likely, that despite the nucleophile in this system
being a primary alcohol, the allylic and aliphatic groups surrounding the reactive group
are effective at shielding this moiety from reagents. Only when used with highly reactive
reagents such as phosphorous (V) oxychloride, triflic anhydride, or exposure to harsh
conditions with stable reagents like reflux overnight in strongly basic conditions with

bromoacetic acid, this barrier can be overcome and the desired product obtained.

Following the successful preparation of the carboxylate and phosphate monomers
their compatibility with thiol-ene chemistry was evaluated through FTIR
photopolymerization kinetics. The baseline TMES/TATATO formulation was formulated
with 10% and 20% concentrations of the carboxylate replacing TATATO. As shown in
Figure 3.28 the carboxylate monomers show a minimal impact on the
photopolymerization of TMES/TATATO in the case of both the diallylcarboxylate and

the triallylcarboxylate.
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Figure 3.28 Photopolymerization kinetics conversion versus time for the photopolymerizations
of TMES/TATATO formulated with (a) 10% DAC, (b) 20% DAC, (c¢) 10% TAC, and (d) 20%
TAC. Continuous irradiation with 405 nm at intensities of 10 (black squares), 3 (red circles),
and 1 (blue triangles) mW-cm™. TATATO ene conversions are displayed as solid lines and
symbols, whereas thiol conversions are dashed lines and open symbols

Inclusion of the phosphate-bearing monomers in the TMES/TATATO
formulation has a profound effect on the thiol-ene photopolymerization. As Figure 3.29
shows, the phosphate-bearing monomers significantly reduce the rate of thiol and ene
consumption, and lead to lower overall conversions, especially at higher concentration. It
is possible for an impurity following the monomer synthesis to persist in the purification

process, as this process is based solely on acid-base extractions to remove impurities.
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Silica column chromatography and vacuum distillation were attempted, but did not result
in successful purification of the product. However both the 'H-NMR and *'P-NMR of
both phosphate monomers suggest pure material was obtained. Alternatively as
organophosphoric materials have been described previously as stabilizers for thiol-ene
formulations, it is possible for the phosphate-bearing monomers to act in this fashion.
Organic phosphonates, as well as inorganic phosphates have been demonstrated to act in
this fashion, although organic phosphate esters have not been described as such.*® Despite
this the thiol-ene photopolymerization with the phosphate monomers did result in glassy
material post-irradiation. The TMES/TATATO polymers formulated with the
diallylcarboxylate and triallylcarboxylate showed an overall decrease in both the Ty and
the storage modulus relative to TMES/TATATO in both heating ramps of the dynamic
mechanical analyzer. As expected the diallylcarboxylate polymers display a decrease in
Ty relative to the triallylcarboxylate counterparts as a result of the reduction in
crosslinking density. Additionally, as both monomer are increased in molecular weight
relative to TATATO, this serves to further reduce the crosslinking density and
subsequent Tg. In the second heating ramp the polymeric materials exhibit slightly
reduced storage moduli compared to TMES/TATATO. The possibility of increased chain
movement as a result of monomer structure could be an explanation for this. Despite this,

the materials still show moduli well into the GPa range.
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Figure 3.29 Photopolymerization kinetics conversion versus time for the photopolymerizations
of TMES/TATATO formulated with (a) 10% DAP, (b) 20% DAP, (c) 10% TAP, and (d) 20%
TAP. Continuous irradiation with 405 nm at intensities of 10 (black squares), 3 (red circles),
and 1 (blue triangles) mW-cm™. TATATO ene conversions are displayed as solid lines and
symbols, whereas thiol conversions are dashed lines and open symbols
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—e— FE' first heating ramp

—e— E, second heating ramp
-<=-- tand, first heating ramp
-~ tan 8, second heating ramp
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Figure 3.30 Dynamic Mechanical Analysis traces of storage modulus (E’, solid lines) and tan 6
(dashed lines) as a function of temperature OF TMES/TATATO formulated with (a) 10%
DAC, (b) 20% DAC, (c) 10% TAC, and (d) 20% TAC), irradiated with 405 nm at 10 mW-cm™.
First heating ramp is in black, and second heating ramp is in red. Storage modulus is displayed
as solid lines and symbols, whereas tan 6 is displayed as dashed lines and open symbols
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Figure 3.31 Dynamic Mechanical Analysis comparison of cured TMES/TATATO resins
formulated with carboxylic acid monomer as indicated and irradiated with 405 nm at 10
mW-cm™ in the first (maize) and second (blue) heating cycles (a) glass transition temperature
as indicated by tan o, and (b) storage modulus at 37 °C
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Figure 3.32 Dynamic Mechanical Analysis comparison of cured TMES/TATATO resins
formulated with phosphoric acid monomer as indicated and irradiated with 405 nm at 10
mW-cm™ in the first (maize) and second (blue) heating cycles (a) glass transition temperature
as indicated by tan o, and (b) storage modulus at 37 °C

Similar to the carboxylate-containing formulations the TMES/TATATO resins
formulated with the diallylphosphate and triallylphosphate display a reduced Ty and
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modulus relative to the parent TMES/TATATO resin. All formulations show a 15-20°C
increase in their Ty in the second heating ramp resulting in T, values between 80.0 and
92.0°C. Relative to their carboxylate counterparts, the phosphate-containing formulations
generally show an increased T with storage moduli in the same regime. As a result of the
decreased thiol-ene conversion and increased molecular weight of the phosphate-bearing
monomers relative to the carboxylate formulations, the crosslinking density and resultant
T, was expected to be decreased. A possible explanation for this unexpectedly high T,
could lie in the improved hydrogen-bonding abilities of the phosphates relative to the

carboxylates generating a secondary network in the covalently crosslinked polymer.
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Figure 3.33 Dynamic Mechanical Analysis traces of storage modulus (E’, solid lines) and tan 6
(dashed lines) as a function of temperature OF TMES/TATATO formulated with (a) 10%
DAP, (b) 20% DAP, (c) 10% TAP, and (d) 20% TAP), irradiated with 405 nm at 10 mW-cm™.
First heating ramp is in black, and second heating ramp is in red. Storage modulus is displayed
as solid lines and symbols, whereas tan 6 is displayed as dashed lines and open symbols
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Table 3.3 Compilation glass transition temperatures and storage moduli at 37°C in both
heating ramps of TMES/TATATO formulated with acidic and irradiated with 405 nm at 10
mW-cm?

Acid monomer | Ty (°C),ramp 1 | E' at 37°C | Tg (°C),ramp 2 | E' at 37°C
content (GPa), ramp 1 (GPa), ramp 2
10% DAC 79.7 1.61 £0.02 91.6 1.66 +0.03
20% DAC 535 0.77 £0.01 65.7 1.37 +£0.02
10% TAC 74.5 1.56 £0.02 88.6 1.56 £ 0.02
20% TAC 56.8 1.32+0.02 73.3 1.56 +£0.02
10% DAP 63.5 1.00+0.01 85.2 1.40 +0.02
20% DAP 55.3 0.56 +£0.01 80.0 1.17 £0.02
10% TAP 72.2 1.07 £0.02 92.0 1.59 +0.02
20% TAP 55.4 0.69 £0.01 81.3 1.14 +£0.01

3.5 Conclusion

Incorporation of the addition-fragmentation chain-transfer (AFCT) monomer
norbornyl allyl sulfide (NAS) lead to a significant reduction in the observed
polymerization-induced shrinkage stress in TMES/TATATO-based formulations. A
reduction in Ty of the formulations was observed, however this was determined to be
unrelated to the AFCT mechanism. Competition between the thiol-ene reaction and
AFCT resulted in a decrease in the rate of polymerization, the degree of which increased
at increasing additive content. In addition to polymerization rate reduction, a relative

increase in thiol consumption was observed, likely due to a combination of a favored
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thiol-norbornene reaction and chain-transfer with the addition-fragmentation
intermediate. Pre-oligomerized TMES-TNTATO/TATATO formulations displayed the
same trends as the TMES/TATATO formulations. As the NAS content in the
formulations increased, the decrease in observed shrinkage stress resulting from TMES &
TNTATO is nearly completely mitigates, as the TMES-TATATO formulations display

very similar shrinkage stress profiles and final observed stresses.

Carboxylate- and phosphate-functionalized allyl monomers were successfully
prepared. Inclusion of the phosphate-bearing monomers into TMES/TATATO
formulations lead to a reduction in the rate of polymerization, especially at higher
concentrations while the carboxylate monomer did not negatively affect the thiol-ene
polyme