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ABSTRACT

Phase-Separated Elastomers:

Novel Syntheses and Characterization

Elizabeth Dhulst

Phase separation in segmented polymers provides distinct challenges in regard to their
chemical reaction kinetics and characterization. Well studied, it has been shown that structure,
phase separation and non-covalent interactions are key factors in the design of elastomeric
polyurethanes. Specifically, this dissertation is focused on two areas: the synthesis of novel
materials that, through these factors, have potential for use as polyurethane replacements and the
novel application of fluorescence to discern aromatic interactions in phase-separated
polyurethanes.

In this work, two synthetic routes are employed to generate elastomers: multicomponent
thiol reactions and amine-vinyl sulfone polymerizations. Using thiol-based click reactions, thiol-
acrylate-epoxide hybrid polymers were produced by two simultaneous reactions at room
temperature in a one-pot synthesis. Beyond good mechanical properties, some of the resulting
phase-separated networks were very good shape memory polymers. Temperature and DBU
catalyst loading were not found to influence the reaction-induced phase separation behavior in this
system. Therefore, the spherical two-phase morphology is independent of cure conditions as thiol-
acrylate reactions are much faster than thiol-epoxy reactions. Next, novel amine-vinyl sulfone
networks were formed from oligomeric diamines and divinyl sulfone. Upon characterization of
reaction kinetics and properties, it was found that these uncatalyzed reactions have rates that are
competitive with both uncatalyzed polyurethane and non-isocyanate polyurethane reaction rates

and the resulting polymers exhibited tensile properties comparable to polyurethanes and catalyzed



non-isocyanate polyurethanes.

Although phase separation in polyurethanes has been well studied for several decades,
challenges remain in the experimental determination of aromatic interactions that exist between
hard segments. Here, intrinsic fluorescence is applied to segmented polyurethanes with aromatic
ring-containing hard segments to experimentally observe these interactions. Using emission
spectra, the orientation and alignment of aromatic rings was characterized and quantified through
monomer and excimer emission. Using excitation spectra, it can be observed that excimer
formation originates from a ground-state dimer complex, which implies that the rings are
specifically oriented in a sandwich-like configuration. In addition, the effects of confinement and
substrate interactions are explored. Hydrogen bonding and rigidity at the substrate were observed
to interfere with dynamic excimer formation, an effect that propagates some tens of nanometers

into the film.
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CHAPTER 1
INTRODUCTION

Polyurethanes, a well-known class of segmented polymers, are used in a wide range of
applications due to their versatile structures and rapid reaction rates. Since World War II,
polyurethanes have been used industrially as foams, fabrics, adhesives and elastomers (Oertel
1993). Synthesized from highly exothermic reactions between alcohol and isocyanate functional
groups, polyurethanes are also used in field applications such as spray coatings and insulation.
Recently, isocyanates have seen increased regulatory efforts against their use and transport due to
health concerns. Because of these recent government policies, both academic and commercial
research has begun to investigate alternative chemistries to produce materials that can potentially
replace polyurethanes in certain applications (Guan 2011, Nair 2014, Nohra 2013). Because of the
versatility of polyurethanes, efforts have not been focused a single chemistry alternative but rather
application-specific alternatives that can achieve comparable reaction rates with minimal toxicity.
This dissertation focuses on two alternative syntheses to replace segmented polyurethanes in field
applications, elastomers and shape memory materials.

Polyurethanes have two desirable properties that any potential elastomer replacement
would need to mimic to be commercially useful: easily-tuned structure and fast reactivity
Prisacariu 2011). With condensation polymerizations, the functional groups participate in the
reaction while the remainder of the molecule (R group) can be one of numerous structures. If the
structure of the diol is vastly different than the structure of the diisocyanate, these are referred to
as segmented polyurethanes. Segmented polyurethanes have the potential to phase separate due to
thermodynamic incompatibilities between the structures of hard and soft segments. Phase-
separated polymer systems often provide difficult challenges associated with their kinetics and
thermodynamics. However, their distinctive properties are often advantageous both academically
and commercially. Because phase separation can be induced during a polymerization reaction, it

has been found that, in many cases, the extent of phase separation and final morphology are highly
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influenced by chemical reaction kinetics (Girard-Reydet 1998). Because of this, extent of phase
separation often determines the application as it controls thermal and mechanical properties of the
material. While structure variation in polyurethanes is often the easiest method to change
properties, the competition between phase separation and chemical kinetics is unique to every
system and, if understood, can also be manipulated for property enhancement. In polymer
networks, phase separation is further complicated by the increased presence of covalent bonds
between incompatible segments (Williams 1997).

The second desired feature of polyurethanes, fast reactivity, has been more difficult to
achieve in current potential polyurethane replacements. In the open literature, research has focused
on alternative chemistries to produce either urethane-based polymers and urethane-like polymers.
For example, Torkelson and coworkers investigated the reaction kinetics associated with cyclic
carbonate aminolysis to produce polyhydroxyurethanes, a polymer containing repeat units of a
urethane linkage and pendant hydroxyl group (Lombardo 2015). These reactions produced phase-
separated materials but required extremely long reaction times even when catalyzed. However,
rapid reaction rates are necessary for these polymers to be competitive with isocyanate-alcohol
reactions in field applications. Recently, thiol reactions have been utilized in polymerizations to
produce networks with the attributes of click chemistry, such as fast reaction times, high yield, and
network uniformity (Hoyle 2010b). With typical two-component thiol-ene or thiol-acrylate
reactions, the final product is limited to certain applications due to the thermal or mechanical
properties of the material. To address these weaknesses, research has focused on using multi-
component reactions to produce polymers with diverse structures and expanded mechanical
properties. In the current literature, the addition of a third component to a thiol network has been
shown to enhance thermal and mechanical properties (Carioscia 2007b, Jian 2013, Ortiz 2008a).
These multi-component systems typically require complicated sequential UV and thermal steps
with multiple initiators and catalysts. In addition to the synthesis, complications exist with radical

homopolymerization of acrylates and/or incomplete thiol conversion which can negatively impact
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the final properties of the network.

Section I of this thesis offers an introduction and background of relevant information
required to appreciate the work presented in later chapters. Chapter 2 provides a discussion of the
relevant chemical reactions in order to recognize the role of chemical kinetics in these phase-
separated systems. It also provides an understanding of reaction-induced phase separation in
segmented polymers based on thermodynamics and non-covalent interactions. An introduction to
fluorescence is also presented as a basis for understanding its use as a technique for identifying
aromatic interactions and molecular alignment in polymer systems.

Section II discusses the use of nucleophilic click reactions to produce novel phase-
separated or segmented polymer networks with fast and efficient syntheses. With a focus on
elastomeric materials that mimic polyurethane behavior, commercially available monomers are
reacted together to produce polymers with both chemical and physical crosslinks on the same
timescale as urethane reactions. In order to take advantage of property enhancements due to
reaction-induced phase separation, the chemical kinetics are examined in order to understand their
role in phase separation.

In Chapters 3 and 4, hybrid polymer networks are synthesized using thiol-, acrylate- and
epoxide-functionalized reactants. The thiols are able to react with both acrylate and epoxide
groups, but acrylate and epoxide groups are unreactive with each other. Past research efforts on
this system have employed a combination of sequential photo-initiated and thermally-initiated
reactions of thiols with (meth)acrylates and epoxides and have led to single-phase materials.
Chapter 3 provides an analysis of reaction kinetics for these two reactions and shows that thiol-
acrylate reactions are much faster than thiol-epoxy reactions. Consequently, we have developed a
one-pot synthesis of thiol-acrylate-epoxy hybrid networks using room temperature reactions and
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as catalyst. With some higher molecular weight
reactants, e.g., 2000 g/mol diacrylate, novel phase separated thiol-acrylate-epoxide polymer

networks are produced with properties that are highly tunable by composition and sequential
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reaction order. Beyond good mechanical properties, some of the resulting phase-separated
networks are excellent shape memory polymers, with shape recovery ratios of unity.

Phase separation in polymer networks is often difficult to induce because of the chemical
crosslinks between incompatible segments. In thiol-acrylate-epoxide hybrid polymers, phase
separated networks can be produced by adjusting structure design and synthesis methods. In
Chapter 4, we show that variables commonly used to control reaction-induced phase separation
have little to no impact on the thiol-acrylate-epoxide morphology. Here, we report that changes in
temperature and DBU catalyst loading do not impact the final morphology of the network and
similar to a room temperature synthesis, produce a dispersed-phase spherical morphology. These
results are different than many modified epoxy thermosets presented in literature, in which
morphologies, and therefore properties, are variable with different synthesis conditions. Multi-
component materials synthesized by two distinct reactions with vastly different rates allow for
gelation to occur after phase separation is complete or nearly complete and give spherical
morphology (and elastomeric properties) under all synthesis conditions.

In addition to thiol reactions, the nucleophilic addition of an amine to a carbon-carbon
double bond was investigated for its applicability to polymer synthesis. Chapter 5 discusses the
chemical kinetics and mechanical properties of polymers synthesized from the reactions of
diamines and divinyl sulfones. Using similar structures to traditional segmented polyurethanes,
thermoset materials were synthesized in bulk by rapid room temperature reactions.
Thermodynamically favorable, these reactions are efficient without the use of a catalyst. Reaction
kinetics for amine-vinyl sulfone polymerizations show rapid reaction upon mixing. Polymerization
rate parameters, reported for the first time for these reactants, of k,,, = 0.17 M min"' show that
these uncatalyzed reaction rates are greater than rates reported for uncatalyzed polyurethanes and
certain catalyzed non-isocyanate polyurethanes. Tuning stoichiometry and reactant structure, these
crosslinked materials have thermal and mechanical properties comparable to thermoset

polyurethanes.
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The second part of this dissertation focuses on the development of a novel fluorescence
technique to characterize polyurethanes in both bulk and thin film geometries. Although isocyanate
health hazards are a major concern for polyurethanes reacted by end-use consumers (such as spray
foam insulation), with proper protective equipment, polyurethanes can be used safely in industrial
settings, such as manufacturing facilities for electronics or medical devices. Most commonly,
aromatic diisocyanates are employed as hard segments in segmented polyurethanes. Due to
thermodynamic incompatibility, the aromatic rings may phase separate from the oligomeric soft
segment. Phase separation and hydrogen bonding have been thoroughly investigated for their role
in hard segment/hard segment interactions (Engels 2013). However, the roles of other non-
covalent interactions, such as aromatic pi-pi stacking, have rarely been explored. Thermal and
mechanical properties of segmented polyurethanes depend on orientation and packing of aromatic
rings in the hard segments. For example, the microphase morphology impacts glass transition
temperatures, strength of the material and optical properties. Relevant literature discusses the
presence of aromatic interactions in hard segments through inference but currently there are no
experimental techniques to detect these interactions in polyurethanes (Oertel 1993). Hydrogen
bonding can easily be measured through both computational and experimental techniques.
However, aromatic interactions, a loosely defined term, are based upon van der Waals interactions
which have been deemed difficult to observe in any capacity (Dubey 2011, Martinez 2012).

In Section III, fluorescence is demonstrated to be useful as a tool for identifying aromatic
interactions and molecular alignment of hard segments in thermoplastic phase-separated
polyurethanes through the formation of complexes between aromatic rings. First, it is important to
establish fluorescence as an experimental technique that can observe aromatic interactions. Using
toluene diisocyanate-based polyurethanes, the intrinsic fluorescence of the aromatic rings can be
used to quantify alignment and interactions of aromatic rings in the hard segments. In Chapter 6,
polyurethanes were synthesized with identical hard segment content and different soft segment

backbones in order to establish different degrees of phase separation. Using this novel application
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of fluorescence, monomer and excimer fluorescence of the aromatic rings in polyurethanes can
give information on the proximity and extent of aromatic ring alignment and allow for the
observation of aromatic interactions that occur within the hard segments. Using excitation spectra,
this technique can also give insight into the significance of aromatic interactions via ground-state
dimer formation of aromatic rings in the hard domains. Reports of the experimental observation
of these aromatic interactions is currently missing from polyurethane literature.

Another advantage of fluorescence is its applicability to polymer thin films. Chapter 7
explores the use of this technique with polyurethane thin films to understand the influence of
confinement on the molecular orientation of the aromatic rings in the hard segment. Previously,
there has been little work concerning polyurethane thin films as a function of confinement and
attractive polymer-substrate interactions. This study revealed the importance of aromatic
interactions and hydrogen bonding on molecular alignment in phase-separated polyurethanes.
Using excimer to monomer intensity ratios, the extent of alignment of aromatic rings along the
polymer-substrate interface can be inferred. Non-covalent interactions, specifically hydrogen
bonding and rigidity at the substrate, can impede the alignment of the aromatic rings and this effect
can propagate into the thin films up to tens of nanometers.

Finally, Chapter 8 summarizes the work completed in this thesis toward novel synthesis
and characterization techniques for polyurethane and polyurethane-like materials. In addition, this

chapter suggests future opportunities for research in these areas.
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CHAPTER 2
BACKGROUND

This background will be divided into three sections. The first section discusses chemical
reactions and Kkinetics that are relevant to this thesis. The second part examines the
thermodynamics related to polymeric phase separation and final morphology. The final section
explores fluorescence and its use to characterize polymers in bulk and thin films.
2.1 Chemistry and Synthesis Methods for Relevant Polymerizations

2.1.1. Segmented Polyurethane Chemistry

Polyurethanes are a diverse class of materials utilized in numerous thermoplastic and
thermosetting applications (American Chemistry Council 2012). Polyurethanes are the products
of reactions between alcohols and isocyanates (Engels 2013). With research dating back to World
War II, polyurethanes are well studied materials (Oertel 1993). Studies have been performed on
reaction kinetics, catalysts, structure-property relationships and uses in countless applications
(Chang 1987, Chattopadhyay 2006, 2009, Elwell 1996a, Javni 2003, Krél 2007a, Lu 2002,
Petrovic 2008). Isocyanates, with their delocalized electrons, have high reactivity with
nucleophiles such as alcohols, amines and water due to a partially positive charge on the carbon
atom (Kathalewar 2013, Wicks 1999). Catalysts are often used commercially to accelerate
reactions for room temperature applications. For example, aliphatic and aromatic amines,
organometallic compounds, including dibutyltin dilaurate, and metal salts of phenols are among
the most well-known catalysts (Delebecq 2013). Because step growth reactions are between
functional groups, the possible backbone structures of the polyisocyanates and polyols are
expansive and typically chosen based on desired properties. For example, aliphatic isocyanates are
commonly employed in applications ranging from fibers to light-sensitive coatings while aromatic
isocyanates are often used for rigidity in foams or elastomers.

For applications such as elastomers, segmented thermoplastic polyurethanes are

synthesized using three components in a one- or two-step synthesis Prisacariu 2011). Most
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commonly used, the two-step method begins with the synthesis of an isocyanate-endcapped
prepolymer, through reactions between an oligomeric diol and excess diisocyanate (shown in
Figure 2.1). This mixture is then chain extended with a small molecule diol to produce a segmented
polyurethane with a soft segment (composed of the oligomeric diol with a polyester, polyether or
polybutadiene backbone) and a polydisperse hard segment (diisocyanate and chain extender).
Although fully reacted polyurethanes are inert, small molecule isocyanates possess potential health
risks, including asthmatic symptoms, when people are exposed without proper protective
equipment (Nohra 2013). As government regulations are increasingly restrictive on the transport
and use of isocyanates in field applications, both commercial and academic research has been
directed toward polymers that have the potential to replace polyurethanes.

2.1.2. Thiol Chemistry

Thiol reactions have been explored in organic chemistry since the early 1930s (Patai 1974).
Photopolymerizations between thiol and -ene functional groups were developed largely through
industrial processes in the 1970s by W.R. Grace and Armstrong for coatings and tiles (Morgan
1977). However, because of the strong odors associated with thiol chemistry and yellowed final
products caused by the light instability of photoinitiators, industry turned away from thiol-ene
chemistry. More recently, groups sponsored by the National Institute of Health have promoted
renewed interest as new applications have been imagined (Hoyle 2004).

2.1.2.1. Thiol-Ene Reactions

With the popularization of “click” chemistry beginning in 2001 (Kolb 2001), the Michael
addition, typically a reaction between an enolate-type nucleophilic reactant and o,B-unsaturated
carbonyl functional group, reemerged with thiols as key reactants (Hoyle 2010b). These reactions
can be classified as click reactions because they are efficient, thermodynamically favorable and
yield highly selective products. The thiol-Michael reaction can occur between a thiol and any —ene
that is electron-deficient, such as (meth)acrylates, unsaturated ketones, maleimides, or unsaturated

esters. Because of the placement of sulfur on the periodic table, it is known that the element has
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similar reactivity to oxygen but is less electronegative. Thiols have a weak bond dissociation
energy when compared to alcohols, and with their high electron density, they are much more
reactive as nucleophiles (Lowe 2010). Thiol reactivity is typically characterized by the structure
of the “R” group: aromatic, thioacetates, thiopropionates, or aliphatic chains. These structures
affect the pKa, or how easily a hydrogen atom can be abstracted.

Because the Michael reaction has been explored using other starting materials, including
malonates and propionates, thorough research has been performed on the mechanism and effective
catalysts. Certain catalysts can achieve high yields, including Lewis acids, methoxides, ionic
liquids, and iodine (Lowe 2010). However, in order to produce fast reactions with minimal side
products, base or phosphine catalysts must be used. Thiol reactions in this dissertation use a
nitrogen-centered catalyst, but because the acting mechanism is unknown in current literature, both
base-catalyzed and nucleophilic-initiated mechanisms will be described here (Chan 2009a, Li
2010).

In the base-catalyzed mechanism (Chan 2009a) (see Figure 2.2a), a base (B) abstracts a
proton from a thiol to form a thiolate anion (S°). Because of the low energy barrier, this hydrogen
abstraction happens quickly and easily depending on the strength of the base used. The S™ then
attacks the -carbon of the electron-withdrawing group (EWG) to form an intermediate anion. This
intermediate accepts a proton from either the protonated base or another thiol molecule (the former
being more kinetically favored) to form the final product.

As previously mentioned, the acidity of the thiol is extremely important to the reaction rate
and is suspected to play a role in which mechanistic path is initiated. Because thiols have a wide
range of pKa values, the basicity of the catalyst must be chosen carefully in order to produce the
highest concentration of thiolate anion. Chan et al. (Chan 2009b) investigated common catalysts
in a model thiol-acrylate reaction system. They found that the higher the pKa of the catalyst, the
larger the rate constant. However, after stricter characterization of the results, it was concluded

that pKa is not the only factor. 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) and 1,8-
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diazabicycloundec-7-ene (DBU) were found to have such dramatic increases in rates that it was
postulated that the rate constants had a better correlation with catalyst nucleophilicity than pKa
(Baidya 2008). Upon further investigation, it was found that high basicity of a catalyst initiates the
base-catalyzed mechanism, while a high nucleophilic character of the catalyst (such as aza-
aliphatic compounds) can lower the activation energy of the rate-limiting step. However, if the
catalyst nucleophilicity is sufficiently high (such as aza-aromatic compounds), a different
mechanism will be followed (Wang 2013).

The second proposed mechanism through which nitrogen-centered catalysts can facilitate
the thiol-Michael addition is a nucleophile-initiated pathway (see Figure 2.2b). In the first step,
the nucleophile-acting base attacks the -carbon of the EWG to create a zwitterionic intermediate.
The thiol donates a hydrogen to the intermediate. After S™ is formed, the remaining mechanistic
steps are the final two steps of the base-catalyzed mechanism described above. However, in this
mechanism, the nucleophile does not catalyze the reaction but rather reacts with the EWG to
generate a strong base to catalyze the reaction (Chan 2009a, Liu 2013a).

Studies of the kinetics of small-molecule thiol-Michael addition to acrylates indicate that
the reaction is second order overall when catalyzed by an amine and depends on the concentrations
of S” and the —ene acceptor (Mather 2006). The S™ concentration depends on the base strength,
solvent and molecular structure (Connor 1938). Strong bases will increase the concentration of S
and give a pseudo-first-order dependence on acrylate concentration (Clemens 1989). Solvent
allows for stabilization of the charged intermediates, but it is possible for the reaction to be
performed in bulk for ease of application. Molecular structure plays a large role in the reaction rate
as strong nucleophiles (thiopropionates or thioacetates) can react faster with acceptors. The
structure of the activated —ene is also important to the reaction rate. The more electron deficient
the carbon-carbon double bond, the more susceptible it is to a Michael addition reaction (Chan
2009b, Lowe 2010). Maleimides have been shown to be the most reactive toward the addition,

followed by fumerates, maleates, acrylates, and methacrylates. Thiol reactions in this dissertation
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will focus on thiol-acrylate chemistry, as it is the most commonly used Michael addition in block
copolymer synthesis (Bounds 2012, McEwan 2013, Rizzi 2005, Slavin 2012). Li et al. (Li 2010)
and Chan et al. (Chan 2010) have done in-depth reaction rate studies on catalyst type, thiol acidity,
and solvent for thiol-acrylate reactions.

2.1.2.2. Thiol-Epoxide Reactions

Another thiol reaction that is commonly used in the biomedical industry and for post-
functionalization is the thiol-epoxy (or thiol-oxirane) reaction (Guzman 2015, Harvison 2011a,
2011b). The thiol-epoxy reaction occurs by nucleophilic ring-opening, where the proton capture
can occur from the thiol or the catalyst (see Figure 2.2c). Like the thiol-Michael mechanisms
described above, the mechanistic pathway is determined by the thiol acidity and basic strength of
the catalyst and can be catalyzed by Lewis acids as well as bases (Amantini 2003, Bouyahyi 2012,
De 2012, Fringuelli 2003, Lowe 2010, Rahane 2012). Although commonly used in industry, few
kinetic studies have been performed on this reaction (Binder 2014, Jin 2015, Loureiro 2015,
Stuparu 2016). For the base-catalyzed mechanism, Khan and coworkers (Binder 2014) designed
an AB-type monomer with thiol and epoxide functional groups and screened basic catalysts in a
solvent-based reaction. They found that tetrabutyl ammonium fluoride, lithium hydroxide (LiOH)
and DBU were excellent catalysts for reactions with high selectivity and yield. Khan and
coworkers (Brindle 2012) also used difunctional thiols and epoxides to produce linear polymer
chains with LiOH as a catalyst. Cook et al. (Cook 2012) used differential scanning calorimetry
(DSC) and Fourier-transform infrared spectroscopy (FTIR) to investigate the reaction times of the
thermal cure of a multifunctional thiol and difunctional epoxy network. Torkelson and coworkers
(Jin 2015) have demonstrated an autocatalytic effect from the product that changes the reaction
order when using DBU.

2.1.3. Multi-component Hybrid Networks
Thiol-ene networks are employed in a wide range of applications in biomedical, optical,

sensing, and industrial fields because of their high yields and rapid reaction rates. However,
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because of the inherent flexibility of their chemical structure, thiol-Michael networks exhibit low
glass transition temperatures (7,’s), which limit their applications. In order to promote this
chemistry into other applications, research groups have attempted to couple thiol-ene chemistry
with additional reactions to enhance the overall strength of the material. Epoxy resins, on the other
hand, are known for their high mechanical strength and chemical robustness (Rozenberg 1986).
However, when cured without a co-monomer, they are extremely brittle. To utilize polymers in a
wide range of applications, it is possible to incorporate multiple reactions to achieve a synergistic
effect with regard to mechanical properties. Hybrid chemistry, systems where one or more of the
monomers contain functional groups which are reacted by multiple curing methods to achieve a
networked polymeric structure, is one method to achieve these materials (Itoh 1996). Similarly,
interpenetrating networks (IPNs), which are polymer networks that are cured using separate
polymerization mechanisms to achieve a physically and/or chemically interlocking system, are
used to achieve these goals (Sperling 1996).

In literature, there are numerous examples of attempts to increase the mechanical
robustness of a thiol-ene network (Carioscia 2007b, Kade 2010, Lee 2007, Matsushima 2010,
McNair 2013, Nair 2012, Sangermano 2009, Schreck 2011, Shin 2010, Ye 2011). Hoyle and
coworkers (Matsushima 2010, Shin 2010) were successful in improving mechanical properties
related to hardness by incorporating a thiol-isocyanate reaction into the thiol-ene system. Nair et
al. (Nair 2012) were able to achieve different mechanical properties by creating a two-step
polymerization process with different monomeric thiol and acrylate structures. They observed that
the component concentrations and monomer structures were key variables in the adjustment of
mechanical properties. Kade et al. (Kade 2010) stated that the use of thiol-ene chemistry in
combination with other reactions would allow for more sophisticated polymer structures without
increased synthetic requirements. Most commonly reported in the literature for hybrid synthesis is
the two-step approach or sequential syntheses (Carioscia 2007a, 2007b, Lee 2007, McNair 2013,

Ye 2011). These complex syntheses often require multiple methods of curing (such as UV and



30
thermal) and the addition of both initiator and catalyst for reactions in both steps. Specifically, this
dissertation employs the combination of thiol-ene and thiol-epoxy reactions to produce hybrid
phase-separated materials.

2.14. Vinyl Sulfone Chemistry

As an alternative to acrylates, vinyl sulfone has been employed as an electrophile in
Michael additions (Chatani 2013, Nair 2014). Using similar mechanisms for reactions with
nucleophiles, vinyl sulfone is useful as an intermediate in organic synthesis. Fuchs and coworkers
(Meadows 2006) were pioneers for the use of vinyl sulfones as Michael acceptors which allowed
for highly substituted bicyclic structures and complex diastereomers. Most known for their ability
to introduce carbon-X bonds into polymers, vinyl sulfone has recently been employed in thiol-
Michael additions for biomedical applications (Morales-Sanfrutos 2010). In this work, vinyl
sulfones are reacted with amines to produce chemically crosslinked polymer networks. Small
molecule amine-vinyl sulfone reactions reported in the literature investigate conversion levels and
yield with different reactant structures (Esteves 2007, Wang 2015). Because of the inherent
basicity of the amine reactants, this reaction can often occur in the absence of an external catalyst
(dependent on reactant structure). However, it can also occur in acidic or basic conditions. It was
found that secondary amines, due to their higher nucleophilicity, react more quickly than primary
amines (Mather 2006).

Most research done with vinyl sulfone chemistry is application-focused in protein
chemistry or biomedical uses. Vinyl sulfone has been utilized in biological systems because they
were found to reversibly inhibit different types of cysteine proteases as well as other enzymes
(Meadows 2006). Therefore, research has been dedicated to bio-conjugation and medicinal
chemistry. In literature, very little is reported in regard to polymerizations with these two reactants.
Further, there are no polymerization kinetics reported. Vinyl sulfone will react with an active
hydrogen (Simpkins 1990). Classifying a single active hydrogen as a functional group, a common

diamine with two primary amines will have a functionality of four. Under stoichiometric balance,
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this will produce a network. In literature, crosslinked systems have not been fully explored. There
have been reports of using imbalanced stoichiometry to produce linear and branched polymers
with this chemistry. For example, Gao and coworkers (Gao 2001) used divinyl sulfone and 1-(2-
aminoethyl)piperazine (trifunctional) to produce branched polymers. Ueda and coworkers (Imai
1981) also found that product molecular weight from the polyaddition of piperazine to divinyl
sulfone is highly dependent on solvent choice.

2.2. Phase Separation in Polymer Systems
2.2.1. Thermodynamics Associated with Phase Separation in Polymers
This portion of the background will briefly introduce and discuss the thermodynamics that
ultimately govern phase behavior in polymer systems, specifically the segmented polymers
relevant for this thesis. Solution thermodynamics, used for polymer-solvent systems, is a solid
basis for understanding polymer-polymer mixing and block copolymer behavior. The solubility of
one component in another is quantitatively controlled by the Gibbs free energy of mixing:

AG,. =AH_. -TAS

mix mixs (Eq. 2.1)

where AG . is the change in Gibbs free energy of mixing, AH . is the enthalpy of mixing, T is
temperature and AS, . is the entropy of mixing (Koretsky 2004). In the simplest case, miscibility
occurs when AG, ., is less than zero. With polymeric materials, the entropic term is small and
therefore temperature does not contribute to solubility as greatly as with small molecules. Enthalpy
of mixing, typically positive, is calculated by the energy change that occurs when polymer-solvent
interactions replace pure component interactions and can be represented by:

AH,, =n, 9,y RT, (Eq.2.2)

where 7, is the number of moles of solvent, ¢, is the volume fraction of polymer and R is the gas
constant. When the interaction parameter, y, is multiplied by kg7 (where kg is Boltzmann’s
constant), it is a per-molecule representation of the energy change between a solvent molecule in

pure solvent and pure polymer (Shibanov 1985, Shultz 1952).

In this dissertation, segmented polymer phase behavior is examined and characterized.
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Segmented block copolymers follow the same laws of thermodynamics, however, the segment
miscibility is influenced by other factors such as covalent connectivity, segment sizes, segment
size distribution, non-covalent interactions and chemical reaction kinetics (Bates 1990, 1999,
Fasolka 2001, Fredrickson 1987, Leibler 1980). Because the incompatible blocks are covalently
connected, block copolymers do not undergo macroscopic phase separation. Instead, the blocks
undergo local phase separation to produce nanophases and/or microphases. Most commonly, the
phase behavior of symmetric block copolymers is described by morphology changes instead of
polymer-solvent phase diagrams such as Figure 2.3 (Bates 1999). Here, phase morphology is
controlled by degree of polymerization, volume fraction of components and the Flory-Huggins
interaction parameter. The morphology of the phase-separated material is dependent on the
monomer composition as it must minimize the unfavorable interactions while stretching the chains
into separate phases (causing entropic penalty).
2.2.2. Non-Covalent Interactions in Polymers

Molecular interactions are crucial to many biological and chemical processes from protein
folding to nanoparticle aggregation (Hotze 2010). Chemical bonds can be divided into two
categories: covalent bonds and non-covalent interactions (Odian 2004). Monomer units are
connected covalently to form polymers. In certain systems, repeat units also have the the ability to
interact through more disperse forces such as electrostatic interactions (ionic or hydrogen
bonding), van der Waals or pi-effects. These interactions play a large role in determining polymer
properties including phase separation and morphology as well as T, (Bissantz 2010, Calvo-Castro
2016, Pukanszky 2008, Waters 2004, Wojtecki 2015, Yilgor 2015).

In this dissertation, two interactions will be explored and characterized: hydrogen bonding
and aromatic interactions. Hydrogen bonding is the attractive force between a hydrogen attached
to an electronegative atom (typically amine NH or alcohol OH) and an electronegative atom of a
different molecule (Sami 2014). This is typically the strongest dipole force between molecules but

weak in comparison to a covalent bond. In polymer systems, hydrogen bonding can occur through
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Figure 2.3. Phase diagrams for linear AB block copolymers (a) Equilibrium morphologies of
copolymers: spherical (S and S’), cylindrical (C and C’), gyroid (G and G’) and lamellar (L)
dependent on composition (f) and combination parameter, yN, where y is the Flory—Huggins
interaction parameter and N is the degree of polymerization (b) Theoretical phase diagram of AB
diblocks based on; CPS and CPS’ = closely packed spheres. (c) Experimental phase diagram
of polyisoprene-polystyrene diblock copolymers, in which f, represents the volume fraction
of polyisoprene, PL = perforated lamellae. Reproduced from (Bates 1999) with the permission of
the American Institute of Physics.
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intramolecular or intermolecular interactions as it is a medium-to-long range bond with strength
that varies based on binding energy, distance, donor-acceptor pair and medium. Aromatic
interactions, including m-t stacking, CH-m, anion-m, are the attractive interactions that involve
systems with & electrons (Dubey 2011). The w-m stacking interactions are debated in literature as
they are difficult to observe and characterize, and therefore the underlying foundation for the
interactions is not well understood (Hunter 1990, Martinez 2012). In the most fundamental case,
benzene rings can form dimers because of these interactions. When two benzene rings are in a
certain conformations (sandwich, T-shaped or displaced), it is said that dispersive forces are
responsible for these interactions. Most notably, aromatic interactions are seen in biopolymers,
including base stacking to form double helical structures seen in DNA and RNA (Waters 2004).
Because dispersive forces are challenging to discern with common techniques, aromatic
interactions, especially in polyurethane literature, are often inferred rather than observed.

2.2.3. Reaction-Induced Phase Separation

An added level of complexity in polymer phase separation arises when phase separation
occurs simultaneously with the polymerization reaction. There are numerous commercial materials
that rely on reaction-induced phase separation (RIPS) to achieve application-based properties, such
as liquid-crystal displays or high-impact polystyrene (Kim 1995, Williams 1997, Yamanaka 1989).
Reaction-induced phase separation (also referred to as polymerization-induced phase separation)
is caused by an increase in molecular weight of the polymer, which results in a reduction in entropy
of mixing, and possible variations in y (Jaffrennou 2006). The phase separation process is
determined by the ratio of the rate of reaction and the rate of phase separation. Each reaction begins
as a homogenous mixture of components and phase separates with time and conversion of the
monomers.

During RIPS, both the chemical reaction and phase separation proceed under non-
equilibrium conditions as they are occurring simultaneously. Once a certain conversion is reached

in a crosslinking system, the phase separation will be impeded and the system will remain in this
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non-equilibrium state. The reverse situation could also occur. If the phase separation occurs too
rapidly, the chemical reaction will be in a state of quasi-equilibrium and the two phases will be of
various compositions. Often, it is useful to consider the well known time-temperature-
transformation (TTT) diagram for a single-phase system, which highlights three key independent
events: liquid-to-solid transformation, gelation, and vitrification (Enns 1983). However, for most
complicated RIPS systems (or for novel RIPS systems), these diagrams do not exist or do not
provide information useful for the details of morphology.

Pascault and coworkers (Bonnet 1999, Girard-Reydet 1998, Williams 1997) studied the
RIPS associated with modified thermosets. In these systems, a thermoset reaction, typically
between an epoxy and amine, occurs in the presence of a non-reacting polymer, such as
polystyrene. Phase separation of a ternary mixture is more complicated to characterize than a
binary mixture as each component will have different solubility in the changing reaction medium.
Research methods to track morphology and phase segregation include light scattering as a function
of time, transmission electron microscopy (TEM) and cloud point measurements (Park 2012).
Ryan and coworkers (Bras 1995, Li 2002b, Sutton 2004) have produced numerous systems
including both reactive and non-reactive modifiers in epoxy systems to influence final product
morphology.

2.2.4. Nanophase Separation in Segmented Polyurethanes

Segmented polyurethanes are a type of multi-block copolymer synthesized by the reaction
of a diisocyanate and a balance of a long chain diol and short chain diol. They are known for their
phase-separated structure in which hard (glassy or crystalline) domains are dispersed in a soft
(rubbery) domain (Kwei 1982, Pukdnszky 2008, Yilgor 2015). Phase separation in these systems
allows for physical crosslinking which, although weaker, acts in a manner similar to covalent
crosslinking and chain entanglement. These physical crosslinks allow the thermoplastic to have
rubber-like and elastomeric qualities such as high elongation with good shape recovery. Because

these are not permanent crosslinks, the materials can be heated and deformed, which is sometimes
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advantageous over thermoset materials.

Most commonly, oligomeric diols utilized as soft segments have polyester, polyether, or
polybutadiene backbones, with molecular weights ranging from 400 to 7,000 g/mol (Oertel 1993,
Yilgor 2007). For elastomer synthesis, aromatic diisocyanates such as toluene diisocyanate (TDI)
or methylene diphenyl diisocyanate (MDI) are most commonly employed. After this reaction,
segmented polyurethanes are formed with nanophase or microphase separated morphologies due
to the thermodynamic incompatibilities of the two segments. The oligomeric diol acts as a flexible
soft segment with a T, well below room temperature while the rigidity of the aromatic rings and
chain extender in the hard segment allows for a domain with T, typically well above room
temperature. Heavily studied in literature, the structures employed as soft and hard segments, as
well as the compositions of each segment, are observed to influence the thermodynamics, and
therefore extent of phase separation (Castagna 2012, Petrovi¢ 1998, Sheth 2005, Yilgor 2015).

Hydrogen bonding in polyurethanes has a large impact on phase separation, morphology,
and mechanical properties (Bagdi 2012, Sami 2014, Wang 1994, Zhang 2010, 2014). Shown in
Figure 2.4, the urethane linkage has the ability to hydrogen bond through multiple functional
groups in the hard segment (amide NH, carbonyl C=0) and in certain soft segments (such as ether
COC). Interurethane hydrogen bonding in segmented polyurethanes has been shown to stabilize
and assist in the physical crosslinks to promote elastomeric behavior. However, any interactions
between hard and soft segments (for example, amide-ether hydrogen bonding) can result in the
prevention of urethane group segregation and an increase in phase mixing.

Studies have shown that the choice of soft segment backbone is a key variable in the degree
of phase separation because of thermodynamic incompatibility and hydrogen bonding potentials.
When used as a soft segment, polybutadiene (PBD) produces extremely well phase-separated
polyurethanes because it is non-polar and there is no potential for non-covalent interactions
between the butadiene segments and urethane linkages. In a study by Schneider et al. (Schneider

1979), oligomeric PBD was employed as the soft segment with either TDI or MDI and 1 4-
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Figure 2.4. Hydrogen bonding of the urethane amide group in polyurethane materials. Highlighted
in red, the representation of the expected hydrogen bonding interaction between hard segments in
polyurethanes; the urethane carbonyl group hydrogen bonds to neighboring urethane amide
hydrogen in the hard-segment regions. Shown in purple, the expected interaction of amide
hydrogens with soft-segment ether oxygens in polyether-based polyurethanes.
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butanediol (BDO) as a chain extender over a range of hard-segment contents. It was found that
regardless of the hard segment structure or composition, the soft segment 7, showed little variation
from the pure PBD 7. This is indicative of an extremely well phase-separated material as the two
segments have little impact on each other’s thermal properties. When polyesters are used, such as
polycaprolactone (PCL), the soft segment has repeat units of ester groups. These ester groups can
hydrogen bond with the amide hydrogens in the urethane linkage. In a study by Seefried et al.
(Seefried 1975), PCL diols of various molecular weights were employed in a reaction with MDI
and BDO as the hard segment. All synthesized polyurethanes exhibited a soft segment 7, at least
20 °C higher than the T, of neat PCL. This result indicates a less phase-separated system because
the interactions between hard and soft segments (due to polarity and hydrogen bonding) cause
phase mixing.

Common techniques used to investigate phase separation in segmented polyurethanes
include Fourier-transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC),
and small-angle X-ray scattering (SAXS) (Boyard 2005, Camberlin 1983, Chu 1992, Elwell
1996b, Teo 1997, Wang 1994, Yilgor 2000). Infrared spectroscopy can give information on the
extent of hydrogen bonding in a sample. As the electronics of the functional groups change with
interactions, the peak area and location will shift in the spectrum. Well studied in literature, the
amide hydrogen and urethane carbonyl have well known peak positions for free (non H-bonded)
and H-bonded functional groups (Teo 1997, Wang 1994, Yilgér 2000). Thermal transitions can
also be employed to investigate the extent of phase separation by comparing each polymer phase
T, to its pure starting material (Camberlin 1983). For example, the difference in T,’s between a
pure soft segment diol and the rubbery phase in the segmented polymer will reveal the extent of
hard segment dissolved in the soft segment matrix.

2.3. Fluorescence as a Tool for Polymer Characterization
2.3.1. Basics of Fluorescence Spectroscopy

Fluorescence is a form of luminescence, which is the emission of light from a material
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Figure 2.5. Simplified Jablonski diagram illustrating energy pathways associated with absorbance,
fluorescence, internal conversion, and non-radiative decay of a dye molecule.
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(Lakowicz 2007). More specifically, after a photon is absorbed by a molecule and is raised to an
excited electron state, it can return to its ground state by two processes: radiative and non-radiative
decay. Radiative decay, or fluorescence, is the emission of light from this excited-singlet state.
Non-radiative decay is the relaxation through bond vibrations or rotations. The absorption and
fluorescence processes are best shown in the Jablonski diagram (Figure 2.5) (Guilbault (Ed.)
1990). In this simplistic diagram, the ground, first and second electronic states are shown. Upon
the absorption of light, the molecule is excited to a certain vibrational level in the first or second
electronic state. After internal conversion to the lowest vibrational level, relaxation to the ground
state will either occur through vibrational loss or fluorescence. A molecule can also undergo a spin
conversion to the triplet state and undergo phosphorescence. For the purposes of this work,
fluorescence will be the only pathway discussed. From Figure 2.5, other details about fluorescence
can be understood. For example, the energy of absorbance is greater than the energy of
fluorescence. Because of this difference, fluorescence emission will occur at lower energy (longer
wavelength). It can also be seen that the shape of the fluorescence emission spectrum will be
constant and independent of the absorption and excitation wavelength as it always occurs from the
lowest vibrational level of the excited state.

Fluorophores are molecules that can undergo this fluorescence process. Typically,
fluorophores contain aromatic rings or multiple pi bonds (Prochazka 2016). These molecules
contain delocalized electrons that can be excited and maintain a certain stability in the excited
state. Pyrene, a molecule containing four aromatic rings, is a common fluorophore, while benzene,
a single aromatic ring, can also be used as a flourophore (Dawson 1968). Therefore, any polymer
than contains a phenyl ring has the potential for intrinsic fluorescence. Polystyrene, a commodity
polymer, can intrinsically fluoresce through its phenyl side group (Khan 2005). Different
fluorophores are more common based on their quantum yields. Quantum yield is the ratio of light
emitted by fluorescence to the total of both radiative and non-radiative decay. The impact of

temperature on the fluorescence intensity can be explained through quantum yield. Non-radiative
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decay is heavily influenced by the thermal motions of molecules, and therefore, increases with
increasing temperature. As a result, increased temperature causes a decrease in the fluorescence
quantum yield of a sample.

Fluorimeters use a wide range of techniques to give information on the fluorescence of a
sample (Lakowicz 2006). Emission spectra are generated by holding an excitation wavelength
constant and scanning through emission wavelengths. Emission spectra are the most commonly
reported in literature as they reveal the emitted light from the sample excited at a particular
wavelength. The structure of the emission is not typically affected by excitation wavelength, but
the intensity will be impacted. Emission can be influenced by any light absorption of the sample.
For example, PBD contains pi orbitals that absorb light and decrease the absorption of any attached
dyes (Lakowicz 2007). Excitation spectra can also be generated for a given sample. Excitation
spectra, in which the emission wavelength is fixed (typically at the maximum emission for that
sample), are generated as the monochromator scans through the excitation wavelengths. Excitation
spectra are similar to absorption spectra, in that they give details on the wavelength (or species)
that is absorbing light.

2.3.2. Excimer Fluorescence

In fluorescence, the mirror rule can be applied to most fluorophores. The mirror rule states
that the emission spectrum is a mirror image of the absorption spectrum (Balzani 1991, Guilbault
(Ed.) 1990). However, there are exceptions to the mirror rule that can occur with excited-state
molecular association. Some fluorophores containing aromatic rings, such as pyrene or
polystyrene, can form complexes that will change the emission spectrum from that of the isolated
fluorophore. These complexes, termed excimer (excited-state dimer), emit fluorescence at longer
wavelengths (Birks 1963a, 1963b, 1963c, Gordon (Ed.) 1975). Forster et al. (Forster 1969) were
the first to comment extensively on the concept of excimers in pyrene. It was found that adjacent
conjugated fluorophores have the ability to share their pi electrons equally in the excited state, but

not in the ground state. In later work, it was found that conjugated polymers can have pi electrons
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that are delocalized between bonds in both the ground and excited states (Winnik 1993). Because
conjugated polymers can interact in countless ways and also undergo processes like charge
transfer, the literature for excited-state species is vast. For the purposes of this dissertation, only
the relevant literature on equally-shared pi electrons between conjugated species will be discussed.

To more specifically describe excimer excitation and emission, this section will focus on
the formation of excimers in single phenyl rings. In the excited state, intermolecular interactions
are stronger due to the enhanced electron affinity. However, in order to share electrons equally,
aromatic rings require intense orbital overlap that occurs when the distance between two identical
molecules is 3 — 4 Angstroms (Gordon (Ed.) 1975). The interaction is largely determined by the
concentration and sterics of the aromatic rings. There is also a requirement of orientation of the
molecules for excimer formation. In aromatic rings, this is a parallel, sandwich-like (face-to-face)
geometry for two rings. This orientation can occur in both intramolecular and intermolecular
species, dependent on the polymer. For example, intramolecular excimers are formed in aromatic
polymers with flexible carbon backbones of lengths of -(CH,);- between rings (Hirayama 1965).
Typically, a chain length longer than n = 3 will not produce any excimer due to conformational
entropy. Although this rule has been found to describe most aromatic polymer species, there are
exceptions in regard to rigidity and other interactions between backbones and side chains
(Zacharaisse 1991).

2.3.3. Excimer Formation Pathways

Most commonly explored, and discussed here, are the interactions between molecules in
the lowest excited state and the ground state. An excimer, in the original and strictest definition, is
an excited-state dimer that is associated in the excited state but dissociated in the ground state
(Birks 1962). However, the definition has been revised to include species that are associated in the
ground state in the absence of external restraints (Winnik 1993). With this definition, species from
crystal structures, viscous solutions, as well as from intramolecular interactions, like those studied

here, can be included (Mei 2005).
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In relevant literature, excimer species have become more specific and are classified
according to their formation: dynamic excimer and static excimer. Dynamic excimer, most closely
related to Birks’ definition, is an excited-state dimer that is only associated in the excited state. A
static excimer is an excited-state dimer that is associated in both the ground and excited state.
Figure 2.6 shows the formation pathways for static and dynamic excimers. From these pathways,
a few details about their fluorescence can be noted. First, that excited-state monomer has two
competing pathways for fluorescence: monomer and dynamic excimer fluorescence. Second, that
static and dynamic excimer fluoresce as the same species, and will therefore be identical in their
emission profiles. Finally, that static and dynamic excimer fluorescence are from non-competing
pathways because they are formed by unique ground-state species. The use of excitation spectra
to identify the absorption profile of the absorbing species is a method of distinguishing between
the two pathways.

2.34. Sensitivity to Polymer Properties

Fluorescence of a species is largely determined by the fluorophore, its covalent
connectivity and surrounding medium. For example, polystyrene, an aromatic ring containing
polymer, displays both monomer and excimer intensity that changes with concentration as well as
solvent (Gelles 1982b). The solvent molecules have the mobility to reorient during the lifetime of
the excited state species. This reorientation will lower the energy of the excited state and produce
an emission at a longer wavelength. The polarity of the solvent will determine the extent of this
effect (Khan 2005). Although solvent is the only example explored here, fluorescence is largely
influenced by mobility as well as polymer structure, temperature, viscosity and interfaces
(Guilbault (Ed.) 1990, Healy 2007, Morris 2016).

Because of its sensitivity to the local environment, fluorescence can be used to investigate
properties in polymeric systems. Both intrinsic and extrinsic fluorescence can be employed in
polymeric systems to examine polymerizations, chemical degradation, morphology changes, self-

assembly and thermal transitions (Bosch 2005a). Fluorescence is a powerful tool for these
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measurements because it is non-destructive, has high sensitivity and selectivity, and a fast
timescale. For example, Torkelson and coworkers (Ellison 2002) have demonstrated fluorescence
as a method for probing the 7, of polymer systems through the impact of density changes on
fluorescence emission. Conversions for polymerizations of systems such as poly(methyl
methacrylate) (PMMA) can be measured extrinsically using monomer and excimer intensity ratios
of the pyrene-labelled polymer. The gel point of this system can also be determined through a
sudden increase in pyrene emission and its emission insensitivity after that increase. In this
dissertation, the properties of segmented polyurethanes in bulk and thin films are investigated by
fluorescence. Previously, fluorescence has been used to explore properties in polyurethanes such
as micelle formation, dispersion, electric potential, and mechanical strain, as well as cure
progression (Bosch 2005a, Goda 2001, Gonzalez-Benito 2002, Karthikeyan 2009, Lupu 2007, Sun
1996, Wang 2002). Water uptake in polymer films and coatings can be quantified through
fluorescence. Peinado and coworkers leverage the plasticizing effect of water on polymer coatings
by relating the changes in fluorescence emission to Fickian diffusion to model water absorption in
humid conditions (Bosch 2005b).

2.3.5. Confinement Behavior of Polymer Films

Polymers in confined geometries are employed in numerous technological applications
including lithography, composite materials, and coatings. As polymers are forced into confined
states, their bulk physical properties (i.e. T,, diffusion, morphology) often do not scale
proportionally (Dalnoki-Veress 1998, Despotopoulou 1996, Fasolka 2001, Napolitano 2011,
Priestley 2007). Because of the complex nature of confinement behavior, many techniques have
been developed to probe polymer properties, including fluorescence, ellipsometry, and atomic
force microscopy (AFM). In confined geometries, polymer properties are largely determined by
interfaces. For example, a generally accepted model to describe supported polymers in thin films
is the three-layer model (Keddie 1994). The polymer-air interface (or free surface) is the top region

of the film in which the polymer has greater mobility relative to the bulk polymer. Dependent on
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the polymer film thickness, the middle region is considered to be bulk polymer and will have
properties similar to those in a non-confined state. The third region, the polymer-substrate
interface, can impact polymer properties due to rigidity as well as attractive interactions. For
example, studies have shown that PMMA supported on silica show an enhancement in 7, with
decreasing film thickness due to hydrogen bonding interactions between the PMMA side group
and the hydroxyl groups of the native silicon dioxide layer which causes decreased mobility at the
substrate (Keddie 1994).

While the field of polymer-confinement effects has been studied for over two decades,
most property-confinement research is limited to addition-type polymers, such as PS and PMMA.
Recently, more research has been performed on the confinement behavior of block copolymers
(Fasolka 2001). Typically, these studies investigate morphology and self-assembly rather than
polymer properties. Confinement behavior of polyurethanes has only been investigated in a few
studies. Kojio et al. (Kojio 2007, 2009) examined the microphase separation in bulk and thin film
polyurethanes using AFM, optical microscopy and X-ray photoelectron spectroscopy. They
reported that for films with thickness greater than 200 nm, the morphology was similar to bulk
polyurethanes. However, upon confinement to thicknesses equal to or below bulk domain spacing,

the samples exhibited homogenous structures.
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II. SYNTHESIS AND CHARACTERIZATION OF NOVEL, CROSSLINKED POLYMER
NETWORKS FROM CLICK REACTIONS
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CHAPTER 3
HYBRID THIOL-ACRYLATE-EPOXY POLYMER NETWORKS:
COMPARISON OF ONE-POT SYNTHESIS WITH SEQUENTIAL REACTIONS AND
SHAPE MEMORY PROPERTIES
3.1. Introduction

Thiol reactions have been studied in organic chemistry since the early 1930s (Jacobine
1993, Patai 1974). With the popularization of “click” chemistry beginning in 2001 (Kolb 2001),
the Michael addition emerged using thiols as key reactants (Hoyle 2010a). The thiol-Michael
addition reaction can be classified as a click reaction because it is efficient, thermodynamically
favorable and yields highly selective products. The thiol-Michael reaction can occur between a
thiol and any carbon—carbon double bond that is electron-deficient, such as (meth)acrylates,
unsaturated ketones, maleimides, or unsaturated esters (Chan 2010, 2009, Chatani 2013, Li 2010,
Mather 2006, Nair 2014, Tunca 2014). This reaction achieves high yields with certain catalysts,
including Lewis acids, methoxides, ionic liquids, and iodine (Alleti 2008, Lowe 2010, Lowe (Ed.)
2013, Moghaddam 2005). However, in order to produce fast reactions with minimal side products,
base or phosphine catalysts must be used (Chan 2009b, Hoyle 2010a, Liu 2013a). The acting
mechanism for certain nitrogen-centered catalysts is currently unknown in literature but is reported
to be base-catalyzed or nucleophile-initiated (Baidya 2008, Lowe 2010, Mather 2006, Nair 2014,
Watts 2001).

Another thiol reaction that has recently gained popularity due to potential applications is
the thiol-epoxy (or thiol-oxirane) reaction. Thiol-epoxy polymers are known for high chemical
resistance and mechanical strength. Commonly used in biosynthetic and biomedical applications
(Baidya 2008), this reaction is said to occur by nucleophilic ring-opening, where the proton capture
can occur from the thiol or the catalyst. The thiol-epoxy reaction can be initiated by Lewis acids
as well as bases (Watts 2001). In literature, few kinetics studies have been performed on this

reaction (Amantini 2003, Fringuelli 2003, Lowe 2010) and, like the thiol-ene Michael addition,
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knowledge about the mechanism is just emerging (Binder 2014, Brandle 2012, Jin 2015). In this
work, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), a nitrogen-centered catalyst, is used to catalyze
thiol reactions with acrylate as well as epoxide functional groups.

Multifunctional thiols and multifunctional vinyls have been utilized to form highly uniform
and homogenous networks (Hoyle 2010a). Thiol-Michael polymerizations are step-growth
reactions. This fact eliminates common issues associated with thiol-acrylate reactions such as
oxygen inhibition or acrylate homopolymerization (Mather 2006). However, due to typical
reactant structures and the step-growth polymerization mechanism, thiol-Michael networks exhibit
low glass transition temperature (1) and low crosslink density, which limit their applications
(Kwisnek 2009, Nair 2014, Rydholm 2008, Shin 2009). Recently, there has been interest in using
multi-component systems to produce structurally diverse polymers. Hybrid polymer chemistry,
where one or more monomers contain functional groups which are reacted by multiple curing
methods, is one approach to achieve these materials (Wei 2007). Specifically, this work will focus
on the combination of thiol-ene and thiol-epoxy reactions to produce hybrid phase-separated
materials. In the literature, these reactions have only been performed under different reaction
conditions, such as UV initiation, with the goal of producing single-phase, high 7, materials
(Carioscia 2007a, 2007b, Flores 2013, Itoh 1996, Jian 2013, Li 2017, Nair 2012, Ortiz 2008a,
2007, 2014, 2008b, Sangermano 2010, 2015, Shin 2010).

Bowman and coworkers (Carioscia 2007b) were the first to study hybrid polymers
produced by thiol-ene and thiol-epoxy reactions. They aimed to combine the benefits of the thiol-
ene network (fast reaction, lack of oxygen inhibition, and high selectivity) with those of thiol-
epoxy resins (chemical resistance, high 7,, and mechanical strength). They investigated the effects
of monomer ratios and reaction conditions on final material properties of a photo-initiated thiol-
ene reaction and base-catalyzed thiol-epoxy reaction. Their findings established that the order of
sequential reactions significantly affects final conversion, as monomer mobility is a key factor in

reaction conditions of network formations. Ortiz and coworkers (Ortiz 2007, 2014, 2008a,
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Sangermano 2010, 2015) approached a similar synthesis by introducing a cationic thiol-epoxy
reaction into a photopolymerizable thiol-ene formulation. This synthesis is made possible through
the use of a photoinitiator that undergoes photolysis to protonate the epoxy monomer. Jian et al.
(Jian 2013) used both a free-radical photoinitiator and photo-base generator to prepare thiol-
ene/thiol-epoxy hybrid systems.

Thus, based on results in the open literature, thiol-ene/thiol-epoxy hybrid materials have
been produced only via use of two synthesis techniques, UV and thermal initiation, performed
sequentially. With sequential reactions, full conversion cannot always be achieved as the initially
cured network can hinder the formation of the second network. Here, we present results of the first
study to undertake a one-pot, single-catalyst approach to the synthesis of thiol-ene-epoxy
polymers. This approach provides synergistic property enhancements through a synthesis that is
much simpler and more efficient than the multi-step or multi-catalyst approaches currently
presented in literature. In the cases studied here, the network is formed with all three components.
With DBU as a catalyst, both reactions can achieve full thiol conversion under ambient conditions.
Through characterization of reaction kinetics and study into structure design, the first phase-
separated thiol-acrylate-epoxy polymer was synthesized. From these phase-separated materials, a
novel type of thermally induced shape memory polymer with good thermal and mechanical

properties was synthesized and characterized.

3.2 Experimental Section
3.2.1. Materials

Trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) (Aldrich, > 95%), Bisphenol
A diepoxide DER 383 (The Dow Chemical Company), 1,6-hexanediol ethoxylate diacrylate
(314 g/mol, Aldrich) and the catalyst, 1,8-diazabicyclo[5.4.0Jundec-7-ene (Aldrich) were used as
received. Difunctional urethane acrylates of various molecular weights (1000, 2000, and

4000 g/mol) were synthesized by The Dow Chemical Company from a poly(propylene oxide)
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urethane prepolymer end-capped with acrylate functional groups and used as received.
3.2.2. Simultaneous Polymer Synthesis

A mixture of epoxide-containing monomer and acrylate-containing monomer were placed
in a FlackTek cup, and a stoichiometric amount of thiol-containing monomer (pre-mixed with
0.5 mol % DBU with respect to SH) was added and mixed in a high-speed mixer (FlackTek, DAC
150.1 FVZ-K) for 30 s at 2000 rpm. The reaction proceeded at room temperature (23 °C). The
studied stoichiometries were 1.0:0.5:0.5 eq. thiol:epoxide:acrylate functional groups and
1.0:0.9:0.1 eq. thiol:epoxide:acrylate functional groups.
3.2.3. Sequential Polymer Synthesis

Thiol-acrylate then thiol-epoxide: 1.0 eq. thiol (pre-mixed with 0.5 mol % DBU with
respect to SH) was mixed with 0.5 eq. acrylate in a high-speed mixer for 30 s at 2000 rpm and
reacted until complete conversion (confirmed by Fourier-transform infrared spectroscopy (FTIR))
at 23 °C. 0.5 eq. epoxide was then added and hand-mixed for 15 s. Thiol-epoxide then thiol-
acrylate: 1.0 eq. thiol (pre-mixed with 0.5 mol % DBU with respect to SH) was mixed with 0.5 eq.
epoxide in a high-speed mixer for 30 s at 2000 rpm and reacted until 50% epoxide conversion
(before gelation) at 23 °C and then 0.5 eq. acrylate was added and hand-mixed for 15 s.
3.2.4. Nomenclature

Polymer samples are prepared in stoichiometric balance between nucleophile (thiol
functional groups) and electrophiles (epoxide and acrylate functional groups). Because of this and
for ease in mechanical property discussion, the samples will be referred to by the weight percent
of the thiol-epoxide phase (X%E) and weight percent of thiol-acrylate phase (X%(Yg/mol A)),
followed by sim or seq for simultaneous or sequential reactions, respectively. For example, a
simultaneous reaction between 1.0 eq. thiol, 0.9 eq. epoxide and 0.1 eq. acrylate of 2000 g/mol is
designated 74(E)/26(2000A)/sim. A sequential reaction between 1 eq. thiol, 0.5 eq. epoxide and
0.5 eq. acrylate of 314 g/mol is designated 52(E)/48(314A)/seq. The mass and mole percentages

are clearly labeled for each sample in Table 3.1.
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3.2.5. Monomer Conversion via FTIR

Attenuated total reflectance FTIR spectra were taken on a Bruker Tensor 37 FTIR
spectrometer. The resolution for all infrared spectra was 4 cm '; there were 32 scans for each
spectrum. To measure conversion, the thiol (wavenumber 2550 cm ™), the vinyl of the acrylate
(1620 cm™") and the alcohol formation (wavenumber 3500 cm ') peaks were used. Isothermal
kinetics measurements were made from thin polymer films at room temperature (23 °C).
3.2.6. Analysis of FTIR Data

Functional group conversion was calculated with the following equation:

Conversion (%) = {[(Ax/Aref)o - (Ax/Arer)t] / (Ax/Aret)o} X 100% (Eq. 3.1)

where 4, is the area of the functional group peak (x =~2550 cm™, 1620 cm™ and 3500 cm™" for S-
H, C=C and O-H stretches, respectively), and 4. is the area of the internal standard peak.
3.2.7. Differential Scanning Calorimetry

Samples were characterized using a Mettler-Toledo DSC822¢. A sample of ~8 mg was
placed into a 40 pl aluminum pan and annealed for 10 min at 200 °C to erase the thermal history.
After cooling at —40 °C/min to —80 °C, the heat flow was measured upon heating at 10 °C/min to
200 °C. The reported Ty is by the half-AC, method. Extent of phase separation can be quantified
through the comparison of the heat capacities for the thiol-epoxide phase and pure thiol-epoxide
system. Phase separation % is estimated by the following equation:

% Phase Separated = [(Cpr-g-a / ¥1E) / CprE] X 100% (Eq.3.2)

where Cpr.g-a is the heat capacity of the thiol—epoxide phase in a three-component polymer, xr.
g 1s the theoretical weight fraction of thiol-epoxide phase and Cprg is the pure thiol-epoxide heat
capacity measured by DSC.
3.2.8. Turbidity via UV-Vis Absorbance Spectroscopy

After 30 s mixing in FlackTek high-speed mixer, the reaction mixture was placed in a
disposable cuvette (polystyrene, 10 mm path length, 2.5-4.5 mL). Light transmission at 800 nm

was recorded with a UV-Vis absorbance photo-spectrometer (PerkinElmer, Lambda 35) as a



53
function of time at 23 °C. The relative change in transmitted light was used to estimate the onset
of phase separation.

3.2.9. Tensile Testing

Samples were cured at T, + 20 °C in a hot press until complete conversion was achieved
and confirmed by FTIR. Dumbbell-shaped specimens (1 mm X 2.5 mm x 20 mm) were cut from
films using a Dewes-Gumbs die. Mechanical properties were measured using a Sintech 20/G
following ASTM 1708 (100 N load cell; crosshead speed 130 mm min ). Young’s modulus was
determined from the initial slope of the linear portion (the first 3—6% elongation) of the stress—
strain curves. Elongation at break and yield strength were also determined.
3.2.10. Dynamic Mechanical Testing

Dynamic mechanical analysis (DMA) samples were cured in the same manner as for tensile
testing and cut to dimensions of 3 mm x 10 mm x 30 mm. The storage modulus and tan delta
curves were determined using a TA RSA3 DMA over a temperature range of —80 to 100 °C at a
frequency of 1 Hz and a heating rate of 3 °C/min.
3.2.11. Shape Memory Testing

A shape memory test was conducted using a Sintech 20/G (100 N load cell; crosshead
speed 130 mm min '; 350 Hz data acquisition frequency) instrument equipped with an Instron
temperature chamber and liquid nitrogen. Dumbbell-shaped samples (30 mm length, 2 mm
thickness) were prepared by the same method as the tensile samples. Results are the average of
five trials. Shape fixity (Rr) and shape recovery (R;) values were calculated as follows:

Rt= €/ &max x 100 (%) (Eq. 3.3)
R: = Efinat/ €max X 100 (%) (Eq. 3.4)

where &, €max, and &gnar are the strain after shape-fixing, the maximum strain and the final strain
after the shape recovery cycle, respectively. The sample characterized with this method was
74(E)/26(2000A)/sim, as this was the optimized composition of reactants according to preliminary

bending test evaluations. The sample was clamped into the Sintech 20/G and elongated to &max (10—
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20%) after heating to a temperature 60 °C (~7, + 30 °C). This strain was maintained for 3 min to
allow for relaxation of polymer chains. While being held under constant stress, the temporary
shape was fixed by controlled cooling (—6 °C/min) to 0 °C. After 3 min, the strain was reduced
until a stress-free condition was achieved at 0 MPa. The polymer was then heated to 60 °C while
the stress was held constant at 0 MPa, resulting in the contraction of the sample to its permanent
shape.
3.3. Results and Discussion
3.3.1. Polymer Synthesis, Reaction Kinetics and Phase Separation

For the simultaneous synthesis of a thiol-acrylate-epoxy polymer, a system was chosen in
which a multifunctional thiol was able to react with both acrylate and epoxide, each of which act
as an electrophile, under the same conditions. The model reactants are shown in Figure 3.1. The
trifunctional thiol (TMPTMP) and DBU are added to a mixture of diacrylate and diepoxide. With
the use of DBU catalyst, a thiol can react with both diacrylate and diepoxide. In recent literature,
these components have only been combined sequentially using UV and thermal approaches to
produce hybrid polymers (Carioscia 2007a, Jian 2013, Ortiz 2008b).

In order to characterize the reactivity of these components and how the polymer network
is formed, the kinetics of the three-component reactions were studied at room temperature. The
conversion of each functional group was tracked as a function of reaction time using
FTIR. Figure 3.2 shows the thiol conversion over the course of the reaction for 1.0:0.5:0.5 eq.
thiol:epoxide:acrylate sample in the presence of 0.5 mol% DBU (52(E)/48(314A)/sim). The thiol-
acrylate reaction occurs rapidly (<5 min) and is complete before the thiol-epoxy reaction, which
occurs at a much slower rate. This difference in reaction rate is evident under different catalyst
loadings as well as different relative stoichiometries of reactants. Additional experiments show
that the thiol-epoxide reaction is more sensitive to increases in temperature while the thiol-acrylate
reaction is more sensitive to increases in catalyst. (Future work focused on the quantification of

these different reaction rates is warranted.) Room temperature reactions were characterized here
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Figure 3.1. Model hybrid thiol-acrylate-epoxy reactants: T: Trimethylolpropane tris(3-
mercaptopropionate), E: Bisphenol A epoxy resin, A: 1,6-Hexanediol ethoxylate diacrylate, C:
1,8-Diazabicyclo[5.4.0Jundec-7-ene. P: Proposed network product for 1.0:0.5:0.5 T:E:A (sample
52E/48(314A)/sim).
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Figure 3.2. Fractional conversion as a function of time for simultaneous room temperature
reaction of 1.0 eq. thiol, 0.5 eq. epoxide and 0.5 eq. acrylate in the presence of 0.5 mol% DBU.
(square) SH conversion for reaction with 314 g/mol diacrylate to produce sample
52(E)/48(314A)/sim. (triangle) SH conversion for reaction with 2000 g/mol diacrylate to produce
sample 24E/76(2000A)/sim. (circle) Acrylate group conversion in inset.
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in order to monitor the rapid thiol-acrylate reaction as well as to maintain a reasonable rate for the
thiol-epoxide reaction.

To investigate the behavior of these materials as phase-separated elastomers, a high
molecular weight (MW) soft-segment diacrylate (2000 g/mol poly(propylene oxide) urethane
diacrylate) was wused at the same 1.0:0.5:0.5 stoichiometry (24(E)/76(2000A)/sim).
Figure 3.2 shows the reaction conversion of thiol in the presence of 0.5 mol% DBU as a function
of time at 23 °C for these multi-component reactions. As expected, the functional groups are
diluted in the high MW system and cause a decreased reaction rate. The thiol-acrylate reaction
nevertheless proceeds to completion in 10 min whereas the thiol-epoxide reaction does not reach
full conversion during the 600 min reaction time scale shown in Figure 3.2 (within error, full
conversion is achieved in 26 h). At a temperature of 50 °C, all reactions are complete in less than
20 min. Table 3.1 indicates that all of the hybrid polymers made with a 1.0:0.5:0.5 stoichiometry
are single-phase materials as determined by the appearance of a single 7, by DSC, as well as lack
of turbidity.

To increase the incompatibility of the components and induce phase separation, a different
stoichiometry (1.0:0.9:0.1 eq. thiol:epoxide:acrylate with 0.5 mol% DBU) was used, with the
resulting material being a novel phase-separated thiol-acrylate-epoxy polymer (sample
74(E)/26(2000A)/sim), the first reported in the literature. As shown in Figure 3.3, the conversion-
time profile is different than that for the 1.0:0.5:0.5 eq. thiol:epoxide:acrylate discussed previously.
Thiol concentration decreases rapidly when reacting with the acrylate, followed by a slow (almost
plateaued after ~10% conversion) reaction with the epoxide. At 345 min, phase separation occurs
(measured by the onset of the decrease of light transmittance through the reacting mixture). We
hypothesize that once the thiol-epoxide blocks reach and exceed a critical MW, the thiol-epoxide
and epoxide monomers phase separate from the thiol-acrylate blocks. After phase separation, the
reaction rate increases as the local concentrations of thiol- and epoxide-containing monomers have

increased by being in an epoxy-rich phase.
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Table 3.1. Thermal and mechanical properties for hybrid thiol-ene-epoxy polymers produced by
simultaneous or sequential thiol-epoxide then thiol-acrylate reactions. Shaded row indicates

material tested for shape memory.

N Ephase:Aphase | Modulus Elongation | Ultimate T, Phase
omenclature MW, | (wt%/mol (MPa) at Break Strength °c Separated
frac) (%) (MPa) | (C) | (%)
. 52:48 |
52(E)/48(314Aysim | 314 | %8/ | 614104 | 504-13 [17+-01| -6 No
52:48 |
52(E)/48(314A)seq | 314 | XSl | 724015 | 254012 [214-08| 6 No
. 35:65 /
35(E)/65(1000A)sim | 1000 | 55201 | 324102 | 210425 | 1.6+-0.8 | -10 No
35:65 /
35(E)/65(1000A)seq [ 1000 | ooo>! | 3.0+-03 | 185+-30 |1.2+-05 | -12 No
83(E)/17(1000A)sim [1000 | 53171 | 1804110 | 35410 |97+-0.8 | 53 | Yes, 93%
74(E)/26(2000A)sim 2000 | (V20T | 140412 | 85415 | 114120 | S0 | Yes, 94%
56(E)/44(2000A)/sim | 2000 | 0% s | 135403 | 140410 |67 4125 oo | Yes 72%
o4 . 24:76 /
(E)76(2000A)sim | 2000 | 24701 | 16402 | 310410 | 1.7+-09 | 49 No
24:76 / Too adhesive to tensile test after -48, o
24(E)/76(2000A)/seq | 2000 0.5:0.5 compression molding 12 Yes, 24 %
61(E)/39(4000A)/sim | 4000 81;,09 / 23+1-3 | 135+1-25 | 8.2+-14 | Do | Yes, 91%
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Figure 3.3. Fractional conversion as a function of time for simultaneous room temperature
reaction of 1.0 eq. thiol, 0.9 eq. epoxide and 0.1 eq. acrylate (2000 g/mol diacrylate) in the
presence of 0.5 mol% DBU, (sample 74E/26(2000A)/sim). Line represents onset of phase
separation from turbidity measurements.

59



60

1.0 &
(a)
0.9
0.8 -
0
0.7 - _
T T
06 | O 2
o SH |©
@ 7] 8
Nos5 0 Ebltmvcﬁbcmcrﬂﬂ
g : $
] <
504 S04 g
4 = <o
0.3 - R 031 2
02 - 021 ¢
< <
1<
0.1 - <><> C=C 0.1 :
0.0 | X000 0.0 | , , ]
0 5 10 15 20 0 200 400 600
Time (min) Time (min) \
1 eq. SH + 0.5 eq. 314 MW acrylate 1eq. SH + 0.5 eq. DER epoxide

Figure 3.4. Two-component fractional conversion as a function of time for 1.0 eq. thiol in the
presence of 0.5 mol% DBU and a) 0.5 eq. acrylate (314 g/mol diacrylate) or b) 0.5 eq. epoxide.
Reactions occur at room temperature.
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3.3.2. Comparison of Simultaneous and Sequential Reactions

In addition to the novel simultaneous synthesis of hybrid thiol-acrylate-epoxy polymers
described above, a sequential synthesis approach was also employed. Because there are two
electrophiles in this polymerization, it is possible to perform the sequential reaction two ways: first
thiol-acrylate and then thiol-epoxide, or first thiol-epoxide and then thiol-acrylate. To investigate
the reactions of the sequential addition, the kinetics of two-component mixtures (thiol-acrylate and
thiol-epoxide) were characterized. Figure 3.4 shows the separate reaction conversions as a function
of time for 1.0 equivalence of thiol reacted with 0.5 equivalences of acrylate and epoxide in the
presence of 0.5 mol% DBU. The two-component reaction kinetics are indicative of the first step
of each of the sequential reactions. From the simultaneous reaction kinetics described above, it is
known that the thiol-acrylate reaction reaches nearly complete conversion before significant thiol-
epoxide conversion occurs, which is comparable to the first thiol-acrylate and then thiol-epoxide
sequential reaction. All syntheses performed with this type of sequential addition showed reaction
kinetics that were the same within error as the kinetics of the simultaneous addition. In addition,
the mechanical properties of the hybrid polymers were identical within error when synthesized by
these two reaction types.

In contrast, relative to the results for the simultaneous reactions, some similarities as well
as differences are apparent when sequential reactions are done as first thiol-epoxide then thiol-
acrylate additions. Similarities are shown in cases where low MW acrylates are used as reactants.
After the thiol-epoxide reaction is underway, the addition of either 314 g/mol or 1000 g/mol
diacrylate results in a single-phase reaction mixture, which allows for the thiol to reach complete
conversion. Figure 3.5 (curve a) shows the fractional conversion as a function of time for the first
thiol-epoxide then 314 g/mol diacrylate addition in the presence of 0.5 mol% DBU. Upon the
addition of the acrylate, the thiol, catalyzed by DBU, preferentially undergoes the thiol-Michael
addition. After completion of the thiol-Michael reaction, the thiol-epoxide reaction continues to

full conversion. Table 3.1 shows that all materials that maintain a single phase throughout the
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Figure 3.5. Fractional conversion as a function of time for sequential addition of 0.5 eq. epoxide
to 1.0 eq. thiol in the presence of 0.5 mol% DBU, followed by the addition of 0.5 eq. acrylate

after 25% thiol conversion: (a) 314 g/mol diacrylate added which results in a single-phase system
(sample 52E/48(314A)/seq) (b) 2000 g/mol diacrylate added which results in a two-phase system

(sample 24E/76(2000A)/seq), and (c¢) premixed 2000 g/mol diacrylate and 0.1 mol % DBU
added which results in a two-phase system.
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reaction will produce similar thermal and mechanical properties.

The difference between the simultaneous reaction and the first thiol-epoxide then thiol-
acrylate sequential addition is highlighted in the systems in which phase separation can occur.
With 1000, 2000, 4000 g/mol reactants forming the soft segments, incompatibility plays a large
role in the reaction chemistry. In the simultaneous reactions using a 1.0:0.5:0.5 eq.
thiol:epoxide:acrylate with 2000 g/mol diacrylate, there is no apparent phase separation (sample
24(E)/76(2000A)/sim). With sequential addition (first, thiol-epoxide then thiol-acrylate using the
same stoichiometry), the addition of the acrylate immediately results in phase separation (sample
24(E)/76(2000A)/seq). Phase separation is made apparent in two ways: the appearance of
two T, values (one associated with the thiol-acrylate-rich phase and the other with the thiol-
epoxide-rich phase) and the presence of sample turbidity. In Figure 3.5 (curve b), the conversion
of the thiol is unaffected by the addition of the diacrylate and the thiol appears to not participate
in the thiol-Michael addition. This result can be explained by the thiol molecules entering the
epoxide molecule phase or that DBU catalyst enters the epoxide molecule phase. Without the
significant presence of thiol or DBU in the acrylate phase, the thiol-acrylate reaction will proceed
slowly, if at all. An experiment that supports this explanation, in which another 0.1 mol % DBU
was premixed with diacrylate before addition, was performed (See Figure 3.5 (curve c¢)). With the
additional DBU, there was a rapid 10% thiol conversion due to the acrylate addition, but phase
separation dominated and the overall reaction was incomplete. Additional experiments were
performed at higher temperatures in which complete conversion was achieved in both phases as
the thiol-acrylate reaction can be thermally-initiated.

The first simultaneous synthesis approach for producing thiol-acrylate-epoxy polymer
networks was presented with the use of a single base catalyst DBU. Sequential reactions can also
be used to produce these materials with results dependent on the phase behavior. Phase separation

of multi-component systems plays a large role in the final conversion, morphology and properties
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of the material.
3.3.3. Thermal and Mechanical Properties of Hybrid Polymer Networks

The hybrid polymers described above were synthesized in order to combine two distinct
polymer networks and enhance thermal and mechanical properties. Here, using thiol, acrylate and
epoxide, the resulting polymer has the typical advantages associated with thiol-ene networks but
with a higher 7, usually associated with epoxy polymers. The 7,’s of the synthesized polymers,
however, are limited by the flexibility of the chosen monomers. For example, stoichiometric
reaction of a two-component trifunctional thiol and the difunctional epoxide leads to a material
with a T, of 31 °C, which represents the upper limit of any polymer containing this flexible thiol
monomer and explains why the higher of the two T,’s in our phase-separated hybrid polymer
networks are only several degrees above room temperature.

Because of the many variables (e.g. stoichiometry of electrophiles, MW of diacrylate, type
of addition, etc.), the potential thermal and mechanical properties associated with this hybrid
polymer system are vast. Table 3.1 summarizes the structure—property relationships of the hybrid
polymers synthesized in this study. These materials were tested after full (>99%) conversion.
When comparing heat capacities of thiol-epoxide phases in the polymer and material made using
only thiol and epoxide (see experimental section), extent of phase separation can be estimated
quantitatively. For example, the 74(E)/26(2000A)/sim sample exhibits nearly complete (94%)
phase separation, whereas the 56(E)/44(2000A)/sim sample is only partially (74%) phase
separated. The partial phase separation of 56(E)/44(2000A)/sim is also supported by comparison
of T,’s. Sample 24(E)/76(2000A)/seq, which exhibits an estimated 24% phase separation, have an
upper T, that is well below room temperature (12 °C) due to the incomplete phase separation
caused by the sequential addition technique.

With phase-separated systems which have a phase with 7, above room temperature, tensile
properties can be optimized by adjusting either molar equivalences or MW of the acrylate soft

segment. For example, elongation at break can be enhanced from 85% (74(E)/26(2000A)/sim) to
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310% (24(E)/76(2000A)/sim) with an increase of the high MW acrylate reactant from 10 to 50 mol
%. In accordance with the kinetics described above, the mechanical and thermal properties of
single-phase materials are independent within error of reaction sequence. This result makes the
one-pot simultaneous synthesis the simplest and best option for producing single-phase thiol-
acrylate-epoxide networks. With reactions resulting in two-phase materials, robust properties are
developed only from the simultaneous synthesis. For example, the 24(E)/76(2000A) polymers
exhibit very different behavior when cured sequentially (first, thiol-epoxide then thiol-acrylate)
compared to when cured simultaneously. After the sequential cure, the polymer exhibited
qualitatively strong adhesion to the polyimide substrate on which it was cured but elastomeric
behavior after the simultaneous cure with little adhesion to the substrate. Future studies are
warranted to address the potential of these hybrid materials in adhesive applications (Leitsch
2016).
3.3.4. Use as Shape Memory Materials

Beyond the good tensile properties associated with the two-phase materials, some of these
samples also exhibited good shape memory behavior. Such behavior is described below for the
74(E)/26(2000A)/sim sample (thiol-epoxide phase 7, = 28 °C). Shape memory polymers are able
to form a temporary shape and recover rapidly to the permanent shape after a stimulus is applied
(in this case, temperature) (Atli 2009, Behl 2007, Beloshenko 2007, Ge 2012, Huang 2010,
Lendlein 2002, Liu 2007, Liu 2013b, Luo 2013, Mather 2009, Ratna 2008, Tcharkhtchi 2014, Xie
2011, Yan 2012). Most commonly, polymers rely on either physical or chemical crosslinks in their
molecular structure to hold a temporary shape and to recover to the permanent shape. In this work,
shape memory polymers take advantage of both the physical crosslinks provided by phase
separation and the chemical crosslinks of network formation to provide a permanent structure with
a flexible transition. First, qualitative testing (Lendlein 2002) was used to investigate the shape
memory programming and recovery. As shown in Figure 3.6, a semi-circle was formed during the

reaction curing step. Following that, the semi-circle was heated to 60 °C and deformed into one of
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two temporary shapes: rectangular slab and coil. The polymer was then cooled in an ice bath (0 °C)
for 1 min and held its temporary shape. Upon reheating to 60 °C, the polymer was able to fully
recover its original, semi-circular shape.

Shape memory polymers are typically characterized by a modulus that spans about two
orders of magnitude as the temperature is varied (Behl 2007). As shown in Figure 3.6d, the thiol-
epoxide phase glassy modulus is ~500 MPa at 0 °C and is reduced dramatically to ~6 MPa at 60 °C.
The rigidity from the aromatic epoxide structure allows for the complete fixing of the temporary
shape without creep. The thiol-epoxide domains exhibit a sharp transition region that allows for
rapid recovery upon heating. Quantitatively, shape memory can be characterized through a stress-
controlled programming cycle over a relevant temperature range (discussed in experimental
section) (Atli 2009, Behl 2007, Beloshenko 2007, Huang 2010, Liu 2007, Luo 2013, Mather 2009,
Ratna 2008, Tcharkhtchi 2014, Yan 2012). For the optimized composition, sample
74(E)/26(2000A)/sim (shown shaded in Table 3.1), the shape memory
properties are centered around a useful temperature transition (7, = 28 °C), which could be
convenient for applications switching between room (23 °C) and body temperature (37 °C). For
samples strained to 10%, the average shape-fixity (Rr) was measured to be 91.5% and the average
shape-recovery (R;) was 99.2%. When enax = 20%, the average shape memory properties increased
(Rs = 93.8% and R, = 99.6%). It is possible that the shape-fixity is affected by the thiol-acrylate
phase as that phase (with 7, = —47 °C) is mobile at the temperatures used during the testing cycle.
These samples were also tested for multiple programming cycles, and the shape fixity and recovery
results were consistent for three consecutive trials. The shape recovery values are comparable to
other chemically crosslinked shape memory networks whereas the shape fixity values are slightly
above these typical networks (Behl 2007, Lendlein 2005). Further studies to optimize shape

memory properties are warranted.



68

3.4. Conclusion

The first simultaneous syntheses of hybrid polymers using catalyzed thiol-acrylate and
thiol-epoxide reactions have been performed. To date, this is the only single-catalyst synthesis that
combines these chemistries simultaneously to achieve full conversion of materials. Sequential
syntheses with the overall same reactant composition were also performed, and properties of the
resulting network polymers were compared to the polymers made by simultaneous reactions. For
one-phase materials, both sequential and simultaneous reaction orders produce mechanically
similar polymers. However, with two-phase materials, the simultaneous synthesis is the simplest
technique and provides the best mechanical properties. In addition to the ease of synthesis, these
polymers can be tailored to show shape memory behavior. The evident advantages of the thiol-

acrylate-epoxide system are its facile synthesis, design versatility, and potential for new materials.
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CHAPTER 4
EXPLOITING DISSIMILAR REACTION RATES TO MAINTAIN
MORPHOLOGY IN SIMULTANEOUSLY CURED
THIOL-ACRYLATE-EPOXY THERMOSETS
4.1. Introduction

Thermosetting polymers, polymer networks that cannot reach a fluid-like state at high
temperatures due to chemical crosslinks, are employed in a wide range of applications including
as shape memory materials, rubbers, coatings and foams (Brazel 2012). When designed for high
mechanical strength and robustness, thermosetting polymers, such as epoxy resins, can be
extremely brittle (Williams 1997). Heavily studied in literature, the toughening of epoxy resins
can be done through structural variation of the starting materials or by the inclusion of a toughening
phase such as a thermoplastic or rubber. In the latter category, rubber modified epoxy resins have
been studied for decades, with research exploring structure, molecular weight and functionality of
the rubber (Inoue 1995, Liu 2013b, Pascault]. P. 2010, Ruiz-Pérez 2008). A common technique to
produce these materials is reaction-induced phase separation. Reaction-induced phase separation
involves a homogeneous mixture that undergoes liquid-liquid phase separation (Williams 1997).
As the reaction progresses, the thermodynamics of homogeneity become unfavorable and the
components begin to phase separate due to a reduction of entropy of mixing with increasing
molecular weight and a changing reaction medium. To toughen epoxy resins, typically modifiers
are added during the initial stages of the epoxy cure and allowed phase separate from the resin
over the course of the reaction.

Widely studied in epoxy systems, reaction-induced phase separation has been observed to
be sensitive to temperature, initiator/catalyst loading, composition and modifier type (Lipatov
2007, Meng 2006, Saito 1990, Szczepanskia 2012, Yamanaka 1989, Yu 2012, Zhang 2008).
Because phase separation is occurring during the reaction, its extent is largely determined by

gelation and vitrification of the system. Gelation limits the mobility of the polymer chains and
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halts diffusion into separate phases from thermodynamic incompatibilities. Gelation is adjusted
through kinetic parameters such as temperature and inherent rates of reactivity. In the literature,
there are a number of factors controlling extent of phase separation, morphology and overall
properties of the final materials, including structure compatibility of the phases (x parameter),
reaction rate, composition, mobility of chains (crosslink density) and degree of polymerization at
gelation (Liu 2013b, Williams 1997). The competition between rate of polymerization and rate of
phase separation controls the extent of phase separation. The dominant rate will largely determine
the morphology and properties of the materials.

Research in reaction-induced phase separation has largely been focused on revealing the
relationship between morphology and mechanical properties on model systems as the morphology
can dramatically change as a function of the cure conditions. For example, Inoue and coworkers
observed morphology changes between uniform spheres to cocontinuous structures dependent on
the temperature of the first cure (Kim 1993, 1995, Yamanaka 1989). In these studies, the
morphology-property relationships of these rubber modified epoxy resins were also examined and
differences in modulus, vibrational damping, elongation and yield points were observed. Lemstra
and coworkers also examined the effect of temperature on morphology and found that a stepwise
cure was necessary for the desired properties. They employed a low temperature cure for the
fixation of the desired spherical morphology followed by a high temperature cure to ensure
complete conversion of the starting materials (Jansen 1999). The use of a two-step synthesis is not
ideal for industrial applications because it is time and energy intensive compared to a one-step
procedure. Research has also shown that block structure in copolymers can impact the morphology
as the monomer structure can influence the overall reactivity of the functional group (Meng 2006,
Yamanaka 1989). Another factor that can disrupt the ratio of reaction rate to phase separation rate
is catalyst. In literature, it is observed that increased catalyst loading can cause changes in
morphology due to increased reaction rate (similar to increased temperature) (Klempner 1985,

Suthar 1995).
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Literature has reported that changes in morphologies of modified epoxy resins produce
materials with a wide range of thermal and mechanical properties. With the different extents of
phase separation (caused by structure and rate changes described above), modified epoxy resins
have been observed with single phase, lamellae, cocontinuous or spherical morphologies. Bates
and coworkers designed nanostructured materials using different architectures of amphiphilic
block copolymers (Grubbs 2000, Liu 2010). A popular method of achieving spherical domains is
the use of specially designed AB and ABC block polymers (Girard-Reydet 1997, 1999, Liu 2010,
Ritzenthaler 2002). This is possible as A is soluble in the thermosetting polymer while B is
insoluble and thus leads to B being expelled from the network while still covalently attached. This
procedure produces epoxide polymers that are less brittle than the original network. In addition to
the use of thermoplastics, research has also incorporated reactive sites into the epoxy-miscible
blocks in order to fix the desired morphology. However, the design of such monomers is multi-
step and tedious.

Hybrid polymer networks, networks formed through multicomponent or multiple reaction
mechanisms, have recently been used to incorporate thiol-ene networks into epoxy resins to
decrease the observed brittleness (Carioscia 2007b, Jian 2013, Narayanan 2012, Sangermano
2010). Previously, in these hybrid systems with thiol, acrylate and epoxide starting materials, phase
separation is difficult to achieve because of the reactant symmetry and compatibility. In previous
works by our group, these hybrid components were mixed together using a simultaneous synthesis
to produce one- and two-phase materials (Dhulst 2016, Jin 2016). The single phase materials
showed properties that were a weighted average of rigid epoxy resins and flexible thiol-ene
networks whereas the two-phase materials showed segmented behavior with both glassy and
rubbery phases. Two-phase materials were able to capitalize on the flexibility of the thiol-acrylate
network and the rigidity of the thiol-epoxy network in order to achieve elastomeric response and
shape memory properties. These materials were able to phase separate through reaction-induced

phase separation.
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Previously, we generated a one-pot simultaneous synthesis of elastomeric materials at
room temperature. Here, we investigate the cure variables of temperature and DBU catalyst
concentration to show their minimal effectiveness on changing system morphology and properties.
The purpose of this work is to demonstrate the ease of reaction-induced phase separation in these
hybrid systems with two distinct reactions to produce toughened epoxy resins. In this work,
properties and nanostructures in the thermosets were investigated by means of tensile testing and

scanning electronic microscopy (SEM).

4.2. Experimental Section
4.2.1. Materials

Trimethylolpropane tris(3-mercaptopropionate) (Aldrich, > 95%), bisphenol A diepoxide
DER 383 (The Dow Chemical Company), and the catalyst, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU, Aldrich) were used as received. Difunctional urethane acrylates of various molecular
weights were synthesized by The Dow Chemical Company from a poly(propylene oxide) urethane
prepolymer end-capped with acrylate functional groups and used as received. Structures of all
reactants are shown in Figure 4.1.
4.2.2. Network Polymer Synthesis

A mixture of epoxide-containing monomer and acrylate-containing monomer were placed
in a FlackTek cup, and a stoichiometric amount of thiol-containing monomer (pre-mixed with
various wt % DBU with respect to SH) was added and mixed in a high-speed mixer (FlackTek,
DAC 150.1 FVZ-K) for 30 sec at 2000 rpm. The reaction proceeded at various reaction
temperatures (23, 30, 50, 70, 90 °C). The studied stoichiometry was 1.0:0.9:0.1 eq.
thiol:epoxide:acrylate functional groups which produces 74(E)/26(2000A)/sim.
4.2.3. Monomer Conversion via FTIR

Attenuated total reflectance FTIR spectra were taken on a Bruker Tensor 37 FTIR

spectrometer. The resolution for all infrared spectra was 4 cm™'; there were 32 scans for each
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spectrum. To measure conversion, the thiol (wavenumber 2550 cm™) and the vinyl of the acrylate
(1620 cm™) peaks were used. Isothermal kinetics measurements were made from thin polymer
films at room temperature (23 °C). Functional group conversion was calculated with the following
equation:

Conversion (%) = {[(Ax/Arer)o - (Ax/Arer)t] / (Ax/Arer)o} X 100% (Eq. 4.1)

where 4, is the area of the functional group peak (x =~2550 cm™ and 1620 cm™ for S-H and C=C,
respectively), and A, is the area of the internal standard peak. Epoxide conversion referenced in
figures was calculated from thiol conversion after acrylate conversion was complete (assumed that
no thiol-epoxide reaction happens during thiol-acrylate reaction).
4.2.4. Turbidity via UV-Vis Absorbance Spectroscopy

After 30 sec mixing in a FlackTek high-speed mixer, the reaction mixture was placed in a
disposable cuvette (polystyrene, 10 mm path length, 2.5-4.5 mL). To characterize turbidity, light
transmission at 700 nm was recorded with a UV-Vis absorbance spectrophotometer (PerkinElmer,
Lambda 35). The relative change in transmitted light was used to estimate the onset of phase
separation.
4.2.5. Morphology Characterization

Morphologies of hybrid samples were determined via field-emission scanning electron
microscopy (FE-SEM) using an S-4800 II instrument (Hitachi) after sputtering (Denton Desk I1I)

with gold/palladium.

4.3. Results and Discussion

Here, hybrid materials were synthesized from reactions between a trifunctional thiol and a
balance of diacrylate and diepoxide. Shown in Figure 4.1, the three components with majority
thiol-epoxy (74 wt % thiol-epoxide phase, 26 wt % thiol-acrylate phase and a stoichiometry of 1
eq. thiol, 0.9 eq. epoxide and 0.1 eq acrylate) formed an initially homogeneous mixture. Upon

mixing base catalyst, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), the reaction began
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Figure 4.1. Hybrid thiol-acrylate-epoxide reactants: Acrylate-functionalized Voranol diol with
R, =toluene and R, = 2000 g/mol poly(propylene oxide):, Aromatic epoxide: Bisphenol A
diglycidyl ether, Trifunctional thiol: Trimethylolpropane tris(3-mercaptopropionate).
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instantaneously and proceeded under ambient conditions. Previous studies have shown that, in the
presence of DBU, thiol-acrylate reactions are rapid and thiol-epoxide reactions are much slower
in comparison (Dhulst 2016, Hoyle 2010a, Jin 2016). In this work, the system undergoes reaction-
induced phase separation as the oligomeric poly(propylene oxide) diacrylate phase separates from
the crosslinking thiol-epoxide reaction. However, because of its reactive end-groups, the diacrylate
participates in the thiol reactions and covalently connects to the thiol-epoxide network. As the
reaction progresses, the crosslinking leads to formation of a stable morphology.

As the material cures and the thiol-epoxy phase reaches a critical molecular weight, the
reaction mixture becomes turbid. Turbidity is often used as an indication of phase separation in
mixtures. Here, turbidity is measured as a function of time, temperature and catalyst loading to
obtain information of the reaction-induced phase separation of this system. To quantify the
timescale of phase separation, the cloud point time (the time at which the reaction mixture becomes
turbid) will be used to indicate the onset of two-phase formation. Two reactions (thiol-acrylate and
thiol-epoxide) are involved in the overall conversion of thiol. It is known that both reaction rates
can be tuned by reaction variables such as temperature and catalyst loading, but the impact on each
rate will be different. With reaction-induced phase separation, any change in the reaction rate has
the potential to change the morphology and therefore the thermal and mechanical properties of the
network. Figure 4.2 shows the cloud point times as a function of catalyst loading and temperature.
These onset times reveal that phase separation occurred in all studied systems. With increased

catalyst loading, there is a non-linear decrease in phase separation onset times.

4.3.1. Effect of Catalyst Loading on Morphology

In previous studies, it was shown that at this functional group concentration, the thiol-
acrylate reaction is complete or near completion before the thiol-epoxide reaction (Dhulst 2016).
Therefore, it is the thiol-epoxide reaction that is at low conversion at the point of phase separation.

The unreacted thiol and epoxide will both phase separate into a distinct phase due to their mobility
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Figure 4.2. Phase separation onset times at different temperatures and DBU catalyst loadings for
a reaction of 1.0 eq. thiol, 0.9 eq. epoxide and 0.1 eq. acrylate (2000 g/mol diacrylate) (74 wt %
epoxide phase, 26 wt % acrylate phase). DBU wt % is relative to thiol concentration.
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as small molecules, as well as their incompatibility with the oligomer chains. Because of this, we
examine phase separation conversion levels through epoxide conversion. In order to understand
which reaction is responsible for the changes in timescale of phase separation, each factor was
investigated separately with respect to epoxide conversion. First, catalyst loading was examined
for its effect on phase morphology. Figure 4.3 shows the impact of catalyst loading on the epoxide
conversion at the onset of phase separation. With increased catalyst loading, both thiol reactions
had increased rates. Although the thiol reactions are faster with increased catalyst loading, the
epoxide conversion at which the phase separation occurs is independent (or nearly so) of catalyst
loading over the range 0.15 wt % to 0.30 wt %. Conversions that are independent of catalyst
loading reveal that the rate of phase separation is faster than the rate of reaction associated with
gelation time at all tested levels of catalyst. Figure 4.4 shows the SEM images of thiol-acrylate-
epoxide hybrid networks at selected catalyst loadings. According to SEM, the domain sizes of the
epoxide phase remained very similar as a function of catalyst loading. Catalyst loading does not
impact the gelation time and therefore the epoxide domains are able to reach a uniform size in all

tested cases.

4.3.2. Effect of Temperature on Morphology

The most common method for increased reaction rate in the reaction-induced phase
separation literature is to increase temperature. Specifically, in certain modified epoxy resins,
changes in temperature and cure conditions led to changes in morphology and mechanical
properties (Cho 1993, Jansen 1999, Varley 1996). In the hybrid system, a change of temperature
will modify the rates of both reactions. Figure 4.5 shows the relationship between epoxide
conversion at onset of phase separation and temperature. This temperature-conversion
transformation plot gives us insight into the specific relationship of temperature with this phase-
separated hybrid system. In particular, an increase in temperature leads to an increase in conversion

at the cloud point. This behavior is indicative of a system with an upper critical solution
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Figure 4.3. Epoxide conversion of a 1.0 eq. thiol, 0.9 eq. epoxide and 0.1 eq. acrylate (2000
g/mol diacrylate) (74 wt % epoxide phase, 26 wt % acrylate phase) reacting system at different
catalyst loadings at 50 °C at which phase separation onset occurs (determined by UV-Vis
turbidity measurements). DBU wt % is relative to thiol concentration.
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epoxide and 0.1 eq. acrylate (2000 g/mol diacrylate) (74 wt % epoxide phase, 26 wt % acrylate
phase) reacting system at different catalyst loadings at 50 °C. DBU wt % is relative to thiol
concentration.
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temperature (UCST). With a higher reaction temperature, higher conversion levels are required for
the system to phase separate as the reacting materials and products have an increased level of
miscibility in the polymerizing medium.

With differences in cloud point conversion, the morphology has the potential to change as
gelation can occur before phase separation is complete. To examine the effect of temperature on
the morphology, hybrid samples were cured at both room temperature and 50 °C and examined by
SEM. Figure 4.6 shows the resulting SEM images of thiol-acrylate-epoxide hybrid networks. It
appears that when cured at different temperatures, the samples retain the spherical morphology.
However, a notable difference between the two samples is the domain size of the thiol-epoxide
phase. For hybrid samples, the domain size of the spheres apparently decreases with increasing
temperature. As the reaction temperature is increased, the cure rate is accelerated and an increase
in temperature will decrease the gelation time. With decreasing gelation time, the spheres do not
have time to coarsen before their size is fixed.

As previously shown, the final thermal and mechanical properties of a modified epoxy
resin are largely determined by the morphology (Cook 1996, Giannotti 2005, Mimura 2000, Ruiz-
Pérez 2008). Table 4.1 gives a comparison of mechanical properties for a selection of thiol-
acrylate-epoxide hybrid samples at the various temperature and catalyst conditions chosen. It can
be seen that these samples have properties that are identical within error to the room temperature
cured system with a standard loading of catalyst. These results show that the hybrid thiol-acrylate-
epoxide system is in a distinctive class of modified epoxy resins in which an increased reaction
rate does not change the overall properties. Most commonly, controlled cure conditions are the
only way to achieve a desired morphology through reaction-induced phase separation. The hybrid
systems produced the desired spherical morphology and matched previously seen tensile properties
to produce a useful shape memory material under all conditions.

It is hypothesized that these materials, made under dramatically different reaction
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Figure 4.5. Temperature-conversion transformation diagram showing phase separation for a 1.0
eq. thiol, 0.9 eq. epoxide and 0.1 eq. acrylate (2000 g/mol diacrylate) (74 wt % epoxide phase, 26
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Figure 4.6. SEM images of thiol-acrylate-epoxide hybrid networks with 1.0 eq. thiol, 0.9 eq.
epoxide and 0.1 eq. acrylate (2000 g/mol diacrylate) (74 wt % epoxide phase, 26 wt % acrylate

phase) reacting system at different curing temperatures with 0.15 wt % catalyst relative to thiol
concentration.
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Table 4.1. Comparison of mechanical properties for 1.0 eq. thiol, 0.9 eq. epoxide and 0.1 eq.
acrylate (2000 g/mol diacrylate), (74 wt % epoxide phase, 26 wt % acrylate phase), cured under
different temperature and catalyst conditions. DBU wt % relative to thiol concentration.

Cure Catalyst Loading Modulus Elongation at Ultimate
Temperature (°C) (wt %) (MPa) break (%) Strength (MPa)
23 0.15 138 +/-5 60 +/-9 13.7 +/- 3.1
50 0.15 140 +/- 12 85 +/- 15 11.0 +/- 2.0
50 0.30 141 +/-5 72 +/- 15 9.2+/-0.8
70 0.15 146 +/- 4 66 +/- 3 12.9+/-1.0
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conditions, produce identical morphologies and properties because of the highly dissimilar
reaction rates of the thiol-acrylate and thiol-epoxide reactions. With the polymerization of the
thiol-acrylate reactants, the flexible chains (thiol-acrylate) have reacted and not introduced any
level of gel formation because of the off-balance stoichiometry. This essentially causes those
chains to act as thermoplastic modifiers during the thiol-epoxide reaction. After the thiol-epoxide
reaction begins, at a certain conversion, the epoxide-containing chains will phase separate from
the system. However, because of the end-group functionality, at full conversion the immiscible
chains are covalently attached to the thiol-epoxide network allowing for further fixation of the
phase separated morphology. This approach is similar to AB/C thermoplastic modifiers but with a

simple, one-pot synthetic method.

4.4. Conclusion

Reaction-induced phase separation is often used to induce nanostructures or
microstructures into materials in order to enhance mechanical properties such as toughness. In
hybrid systems with thiol, acrylate and epoxide starting materials, phase separation is difficult to
obtain because of reactant symmetry and compatibility. Here, with the incompatibility of an
oligomeric component as well as the rigidity of an aromatic epoxide, phase separation was shown
to be achievable at room temperature. Often with reaction-induced phase separation, there is a
trade-off between complete phase separation (to achieve a desired morphology) and complete
conversion of a system. Here, we demonstrated that this hybrid system, through its use of two
distinctly different reaction rates, can produce materials with essentially identical morphologies,
and therefore essentially identical mechanical properties, under a wide variety of cure conditions.
With a simple, one-pot synthesis, the oligomeric component phase separates but is still covalently

attached to the network and fixes the phase separated morphology.
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CHAPTER 5
NOVEL NETWORK ELASTOMERS SYNTHESIZED BY
AMINE - VINYL SULFONE REACTIONS

5.1. Introduction

Polyurethanes are known for their versatility and wide applicability (Ahmad 2012,
American Chemistry Council 2012, Andersson 2010, Engels 2013, Meier-Westhues 2007).
However, exposure to isocyanates has been found to cause negative health effects and there has
been increasing regulatory pressure by governmental agencies to find replacements (Guan 2011).
Because of the fast and efficient isocyanate-alcohol reaction, there is a high benchmark of rapid
reactivity for any potential polyurethane replacements. In recent research, focus on the synthesis
and use of non-isocyanate polyurethanes (NIPUs) has led to the application of reactions well
known in small-molecule organic chemistry to polymerizations (Cornille 2016, Guan 2011,
Kathalewar 2013). Thermoset polyurethanes are chemically crosslinked networks with thermo-
mechanical properties specific to their applications (DuSek 1969). Because of their lack of
reprocessability, crosslinked polymers are sometimes synthesized at their application site. For
example, coatings and adhesives are often applied as reactants and cured directly on a surface. Due
to this necessity for speed, these materials are required to be fast reacting, as well as to have the
ability to achieve high conversion under ambient conditions. Recently, the use of click reactions
has led to synthesis of valuable materials with reaction rates that are competitive with isocyanate-
alcohol reactions (Besse 2013, Dhulst 2016, Guan 2011, Jin 2016, Kathalewar 2013). However,
the typical commercially available structures associated with these click reactants, e.g.
mercaptopropionates, create difficulties in achieving mechanical robustness and high glass
transition temperatures (7,s) in the products (Hoyle 2010a). In addition, many click reactions
require thermal activation to achieve fast reaction timescales (Leonards 2015, Nair 2012, Uygun

2010).
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Vinyl sulfone is a well-studied functional group in small-molecule organic chemistry that
is often used for post-functionalization in protein chemistry to produce water-stable products or as
a method of bio-conjugation (Chatani 2013, Lopez-Jaramillo 2012, Podgérski 2014, Rizzi 2005,
Simpkins 1990). Vinyl sulfone has high reactivity that is attributed to the extreme electron-
withdrawing nature of the sulfone group, which allows for the vinyl to be a good electrophile
(Esteves 2007). This electrophilicity allows for the group to be reactive toward nucleophiles. The
sulfone group imparts flexibility into the backbone, similar to ethers or esters. In addition, sulfone
lends solvent resistance that is usually missing from these functional groups.

Vinyl sulfones are reactive with functional groups such as alcohols, thiols and amines
(Mather 2006). Only recently has vinyl sulfone been explored as a reactant in polymerization
reactions. For example, the reactivity of vinyl sulfone toward nucleophiles has made them a
promising alternative to (meth)acrylates in many reactions. The Michael addition, a
thermodynamically controlled reaction between a nucleophile and an electrophile, has been
recently used for polymerizations with thiols as reactants (Chan 2009a, Chatani 2013, Li 2010,
Liu 2013a, Lutolf 2001, Nair 2014). Thiol-Michael reactions are rapid when catalyzed by either
base or phosphine catalysts and are efficient with a number of electrophiles, including acrylates
and maleimides (Wang 2013). However, the use of a thiol reactant for field-based applications has
the disadvantage of the offensive thiol odor and lack of shelf stability (Hoyle 2010b).

Although recent interest has been shown in thiol-vinyl sulfone reactions, relatively little
has been reported in regard to amine-vinyl sulfone polymerizations. The aza-Michael addition is
similar to the thiol-Michael addition with an amine as the nucleophile (Esteves 2007, Magnier-
Bouvier 2006, Mather 2006, Saidi 2009). Because of the inherent basic character of the amine, an
external catalyst is not necessary for reaction with electrophiles. However, catalysts, such as Lewis
acids, have been employed to increase the reactivity of certain sterically and/or electronically
hindered amines (Wabnitz 2003, 2004). Other things being equal, secondary amines are more

nucleophilic than primary amines and will be more reactive toward a vinyl sulfone in the aza-
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Michael addition (Nguyen 2013, Wu 2004, Zheng 2005).

Most reported amine-vinyl sulfone reactions are utilized as an intermediate step to the final
product (Jung 1991). For example, in the synthesis of macrocycles, two or three segments are vinyl
sulfone functionalized and can be joined together through nucleophilic additions (Teyssot 2003).
This reaction has also been successfully used in the field of protein chemistry to functionalize
proteins that have thiol- or amine-containing residues, such as lysine (de Castries 2007, Li 2002a,
Lopez-Jaramillo 2012, Masri 1988, Morpurgo 1996) or to covalently attach a protein to a vinyl
sulfone functionalized substrate (Tosatti 2003, Wang 2015). However, in the field of polymer
science, only three research teams have provided literature reports on this reaction to polymerize
macromolecules (Gao 2001a,2001b,2001c,2001d,2002,2001e, 2001f, Gléria 2011, Halimehjani
2016, Wang 2012, Yan 2000). For example, Gao and coworkers have taken advantage of the
reactivity difference between primary and secondary amines to produce a series of non-crosslinked
branched polymers. In particular (Gao 2001e, 2001f), they used divinyl sulfone (A,) and N-
methyl-1,3-propanediamine (BB’,) as monomers. The BB’, molecule contains both primary and
secondary amines, and when synthesis was performed in a polar solvent, such as water or dimethyl
sulfoxide, a linear polymer was obtained. However, upon altering the solvent polarity, as with the
use of chloroform, a hyperbranched polymer was obtained. They suggested that the reaction
mechanism differs as a function of solvent but did not provide a detailed discussion as the primary
focus of their work was to produce branched polymers. Currently, there is no report of the reaction
kinetics (reaction order, apparent rate parameters, etc.) for amine-vinyl sulfone polymerizations.

Here, reported for the first time, crosslinked elastomeric materials are synthesized with
divinyl sulfone and diamines in solventless reactions without catalyst or thermal initiation. The
electronic properties of the sulfone allow for fast reactions and the rapid synthesis of mechanically
robust elastomers at room temperature. Reaction kinetics for amine-vinyl sulfone polymerizations
and thermal and mechanical properties of the resulting polymers are presented. The elastomeric

materials produced in this study exhibit competitive reaction kinetics and promising tensile
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properties when compared with currently reported NIPU elastomers.

5.2. Experimental Section
5.2.1. Materials

Soft segments (~1750 g/mol polyether diamine Elastamine HE1700, PTMO) were obtained
from Huntsman Chemical. Divinyl sulfone, 1,3-cyclohexane bis(methyl amine) and m-xylylene
diamine were obtained from Sigma Aldrich. All reagents were used as received.
5.2.2. Polymer Synthesis

Divinyl sulfone (DVS) was added to a mixture of the polyether diamine and chain extender.
For nomenclature, each functional group will be denoted via a letter: vinyl (C=C, A), secondary
amine (NH, B). The amine hydrogens can be further divided into those located on the oligomeric

PTMO (Bpryo) and on the chain extender (B ). For crosslinked materials with the highest

Extender.
crosslink density, the stoichiometry was calculated based on secondary amine functionality, with
1.0:1.0 A:B and in particular 0.25:1.0:0.75 Bpryo: A:Brenders With 4 NH groups per diamine. The
reactants were mixed without solvent and allowed to react at 23 °C for 2 h and heated to 60 °C for
2 h to ensure complete conversion within error (confirmed by FTIR). For crosslinked materials
reacted at room temperature, the stoichiometry was 1.0:1.3 A:B or 0.5:1.0:0.8 Bpryio: A:Bryenders
with 3 NH groups per diamine (complete conversion considered to be depletion of vinyl groups
within error). For example, 0.54 g phenyl was dispersed into 3.00 g PTMO. Then, 1.01 g DVS was
added and mixed for 1 min. This mixture was allowed to react at room temperature until full
depletion of vinyl groups (< 1 day) as determined via FTIR.
5.2.3. Fourier-transform Infrared Spectroscopy

Attenuated total reflectance FTIR spectra were taken on a Bruker Tensor 37 FTIR
spectrometer. The resolution for all infrared spectra was 4 cm™; there were 32 scans for each

spectrum. Full conversion of reactions was verified by disappearance of vinyl peak (1610 cm™) or

amine peak (3200 cm™).
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5.2.4. Solubility Testing

Materials were tested for chemical crosslinks by confirming insolubility in tetrahydrofuran
and dimethylformamide (0.5 g material in 10 mL solvent). If samples were not completely
dissolved after 24 h at 40 °C, they were considered to be networks.
5.2.5. Tensile Testing

Samples were cured in a press (60 °C for stoichiometry of 1.0:1.0 A:B and 23 °C for
1.0:1.3 A:B) until complete conversion (within error) was achieved as confirmed by FTIR.
Dumbbell-shaped specimens were cut from films using a Dewes-Gumbs die. Mechanical
properties were measured using a Sintech 20/G following ASTM 1708. Young’s modulus was
determined from the initial slope of the linear portion (the first 3-6 % elongation) of the stress—
strain curves. Strain at break and ultimate strength were also determined.
5.2.6. Dynamic Mechanical Testing

Dynamic mechanical analysis (DMA) samples were cured in the same manner as for tensile
testing and cut to dimensions of 3 mm x 10 mm x 30 mm. The moduli and tan delta curves were
determined using a TA RSA3 DMA over a temperature range of -80 to 100 °C at a frequency of 1
Hz and a heating rate of 3 °C/min.
5.2.7. Differential Scanning Calorimetry

Samples were characterized using a Mettler-Toledo DSC822e. A sample of ~8 mg was
placed into a 40 pl aluminum pan and annealed for 10 min at 150 °C to erase thermal history. After
cooling at -40 °C /min to -100 °C, the heat flow was measured upon heating at 10 °C/min to 125

°C. The reported 7, is by the half-AC, method.

5.3. Results and Discussion
In this work, both the reactivity and structure of the reactants are investigated in order to
produce crosslinked materials. Figure 5.1 shows the monomer structures that were employed in

this study. Typically, polyurethane elastomers are designed with a soft segment, often an
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Figure 5.1. Monomer structures employed for the synthesis of crosslinked materials: divinyl
sulfone (DVS), poly(tetramethylene oxide) diamine (1750 g/mol, PTMO) and chain extenders
(1,3-cyclohexane bis(methyl amine) (Cyclohexane) and m-xylylene diamine (Phenyl).
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oligomeric polyether with a glass transition temperature (T},) well below room temperature, and a
hard segment, composed of the rigid isocyanate component and a short chain extender. Here, a
~1750 g/mol poly(tetramethylene oxide) diamine (called PTMO in Figure 5.1) and a chain
extender were reacted with divinyl sulfone (DVS). 1,3-cyclohexane bis(methyl amine) (called
cyclohexane in Figure 5.1) was chosen as the model chain extender with a non-aromatic, yet rigid,
cyclohexane ring. To determine the effect of a more rigid structure, m-xylylene diamine (called
phenyl in Figure 5.1) was used as a chain extender.

In addition to the reactant structures, the stoichiometry is important to the final architecture
of the polymer. Each of the amine-containing structures used in this study contained two primary
amine functional groups. Similar to an epoxide-amine reaction, due to the presence of two active
hydrogens on a primary amine (Girard-Reydet 1995, Mijovic 1992), vinyl sulfone can react twice
with each primary amine in the absence of catalyst. Figure 5.2 shows a reaction scheme for the
crosslinking of divinyl sulfone with a primary amine. In the first step, the vinyl group (A) can react
with one active hydrogen (B) of the primary amine. After this, the next reaction can occur between
A and either B of the secondary amine or B of another primary amine. In this work, the reaction is
done in bulk and crosslinked polymers are produced. The stoichiometry can be adjusted to produce
polymers of various crosslink density. For example, if 1 B is fed for every 1 A and nearly all
functional groups were converted, the polymer crosslink density would be high. However, if 1.5
B is fed for every 1 A, the reaction will be incomplete (in terms of the amine functionality) but
still produce a network polymer.

5.3.1. Reaction Kinetics of Room Temperature Amine-Vinyl Sulfone Polymerizations

Analysis of room temperature reaction kinetics was performed on a three-component
reaction in which DVS was added to 1750 g/mol diamine-capped PTMO and m-xylylene diamine
(phenyl) in 1.0:1.0 A:B stoichiometric balance. In order to characterize reaction kinetics,
concentrations of A and B (not differentiating between primary and secondary amines) were

monitored by FTIR over the course of the room temperature reaction. Figure 5.3a shows
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Figure 5.2. Reaction pathway for diamines and divinyl sulfones. Initially, the vinyl group (C=C,
A) can react with amine group (NH, B) to produce a reactant with both primary and secondary
amine functionalities. In bulk, crosslinked polymers are formed through the next reaction between
a vinyl and a secondary amine.
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Figure 5.3. Reaction kinetics plots for solventless, room temperature amine-vinyl sulfone
polymerizations with DVS, PTMO and phenyl at 1.0:1.0 A:B stoichiometry: (a) Vinyl (C=C, A)
conversion as a function of time and (b) Vinyl group (C=C, A) conversions fit to an integrated
second-order rate equation for a balanced stoichiometry of 1.0:1.0 A:B. Slope provides k value for
the reaction: k,,, = 0.17 M min™' with [A], = 4.8 M.
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conversion of the vinyl group for a bulk, room temperature reaction. Seen here, the initial stages
of reaction occur rapidly without catalyst at room temperature. The reaction conversion is ~ 67%
after 10 min. At this stoichiometry, the material forms a network with high crosslink density and
the mobility of the functional groups is limited at high conversion in a bulk reaction. Because of
this limited mobility, the reaction continues slowly after network formation. Although the rate
slows, the reaction reaches 81% conversion after 24 h reaction time.

Figure 5.3b demonstrates that, up to conversion of ~ 70%, the room temperature reaction
with 1.0:1.0 A:B stoichiometry provides a reasonable fit to results expected for second-order
reactions. Second-order reactions with balanced stoichiometry should obey the following equation
(Houston (Ed.) 2001):

[Al/[A] =1 + k1 (Eq. 5.1)
where [A], is the initial vinyl concentration and [A] is the vinyl concentration at reaction time #,
k,,, 18 the apparent second-order reaction rate parameter and 7 is the reaction time. The slight
deviation from linearity could be attributed at least in part to the fact that the observed [B]
concentrations are from both primary and secondary amines on both oligomeric and small
molecule diamines, as reactions with primary amines have different rate parameters than reactions
with secondary amines. With step-growth reactions, it is also known that the rate parameter can
sometimes change over the course of the reaction as the polarity of the medium will change (Flory
1939). Even with the polarity changes and the combination of different reactant reactivities, the
approximate linearity of this plot reveals that the reaction is consistent with an apparent second
order overall. It was also confirmed that these concentrations were not a better fit with 1.5 or 2.5

reaction orders. This reaction was done in the absence of catalyst and was still particularly rapid

(kﬂ

op 18 0.17 M'min" calculated from the slope) in comparison to reactions of other NIPUs,

including those involving catalyzed cyclic carbonate aminolysis (Guan 2011, Kathalewar 2013,
Lombardo 2015). This rate was also impressive compared to an uncatalyzed model polyurethane

polymerization reaction between commonly used toluene diisocyanate and castor oil with a k =
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0.09 M'min" (reaction at 30 °C) (Ajithkumar 1998). This study is the first to determine a rate
parameter or reaction order for a polymerization using amine-vinyl sulfone reactions.

A room temperature reaction was also evaluated for a stoichiometry of 1.0:1.3 A:B
(complete conversion was considered to be the depletion of all vinyl groups). Under these
conditions, a crosslinked polymer with a lower crosslink density formed as the vinyl concentration
was depleted. Conversion and kinetics analysis for this system can be seen in Appendix A. It can
be seen that this reaction is also consistent with being second order. The apparent rate parameter
(k = 0.11 M'min") differs from that obtained with the 1.0:1.0 A:B stoichiometry because the
polarity of the medium is different with additional chain extender in the medium.

5.3.2. Thermal and Mechanical Properties Associated with Crosslinked Amine-Vinyl Sulfone
Networks

Thermoset materials were synthesized using bulk reactions with varying stoichiometries.
With complete conversion within error of both functional groups (1.0:1.0 A:B), the maximum
crosslink density for this material was obtained. Upon analysis via FTIR, it was found that
complete conversion was not achieved at room temperature due to limited functional group
mobility after network formation. However, conversion could be pushed to a virtual complete
conversion (99+ % for vinyl group) at a higher temperature (< 30 min at 60 °C); the material
properties of the resulting networks with cyclohexane and phenyl chain extenders were evaluated.

The tensile properties for networks made from starting stoichiometries of 1.0:1.0 A:B and
1.0:1.3 A:B and run to virtually complete conversion are summarized in Table 5.1. The networks
resulting from the balanced stoichiometry reactions exhibited substantially higher Young’s
modulus and ultimate stress values as compared to those of the off-stoichiometry reactions.
Additionally, the phenyl-based networks resulted in much higher Young’s modulus and ultimate
stress values as compared with those of cyclohexane-based networks. The best overall properties
are those of the phenyl-based networks resulting from the balanced stoichiometry reactions,

resulting in room temperature Young’s modulus and ultimate stress values of 5.1 +/- 1.6 MPa and
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Table 5.1. Room temperature tensile properties for crosslinked amine-vinyl sulfone materials
reacted in the limit of full conversion at various stoichiometries with an aliphatic cyclohexane or
aromatic phenyl chain extender. *Values measured upon heating after samples had been cooled to
-100 °C and cold crystallization had occurred. “Values measured at room temperature after samples

had been cured at 60 °C.

. . . Young’s Ultimate Strain At
Network Stoichiometry | 7, T, Mo dul%J § Stress’ Break'
A:B °C °C MPa MPa %
Phenyl-based 1.0:1.0 -24 20 5.14/-1.6 0.754/-0.10] 73 +/- 25
Cyclohexane-based 1.0:1.0 -25 18 10.80 4+/- 0.07/0.26 +/- 0.06| 55 +/- 8
Phenyl-based 1.0:1.3 -45 19  |1.11 4/- 0.040.34 +/- 0.06| 187 +/- 32
Cyclohexane-based 1.0:1.3 -46 20 |0.55+/-0.080.18 +/- 0.04| 201 +/- 12
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0.75 +/- 0.10 MPa, respectively. With traditional polyurethane network elastomers, Young’s
modulus values typically fall in the range of 3.5 — 4.5 MPa (Tsai 1998), which are comparable to
the value associated with the phenyl-based network developed here. However, traditional
polyurethane network elastomers exhibit ultimate stress values of 10 — 40 MPa (Tsai 1998), more
than a factor of ten higher than that exhibited by the phenyl-based network from balanced
stoichiometry.

The fact that the phenyl-based networks exhibit substantially higher modulus and ultimate
stress values than cyclohexane-based networks can result from two factors. First, the enhanced
stiffness can be attributed to the rigidity of the phenyl chain extender. Second, although the
functional group stoichiometries are equivalent, the reactivities of the amine functional groups are
dissimilar in the aromatic and aliphatic structure. Dependent on reactivity, the crosslink densities
(where the crosslinks are located) of the materials may change (Krél 2007b).

The thermal properties of these polymers are reported in Table 5.1 and Figure 5.4, which
show the T,’s and melt temperatures from DSC measurements as well as DMA curves for the
phenyl-based network made with balanced stoichiometry. This material showed a robust rubbery
plateau at temperatures above the melt transition of the PTMO chain segments that is competitive
with crosslinked polyurethanes. These polymers also showed interesting crystallization behavior
with cold crystallization occurring in both systems around -55 °C and melting occurring at ~19
°C. These values are consistent with pure semi-crystalline PTMO. From DSC and DMA, the T,
was difficult to observe due to the cold crystallization peaks. With measurements taken upon
heating, cold crystallization of the PTMO chains occurred which could cause the remaining
amorphous network to be more rigid. These materials also have large glass transition breadths due
to the network heterogeneity. As this was the first study to examine the application of amine-vinyl
sulfone polymers as elastomers, there was limited investigation into the thermal and mechanical
properties as a function of chain extender. However, the comparison of the cyclohexane- and

phenyl-based networks demonstrated the structure-property tunability of this chemistry.
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Figure 5.4. Dynamic mechanical analysis of amine-vinyl sulfone networks at 1.0:1.0 A:B
stoichiometry synthesized with aromatic phenyl chain extender.
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To eliminate any issues associated with the semi-crystalline nature of the networks, future
studies should be done with an amorphous oligomeric diamine component. Future studies are also
needed to explore the stoichiometries and structures of reactants to reveal the full extent of
properties and applications of this reaction. Investigation into the use of a catalyst with this system
could be beneficial to the synthesis of highly crosslinked materials that can achieve complete

conversion at room temperature.

54. Conclusion

In this study, segmented crosslinked materials were synthesized using uncatalyzed room
temperature amine-vinyl sulfone reactions. Previously, research into this reaction has focused on
monofunctional reactants and has largely ignored its potential in polymerization reactions.
Thermoset materials can be synthesized by rapid reactions in which a vinyl sulfone can react with
both primary and secondary amines. Because amine-vinyl sulfone chemistry has not been well
reported in polymerization literature, its use as a fast-reacting alternative to polyurethanes still
requires additional investigation. Future studies are needed to explore the stoichiometries and
structures of reactants to reveal the full extent of properties and applications of this reaction.
Investigation into the use of a catalyst with this system could be beneficial to the synthesis of

highly crosslinked materials that can achieve complete conversion at room temperature.
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Figure A.1. Normalized vinyl group conversion (circle) for a bulk room temperature reaction
between DVS, PTMO and phenyl with imbalanced stoichiometry of 1.0:1.3 A:B. On the second
axis, amine (NH, B) and vinyl group (C=C, A) conversions fit to an integrated second-order rate
equation (square) with imbalanced stoichiometry of 1.0:1.3 A:B. Slope of the dotted line provides
([Bl,-[Aly)k values for the reaction. Calculated k,,, =0.11 M min™.
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Figure A.2. Stress-strain curves for phenyl- and cyclohexane-based networks synthesized with a

1.0:1.0 A:B stoichiometry.



102

III. INVESTIGATION INTO AROMATIC INTERACTIONS BY FLUORESCENCE
SPECTROSCOPY IN SEGMENTED POLYURETHANES
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CHAPTER 6
ANALYSIS OF AROMATIC INTERACTIONS IN SEGMENTED POLYURETHANES
USING INTRINSIC FLUORESCENCE
6.1. Introduction

Polyurethanes are versatile materials that are used in a wide range of applications such as
building materials, furniture, and automotive interiors (Engels 2013, Nohra 2013, Oertel 1993).
Segmented polyurethanes are a type of multi-block copolymer that can undergo phase separation
into hard-segment domains and a soft-segment matrix, thereby yielding elastomeric behavior
(Woo 1985). In order to be useful as elastomers, the phases must be well phase-separated.
Mechanical properties are determined by the molecular structure of the phases, as well as the
degree to which they are separated and the resulting morphologies (Petrovi¢ 1998, Pukéanszky
2008). In polyurethanes, the degree of phase separation is often enhanced by the extent of hydrogen
bonding between urethane linkages located in the hard segments (Elwell 1996a, 1996b, Sung 1974,
Tang 2011, Zhang 2014a). Although hydrogen bonding interactions are extremely important, the
role of aromatic interactions in the extent of phase separation has not been described in detail in
current polyurethane literature.

Several techniques are commonly used to quantify phase separation or to qualitatively
show phase separation in polyurethanes. One technique that is often used to examine phase
separation in polyurethanes is Fourier-transform infrared spectroscopy (FTIR) (Garrett 2003,
Hoyle 1986, Wang 1994, Yilgor 2000, Yilgor 2006, 2007, Zhang 2014b). FTIR allows for the
examination of hydrogen bonding of functional groups in polyurethanes. Hydrogen bonds in
urethane linkages act as physical crosslinks between hard segments. Therefore, the extent of
hydrogen bonding can be correlated with the extent of phase separation. Important stretches are
the amide hydrogen and the urethane carbonyl, which participate in the hard-segment hydrogen
bonding. Information can be extracted from both peak intensities as well as frequency shifts (Lee

1987). At best, this method can be semi-quantitative in addressing degree of phase separation.
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Differential scanning calorimetry (DSC) has long been used to characterize phase
separation in polymer samples (Camberlin 1983, Kwei 1982, Leung 1986). The most common
approach involves the use of the glass transition temperature (T},) and its sensitivity to molecular
structure. The purity of each phase can be estimated by using equations derived from Fox and
Flory (Fox 1956, 1950) as well as Couchman (Couchman 1978, Pinal 2008, Velankar 1998) for
miscible polymer blends and block copolymers. For qualitative determination of purity, the AT,
defined as the temperature difference between 7, of the soft segment in the polyurethanes and T,
of the neat soft segment diol, can be assessed (Gedde 1999). More quantitative analysis can be
done by calculations with the heat capacities of these two segments (Chen 1997). This analysis is
usually performed on the soft-segment matrix in high wt % soft-segment polyurethanes.

As previously studied, the importance of hydrogen bonding between hard segments in
polyurethanes has been established as a key factor in phase separation. In research literature, it is
well known that polybutadiene, polyether and polyesters as soft segments produce varying degrees
of phase separation because of the different interactions between the hard and soft segments (Bagdi
2011, Berezkin 2013, Castagna 2012, Cuvé 1992, Kojio 2010, Kultys 2011, Martin 1996,
Pukanszky 2008, Schneider 1979, Yilgor 2000, Yilgor 2015, Zou 2016). When used as a soft
segment, polybutadiene produces extremely well phase-separated polyurethanes because there are
no secondary bonding interactions between the butadiene units in the soft segment and the urethane
linkages. When polyesters are used as the soft segment, such as polycaprolactone, the ester groups
can hydrogen bond with the amide hydrogens in the urethane linkage. With such secondary
bonding interactions between the soft and hard segments, there is a degree of phase mixing that
occurs. Polyether soft segments, such as poly(tetramethylene oxide), have ether linkages that can
undergo hydrogen bonding to a lesser degree with the hard segment amide hydrogens and therefore
typically have degrees of phase separation that fall above polyesters but below polybutadiene.

Here, intrinsic fluorescence is explored as a novel method for examining phase-separated

polyurethanes. In particular, with aromatic-ring containing polyurethanes, intrinsic fluorescence
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has the ability to show how the hard-segment aromatic rings are aligning or interacting (Huang
2015, Sun 1996, Wang 2002). Aromatic rings can intrinsically fluoresce in two ways, as monomer
or excimer emission (Berlman 2012, Guilbault (Ed.) 1990). Monomer emission occurs from the
isolated excited state of a single phenyl ring or disubstituted benzene ring whereas excimer
emission occurs from two phenyl rings or disubstituted benzene rings in a parallel, sandwich-like
configuration with a separation distance of 3—4 A (Hirayama 1965). Excimer fluorescence can be
further divided into two pathways of dimer formation: static and dynamic (Aladekomo 1965, Birks
1963b, 1965, Winnik 1993). If two rings are able to interact in the ground state and are excited as
a dimer, they will fluoresce as static excimer. However, if an excited-state monomer interacts with
a ground-state monomer, they will fluoresce as dynamic excimer. An excitation spectrum, similar
to an absorption spectrum, can distinguish between the two pathways as each has a distinct
formation species, excited-state monomer for dynamic excimer emission and excited-state dimer
for static excimer emission (Birks 1964). In short, monomer and dynamic excimer will have the
same excitation spectra as the emission of both originates from an excited-state monomer. In
contrast, monomer and static excimer will have different excitation spectra.

Up to the present, no experimental study of polyurethanes has analyzed any pi-pi
interactions between disubstituted benzene rings that are common to many polyurethane hard
segments. This work explores the use of intrinsic fluorescence emission spectra involving both
monomer and excimer emission to analyze polyurethanes with varying degrees of phase separation
and excitation spectra to gain insight on how the aromatic interactions originate within phase-

separated polyurethanes.

6.2. Experimental Section
6.2.1. Synthesis
Five polyurethanes were synthesized using the following two-step procedure. In a typical

synthesis, 2 ,4-toluene diisocyanate (8.25 mmol) was charged into a round bottom flask equipped
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with a dry N, purge, overhead stirring, and an addition funnel. Following the isocyanate addition,
one of the selected 2000 g/mol dried diols (3.75 mmol) was added dropwise through the addition
funnel as the limiting reagent. After complete addition of diol, the material was mixed for 30 min.
After this stir, dibutyltin dilaurate (0.01 wt%) was added, and the round bottom flask was placed
in an oil bath at 80 °C. The reaction proceeded for 2 h, and the resultant prepolymer was poured
into a Flacktek max 20 mixing cup. For the chain extension reaction, the prepolymer was mixed
with dry 1.,4-butanediol (5.4 mmol) and dibutyltin dilaurate (0.01 wt%) using a FlackTek DAC
150.1 FVZ-K SpeedMixer™ at 3500 rpm for 30 sec. This reaction resulted in a polyurethane with
a ~ 20 wt % hard segment content after 1 h at 80 °C. The chosen diols were polybutadiene (Krasol
LBH P 2000, average Mn ~2000, Cray Valley), poly(tetramethylene oxide) (average Mn ~2000,
Aldrich), polycaprolactone (average Mn ~2000, Aldrich), and poly(propylene oxide) (Voranol
220-056, average Mn ~2000, The Dow Chemical Company). Soft segment wt % is calculated as
follows:

Soft Segment wt % = (Mys) / (Mgs+ RM,, + (R-1)M ) (Eq.6.1)

where R is the molar ratio of diisocyanate to soft segment, M, is the molar mass of the
diisocyanate, Mg is the molar mass of the chain extender and Mg is the molar mass of the soft
segment.
6.2.2. Spin Coating of Films

Bulk films of polyurethane materials were spin coated onto glass slides from toluene
(Sigma Aldrich) solutions containing 5 wt % polymer with spin speeds of 2000 rpm. Glass slides
were thoroughly cleaned by etching in 1.0 M hydrochloric acid, rinsed with water, and dried prior
to submerging in base solution (10 wt % sodium hydroxide/20 wt % water/70 wt % ethanol).
Substrates were then rinsed with water and dried prior to use.
6.2.3. Film Thickness by Ellipsometry

Measurements were performed at room temperature using spectroscopic ellipsometry (J.

A. Woollam Co. M-2000D over a range of wavelengths from 400 to 1000 nm). The ellipsometric
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angles (1 and A) of incident light reflected off silica-supported polyurethane films were measured
and fitted to a Cauchy layer model to determine thickness. The Cauchy layer model included a PS
layer atop a silicon substrate containing a 2-nm-thick silicon oxide surface layer. Film thickness
was determined by fitting 1 and 4 to the PS layer in the Cauchy model.

6.2.4. Fluorescence Spectroscopy

After spin coating, emission spectra were collected (Photon Technology International
fluorimeter in front-face geometry) at wavelengths from 280 to 550 nm, with excitation at 255 nm.
Excitation and emission slit widths were 1 mm (2 nm bandpass). Peak intensities were calculated
from an average of ten data points spanning 4 nm around the peak: Monomer intensity was an
average of ten data points around 320 nm and excimer intensity an average of ten data points
around 418 nm. Steady-state fluorescence excitation spectra, for which emission wavelength (A,
=315

is held constant and the excitation wavelength (A,, ) is varied, were measured with A,

€XC €m,monomer

M (A excimer = 407 nm) for monomer (excimer) at 30 °C. Fluorescence emission spectra were
taken at 30 °C at two times: immediately after spin coating the films and after the anneal process
described below.
6.2.5. Film Annealing

Films were spin coated onto glass slides. The films were heated to 130 °C at 25 °C/min.
Films were held at this temperature for 130 min and subsequently quenched to 30 °C at -40 °C/min.
6.2.6. Differential Scanning Calorimetry

Samples were characterized using a Mettler-Toledo DSC822e. A sample of ~8 mg was
placed into a 40 pl aluminum pan and annealed for 10 min at 150 °C to erase thermal history. After
cooling at =40 °C/min to —100 °C, the heat flow was measured upon heating at 10 °C/min to
120 °C. The reported T, is by the half-AC, method. Extent of phase separation can be quantified
through the comparison of the heat capacities for the soft segment phase and pure soft segment

measured by DSC. Phase separation % is estimated by the following equation (Couchman 1978):

% Pure SOft Segment Phase = [(CpSoftPhase/xSOftPhase)/CpSOftSegmem] X 100 % (Eq 62)
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where Cpg pnase 1S the heat capacity of the soft phase in the polyurethane, xg gppn.s. 15 the theoretical
weight fraction of diol-containing phase and Cpsfisegment 18 the pure diol heat capacity.

6.2.7. Fourier-transform Infrared Spectroscopy

Attenuated total reflectance FTIR spectra were taken on a Bruker Tensor 37 FTIR
spectrometer. The resolution for all infrared spectra was 4 cm™; there were 32 scans for each
spectrum. To measure hydrogen bonding qualitatively, the urethane carbonyl (C=0O, wavenumber
1710 cm™) and the urethane amide (NH, 3400 cm™) peaks were used. The measurements were
made from polymer films at room temperature (23 °C).
6.2.8. Nomenclature

Because of the use of distinct soft segments with identical hard segments, polyurethanes
are distinguished based on soft segment backbone and wt % soft segment. Two-phase
polyurethanes synthesized with 80 wt % polybutadiene, polycaprolactone, poly(tetramethylene
oxide) and poly(propylene oxide) are designated PBD80-PU, PCL80-PU, PTMOS80-PU and
PPO80-PU, respectively. The single phase polyurethane synthesized with 88 wt % poly(propylene
oxide) is designated PPO88-PU. In each polyurethane system, the hard segment consisted of 2 ,4-

toluene diisocyanate and 1,4-butanediol.

6.3. Results and Discussion

Here, the synthesized polyurethanes were designed to be either one-phase or two-phase
materials. Figure 6.1 shows the selected starting materials for polyurethane synthesis. Excess 2,4-
toluene diisocyanate was reacted with a ~ 2000 g/mol diol (soft segment) to produce a prepolymer.
The prepolymer was then chain extended with 1,4-butanediol to yield a segmented polyurethane
with soft and hard segments. Depending on the thermodynamic incompatibility of these segments,
the covalently linked segments may undergo phase separation.

To characterize the phase behavior of these materials, DSC was used to indicate the number

of phases as well as the purity of the soft-segment phase. Table 6.1 displays heat capacity and 7,
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Figure 6.1. Monomer selection for polyurethane synthesis. 2,4-toluene diisocyanate (TDI) is
reacted in excess with a ~ 2000 g/mol oligomeric diol (with different R-groups). When chain
extended with 1,4-butanediol, a segmented polyurethane results with aromatic hard segments and
diol-containing segments. R-groups: poly(propylene oxide) (PPO), polybutadiene (PBD),
polycaprolactone (PCL), poly(tetramethylene oxide) (PTMO).



Table 6.1. Thermal analysis of polyurethanes and their respective soft segments.

Glass Transition Temp

Heat Capacity (J/K)

(°C)
gure Soft Soft Segment Pure Soft Soft %Szgﬁei?ﬂ
egment Segment Segment Phase
Polybutadiene -44 6.62E-03
PBD80-PU -43 5.21E-03 98%
Poly(tetramethylene oxide) -76 2.09E-03
PTMO80-PU -68 1.37E-03 82%
Polycaprolactone -67 9.33E-04
PCL80-PU -59 5.77E-04 7%
Poly(propylene oxide) -69 1.52E-02
PPO80-PU -63 1.01E-02 83%
PPO88-PU -53 N/A N/A

110
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data for each polymer and its respective soft-segment diol. Glass transition temperature is often
used as a qualitative statement on extent of phase separation. The material synthesized with 12 wt
% toluene diisocyanate/butanediol hard segment, PPO88-PU, was apparently one-phase, as the
low hard-segment content was insufficient to induce phase separation (at a level that was apparent
by DSC characterization). Here, the single-phase PPO88-PU shows a single glass transition of -53
°C, which is in accordance with the Fox equation for a miscible polymer blend in which the low
T, component has a 7, of -69 °C (See Table 6.1). This material also exhibited no elastomeric
behavior as it was a fluid at room temperature.

If a polymer is sufficiently phase separated, two T,’s, representative of each phase’s T,
may be present. Because the detection of hard segment transitions is difficult with low hard
segment wt % polyurethanes (here, a hard-segment 7, was not observed in heat flow or first
derivative heat flow curves), the soft-segment transition is used to determine the extent of phase
separation. Between PBD-diol and PBD80-PU, the AT, is 1 °C. This indicates an extremely well
phase-separated system, which is also evidenced by the calculated 98% pure soft segment. For
PCL-diol and PCL80-PU, the AT, is 8 °C, which is close to that expected for a two-phase
polyurethane that is ~77 % pure soft segment (based on eq. 6.2). The calculation for % pure soft
segment is also an estimate based on literature values for rigid amorphous fraction of the semi-
crystalline polymer (Zhuravlev 2011). All phase-separated materials (PCL80-PU, PTMO80-PU,
PPO80-PU, and PBD80-PU) were solid and exhibited qualitatively elastomeric behavior at room
temperature.

Figure 6.2 shows the FTIR spectra for the one-phase and two-phase polyurethanes
synthesized in this study. In Figure 6.2a, N-H stretches from the urethane linkages (centered
around 3350 cm™) are shown (Irusta 2005). With H-bonded stretches at 3300 cm™ and free N-H
stretches at 3450 cm™, it is possible to distinguish the extent of hydrogen bonding that is occurring
in each polymer using peak position, peak intensity and peak area. The most phase separated,

PBD80-PU, shows a broad peak positioned in the hydrogen bonded region. This qualitatively
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segments: (a) N-H stretches centered around 3350 cm™ with H-bonded stretches at 3300 cm™ and
free N-H stretches at 3450 cm™ (b) C=O0 stretch centered around 1710 cm™ with H-bonded C=0
stretches at 1705 cm™ and free C=0 stretches at 1725 cm™. These spectra have been normalized

to the maximum peak intensity at (a) 3300 cm™ and (b) 1700 cm™.
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shows the response when N-H groups are hydrogen bonded to other hard segments (as there is no
soft segment functional groups to interact with). The spectrum for PPO80-PU, a phase separated
material, shows many NH groups participating in hydrogen bonding with a small shoulder that is
representative of non-bonded hydrogens. The single phase material, PPO88-PU, has two distinct
peaks in this region, with intensities suggesting that ~ 30% of the N-H groups are free. In Figure
6.2b, the carbonyl stretches are shown for both one-phase and two-phase materials. The two
polyurethanes synthesized with PPO show a free carbonyl stretch whereas PBD80-PU
qualitatively shows that most of the carbonyl functional groups are participating in hydrogen
bonding. With the information gained from FTIR and DSC on these polymers, the relative
comparison of phase separation extents is observed in the following order: PCL80-PU < PTMO&0-
PU < PPO80-PU < PBD80-PU.

Fluorescence emission spectra are shown for the apparently one-phase system in Figure
6.3 and the four phase-separated polyurethane systems in Figure 6.4. Figure 6.3 shows the
normalized emission spectrum at 30 °C of the apparently single-phase PPO88-PU after spin
coating. This material exhibits only monomer emission, centered around 320 nm, and no excimer
emission, which would be expected at higher wavelengths if present. Although the apparently one-
phase material shows evidence of hydrogen bonding, excimer emission is not present. The
monomer peak location is red-shifted relative to monomer emission in polystyrene. This shift is
because the urethane units are covalently attached to the aromatic ring in polyurethane. Also shown
in Figure 6.3 is the 30 °C emission spectrum for the polymer after a two hour anneal at 130 °C.
This annealing procedure led to no change in the emission spectrum, with all fluorescence coming
from excited-state monomer.

Figure 6.4 shows the normalized emission spectra for the two-phase polyurethanes:
PCL80-PU, PTMOS80-PU, PPO80O-PU, and PBD80-PU. In each of the spectra, an excimer peak
can be observed with peak intensity at ~ 420 nm, in addition to the presence of the monomer peak.

In Figure 6.4a, PCL80-PU displays a very small excimer intensity compared to monomer intensity.
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Figure 6.3. Normalized emission spectra on one-phase PPO88-PU bulk films (A,,. = 255 nm) at
30 °C before and after annealing at 130 °C. These spectra have been normalized by maximum
monomer peak intensity.
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Figure 6.4. Normalized emission spectra of two-phase polyurethane bulk films (A,
30 °C before and after annealing at 130 °C with different soft segments: (a) PCL80-PU, (b)

PTMOR80-PU, (c) PPO80-PU, (d) PBD80-PU. These spectra have been normalized by maximum
monomer peak intensity.
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Figures 6.4b and 6.4c reveal an increased excimer intensity for PTMO80-PU and PPO80-PU with
increasing extent of phase separation. In Figure 6.4d, PBD80-PU shows a dramatic increase in the
ratio of excimer intensity to monomer intensity (I/I,,) when compared to the other polyurethanes.
Thus, I/, increases with increasing polyurethane phase separation from a near zero value in
apparently one-phase PPO88-PU to ~ 0.8 in PBD80-PU when excimer and monomer intensities
are taken at the peak intensity values. Because of the specific requirements for excimer formation,
excimer emission is used to gain insight into the proximity and molecular orientation of the
aromatic rings in hard segments of polyurethanes. In a well-phase separated system, the excimer
intensity will be greater than that observed in a phase-mixed system due to the presence of the
fluorophore in a local environment that is rich in aromatic rings. Also shown in Figure 6.4, the
excimer intensities of each polyurethane increase after an anneal for 130 min at 130 °C. After spin
coating, the room-temperature, phase-separated structures are frozen in a non-equilibrium state.
During a sufficiently high-temperature anneal, further phase separation toward an equilibrium can
occur.
Figure 6.5 shows the fluorescence excitation spectra for each phase-separated polymer at
30 °C (before annealing) and 130 °C (several minutes after heating from 30 °C) with emission
wavelengths set at both monomer and excimer emission. The excitation spectra for the monomer
emission reveal excitation peaks centered at ~ 298 nm for both high and low temperatures. If
excimer formation occurred dynamically via interaction of a ground-state monomer with an
excited-state monomer, then the excitation spectra from excimer emission would be very similar
(identical within error) to the excitation spectra from monomer emission. However, the excitation
peak for excimer emission shifts toward lower wavelengths. This shift is indicative of the presence
of ground-state dimer, which fluoresces as static excimer. With further analyses of the subtle
details of the spectra, more can be understood about each polymer. In Figure 6.5a, PCL80-PU

displays the least shifted excimer excitation peak, centered at ~ 278 nm. This shift could arise from
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the increased phase-mixing behavior seen in polyurethanes that contain more interphase due to the
hard segment interactions with the polyester soft segments. With less interphase, PTMO80-PU,
PPO80-PU and PBD80-PU give the excitation spectra with the fixed excimer emission that are
further shifted and centered at ~ 270 nm. The distinct shifts of the excimer excitation peaks relative
to monomer excitation peaks reveal that static excimer is responsible for the excimer emission.

In all of the four phase-separated polyurethanes, measurement temperature does not have
a significant impact on the origin of the excimer, with all excitation spectra for excimer emission
being little changed upon increasing temperature from 30 °C to 130 °C. In literature, it has been
observed via FTIR spectroscopy that hydrogen bonding in polyurethanes is dramatically decreased
at temperatures above 100 °C when compared to the hydrogen bonding present at room
temperature (Koberstein 1986, Pongkitwitoon 2009, Teo 1997, Wang 1994). (Unfortunately, the
FTIR equipment at Northwestern University does not allow for spectra to be obtained at 130 °C.)
For the excimer excitation spectra to remain relatively constant with major depletion of hydrogen
bonding at 130 °C, aromatic association must be a strong influence in the alignment of the aromatic
rings in the phase-separated hard segments. The static dimers present in the films are oriented and
aligned both at 30 °C and 130 °C, with the static dimers consisting of two aromatic rings
(originating from the 2 4-toluene diisocyanate reactant) being 3-4 A apart in a parallel, sandwich-
like arrangement. Although hydrogen bonding could assist in the alignment and orientation of the
aromatic rings, it is not necessary for the presence of static dimer, as evidenced by the presence of
static dimers at 130 °C. The concept that aromatic interactions play a role in phase behavior is not
common in the polyurethane literature. However, the combination of fluorescence emission and
excitation spectra is able to detect the nature of aromatic interactions between aromatic rings in
hard segments of polyurethanes and has revealed that these aromatic interactions exist in phase-
separated polyurethanes with and without the presence of hydrogen bonding. However, in the
absence of phase-separated hard segment domains, as with PPO88-PU, there is not excimer

fluorescence and thus no static dimers.
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6.4. Conclusion
Although discussed in polyurethane literature, aromatic interactions in hard segments have
not been experimentally determined or characterized. In this work, intrinsic fluorescence was
employed to examine the nature of aromatic interactions in segmented polyurethanes. Emission
spectra were utilized to detect the presence of aromatic rings in the specific requirement for
excimer fluorescence: a parallel, sandwich-like configuration with an inter-ring distance of 3-4 A.
Excimer emission was present in phase-separated polyurethanes and absent in apparently one-
phase polyurethanes that do not have distinct hard-segment domains. Excimer emission also
revealed information on the extent of aromatic alignment in the hard segments of polyurethanes
with varying degrees of phase separation. Excitation spectra showed the presence of these ground-
state dimers in phase-separated polyurethanes. Through analysis of phase-separated polyurethanes
at different temperatures, it was found that hydrogen bonding does not influence the presence of
these ground-state dimers. This study presented evidence of the importance of aromatic

interactions in the organization of these segmented polymers.
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CHAPTER 7
MOLECULAR ALIGNMENT OF PHASE-SEPARATED, SEGMENTED
POLYURETHANES IN THIN FILMS USING INTRINSIC FLUORESCENCE

7.1. Introduction

Over the past decade, greater interest in self-organized nanostructures in areas such as
nanotechnology or smart materials has led to research into the fundamentals of molecular self
assembly (Dudowicz 2009, Whitesides 2002). Organization of molecules is most often driven by
non-covalent interactions (e.g. van der Waals, electrostatic, hydrophobic, aromatic or hydrogen
bonding) (Dudowicz 2009, Gutzler 2009, Krausch 1995, Wojtecki 2015). These molecular
interactions are important for polymer properties on both macroscopic and nanoscopic scales. For
example, the elastomeric behavior of phase-separated polyurethanes is enhanced by hydrogen
bonding between urethane groups (Pukdnszky 2008, Sung 1974, Wang 1994). In a nanoconfined
system, hydrogen bonding can also influence properties dramatically (Kojio 2009). Recently, in
addition to their applications as coatings, polyurethane thin films have been investigated for
mechanical, electronic and optical properties, as well as morphological behavior (Harvey 2011,
Kim 2003, Lupu 2007, Podsiadlo 2009, Suzuki 2012). However, there are few studies that
investigate the behavior of polyurethanes when confined to the nanoscale (Huang 2015, Kojio
2009, Tao 1994).

Polymers under confinement have been observed to perform differently than their bulk
counterparts (Ellison 2003, Keddie 1994, 2007, Priestley 2005, 2007). In confined geometries,
properties are influenced by interfacial interactions between the polymer and both the substrate
and free surface. Interfacial effects on polymer thin films have been widely studied and have been
observed to impact a variety of polymer characteristics such as glass transition temperature (7,),
crystallization, morphology, conductivity, and diffusion. In literature, a three-layer model is often

used to describe the regions of a polymer thin film including free surface, bulk, and substrate
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layers. Near the free surface, the polymer chain mobility is enhanced and the observed
perturbations can propagate tens of nanometers into the film. The polymer-substrate interface can
also influence polymer properties through the increased requirement for cooperative segmental
motion or decreased mobility if attractive interactions are present between the polymer and
substrate (i.e. PMMA on silica) (Ellison 2002, Kim 2002, Priestley 2007).

Phase separation in polymer thin films has been extensively studied for polymer blends as
well as block copolymers. The free surface and substrate layers have also been observed to
influence thin film morphology through differences in block interfacial energies in copolymer thin
films (Fasolka 2001, Li 2013, Napolitano 2011, Stewart-Sloan 2011). Because there are numerous
variables that can influence thin film morphology (e.g. interaction parameter, substrate, anneal
process, energetic preferences, etc.), only relatively simple systems have been studied and reported
in literature, such as symmetric diblock copolymers. Few studies have been performed on phase-
separated polyurethane thin films as the structures of multi-block polymers with polydisperse
segments are complex. Kojio et al. (Kojio 2007, 2009) investigated the morphology of a
microphase-separated polyurethane in both bulk and thin films using X-ray photoelectron
spectroscopy and Fourier-transform infrared spectroscopy. It was found that the free surface was
enriched by the soft segment in the bulk film. In addition, it was observed that as the film thickness
decreased, there was a greater extent of phase mixing in the films.

Fluorescence is a technique that can be used to characterize polymer properties in thin films
(Ben 1991, Gashgari 1988, Kim 2002, Kriisa 2012, Mundra 2007, Torkelson 1984, Tsai 1988).
Fluorescence can be measured extrinsically, with the use of a fluorescent label, or intrinsically, if
the molecule contains a fluorophore (Guilbault (Ed.) 1990, Lakowicz 2006). Intrinsic fluorescence
is ideal for measurement of phase behavior or molecular alignment as the introduction of a large
fluorescent probe can potentially introduce non-native interactions and influence polymer
movement if present at high concentrations. Aromatic rings are able to intrinsically fluoresce, as

polymer backbones or side groups, due to ;m—mt* transitions (Dawson 1968). Polymers with
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aromatic rings are able to emit two types of fluorescence: monomer and excimer emission (Winnik
1993). Monomer emission occurs from the excited state of a single phenyl ring whereas excimer
emission occurs from two phenyl rings in a parallel, sandwich-like configuration with a separation
distance of 3-4 A (Hirayama 1965). Excimers are further divided into two formation pathways:
dynamic and static. A dynamic excimer is a dimer which is associated in the excited state and is
dissociated in the ground state. A static excimer is a dimer species that is associated in both the
excited and ground states. As described in the research literature, the combination of monomer
and excimer fluorescence has been employed to analyze morphology, phase separation or probe
how molecules interact in solution (Gelles 1982a, 1982b, Kim 2002, Torkelson 1984).

Here, we apply fluorescence to investigate the molecular orientation of aromatic rings in
phase-separated polyurethanes in thin film geometries. Using the intrinsic fluorescence of
segmented polyurethanes with 2 4-toluene diisocyanate-containing hard segments, both monomer
and excimer emission of the aromatic rings are observed. From the excitation and emission spectra
of these films as a function of film thickness, it is possible to discern how the aromatic rings orient
and align in specific excimer configurations. By modifying the substrate, we can infer the roles of
interfacial secondary bonding interactions in molecular alignment. With the fundamental
understanding of chain structure and alignment of aromatic rings in segmented polymers,

nanomaterial design can become more efficient and effective.

7.2. Experimental Section
7.2.1. Materials

Tolylene-2 4-diisocyanate (TDI; Sigma-Aldrich, 95 %), 1 ,4-butanediol (Sigma-Aldrich, 99
%) and dibutyltin dilaurate (Sigma-Aldrich, 95 %) were used as received. The diols, Voranol 220-
056, a 2000 g mol™ poly(propylene oxide) diol (The Dow Chemical Company) and Krasol LBH P
2000, a 2000 g mol™" polybutadiene diol (Cray Valley), were heated to 110 °C in an oil bath under

a dry N, purge for 12 h to remove water.
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7.2.2. Polyurethane Synthesis

Traditional polyurethane prepolymers were synthesized by reacting excess TDI with each
diol in a 3-neck round-bottom flask equipped with overhead stirring, a N, inlet, and an addition
funnel. For example, the diol (15.0 g, 7.5 mmol) was added dropwise to TDI (2.3 g, 13.5 mmol)
from an addition funnel. The mixture was stirred at room temperature for 30 min. Dibutyltin
dilaurate was added to the mixture (0.05 wt%, 4.5 pL.), and the components were stirred at 80 °C
for 2 h. 1,4-Butanediol (0.54 g, 6.0 mmol) was added to the prepolymer mixture. The reactants
were cured between two aluminum plates at 60 °C for 1 h. The poly(propylene oxide)-based
polyurethane was synthesized with 16 wt % hard segment (designed to be weakly phase separated
based on information in Chapter 6 of this thesis), and the polybutadiene-based polyurethane was
synthesized with 20 wt % hard segment (designed to be strongly phase separated).
7.2.3. Film Preparation

Thin films were prepared by spin coating polymer solutions (dissolved in tetrahydrofuran
(Aldrich)) onto silicon wafers for ellipsometry measurements or glass slides for fluorescence
measurements. Different thicknesses were obtained by adjusting solution concentration and spin
speed. After spin coating, films were annealed in vacuum oven at 130 °C for 1 h. Glass slides were
pretreated with basic KOH solution for 20 min and acidic HCI solution for 20 min before spin
coating. Methylated glass slides were prepared in a similar manner with an additional silanization
reaction step with dichlorodimethylsilane. Contact angles were used to confirm surface chemistry
of glass slides (~ 77° for quartz and ~ 95° for methyl-functionalized glass).
7.2.4. Film Thickness by Ellipsometry

Measurements were performed at room temperature using spectroscopic ellipsometry (J.
A. Woollam Co. M-2000D) over a range of wavelengths from 400 to 1000 nm. The ellipsometric
angles (3 and A) of incident light reflected off silica-supported polyurethane films were measured
and fitted to a Cauchy layer model to determine thickness. The Cauchy layer model included a PS

layer atop a silicon substrate containing a 2-nm-thick silicon oxide surface layer. Film thickness
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was determined by fitting 1 and 4 to the PS layer in the Cauchy model.
7.2.5. Fluorescence Spectroscopy
Steady-state fluorescence emission spectra were used to characterize molecular alignment
in polymer films as well as determine 7. The film samples were annealed at 130 °C for 1 h after
spin-casting. After annealing, emission spectra were collected (Photon Technology International
fluorimeter in front-face geometry) at wavelengths from 280 to 500 nm, with excitation at 255 nm.
Excitation and emission slit widths were 1 mm (2 nm bandpass). Peak intensities were calculated
from an average of five data points spanning 2 nm around the peak: Monomer intensity was an
average of five data points around 305 nm and excimer intensity an average of five data points
around 420 nm. Steady-state fluorescence excitation spectra, for which emission wavelength (A.,,)
=315

is held constant and the excitation wavelength (A,, ) is varied, were measured with A,

€XC €m,monomer

M (A excimer = 407 nm) for monomer (excimer) at 30 °C.
7.3. Results and Discussion

Using intrinsic fluorescence of aromatic rings in the hard segments of a phase-separated
polyurethane (structures shown in Figure 7.1), it is possible to investigate the hard-segment
behavior at a molecular level. When studying interfacial interactions in thin films, it is important
to consider the effect of the three regions in the film: bulk, free surface and substrate interface. In
this work, we examine polyurethane thin films of varied thicknesses on a quartz substrate (with
hydroxyl groups on the surface that can undergo attractive interactions by hydrogen bonding to
the carboxyl units in the urethane linkage) and a methylated-glass substrate (with methyl groups
on the surface that are unable to interact with the polymer). With all other variables equal,
fluorescence measurements of films on these substrates will show the impact of polymer-substrate
attractive interactions or lack thereof on aromatic ring alignment within hard segment domains.

Figure 7.2 shows the emission spectra of polyurethane thin films made from a ~2000 g/mol

poly(propylene oxide) (PPO) reacted with excess 2,4-toluene diisocyanate and 1,4-butanediol
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Figure 7.1. Monomer selection for polyurethane synthesis. 2,4-toluene diisocyanate (TDI) is
reacted in excess with an oligomeric diol (with different R groups). When chain extended with
1 4-butanediol, a segmented polyurethane results with aromatic hard segments and diol-containing
segments. PPO = 2000 g/mol poly(propylene oxide) and PBD = 2000 g/mol polybutadiene.
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Figure 7.2. Intrinsic fluorescence emission of PPO84-PU polyurethane films (A..: 255 nm) of 2
pm, 70 nm, and 13 nm thicknesses on both quartz and methylated substrates. Measurements were
first taken at 30 °C (solid curve). Films were heated rapidly to 130 °C (dotted curve) and measured
after 5 min at temperature to ensure film thermal equilibrium.
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(called PPO84-PU based on soft-segment wt % nomenclature from Chapter 6) on both the quartz
and methylated substrates. This PPO-based polyurethane is 16 wt % hard segment. Based on
information in Chapter 6, the PPO-based polyurethane synthesized in an identical manner except
for being 12 wt % hard segment was apparently one-phase and the PPO-based polyurethane with
20 wt % hard segment was phase separated. As a result, we can consider the PPO84-PU to be
weakly phase separated. In the bulk state (2 gm thick film), the spectra on both substrates are
similar with one main peak (centered at ~320 nm) that can be attributed to monomer emission of
an aromatic ring. When compared to polystyrene (Khan 2005), the monomer emission from the
aromatic ring is red-shifted due to the electronic interactions with the neighboring urethane units.

As film thickness decreases to the nanoscale, similarities as well as differences become
evident as a function of the substrate. For all polyurethane films with thicknesses below 500 nm,
excimer emission is clearly evident in the spectra as a broad peak centered at ~ 420 nm. In the
thinnest films studied, with albeit noisy data, the excimer peaks strongly dominate the spectra. The
differences between substrate surface chemistry are highlighted when examining the temperature
dependence of each film. On the methylated substrate, the monomer and excimer intensities
decrease with increasing temperature, which is the typical response of a fluorophore as the
radiative pathway is suppressed with increasing temperature. In contrast, on the quartz substrate,
the excimer intensities show little to no dependence on temperature. It is rare that excimer intensity
does not decrease as a function of temperature as the formation of excimer is typically dependent
on excited-state monomer, which undergoes increasing levels of non-radiative decay with
increasing temperature.

The unusual features associated with the temperature dependences of the emission spectra
in Figure 7.2 cannot be explained if the excimer formation occurs in a strictly dynamic manner,
which is the typical pathway observed for excimer forming polymer systems, including
polystyrene. Excimer has two formation pathways as shown in Figure 7.3. In the ground state, an

aromatic ring can exist as a single chromophore (M). The excitation of this ring produces excited-
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Figure 7.3. Pathways for the formation and emission of static and dynamic excimers in aromatic
systems.
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state monomer (M*) which can either decay in a radiative (through fluorescence) or non-radiative
(through vibration, etc.) pathway. Once in the excited state, it is also possible for the M* to
associate with another M to form an excited-state dimer. Dimers created through this pathway are
referred to as dynamic excimers. The second pathway to excimer formation is the direct excitation
of a preformed ground-state dimer complex, which has the appropriate parallel, sandwich-like
configuration with an inter-ring separation distance of 3-4 A. When excited, this ground-state
dimer complex forms static excimer.

Because static and dynamic excimers originate from different ground-state entities, they
absorb light differently and show distinctive absorption and excitation spectra. (If all excimer
formed dynamically from excited-state monomer, then the excitation spectra for excimer and
monomer emission would be identical within error.) Figure 7.4 shows the excitation spectra of
PPO84-PU thin films on quartz and methylated substrates. In the bulk film emission spectrum
shown in Figure 7.2, there is very little excimer compared to monomer. However, the excitation
spectra of the 2 ym film reveals a difference between the monomer and excimer profiles. The
excimer excitation spectra for films on both substrates are similarly blue-shifted relative to the
monomer excitation spectra (with relatively little noise in the data). This shift is indicative of a
ground-state entity that is different from that of a single monomer. Because the aromatic rings are
the only fluorescent species in this polymer, excimer fluorescence must be caused by the excitation
of a ground-state dimer complex.

As we confine the films to 200 nm and below, differences develop between the excitation
spectra for films on the different substrates. With films on quartz substrates, the peak locations for
the monomer and excimer excitation spectra remain unchanged within error as a function of
confinement. In contrast, with the methylated substrates, the excimer excitation spectrum becomes
much broader with confinement. This broadening is suggestive of the formation of both static and
dynamic excimers upon confinement, with the peak breadth reflecting a combination of the two

distinct peak shapes seen in bulk on the methylated substrate.
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With the understanding of the different origins of excimer fluorescence, the temperature
dependence on the two substrates can be explained through impact of attractive polymer-substrate
interactions on the polymer rigidity. On the quartz substrate, the surface hydroxyl groups can
hydrogen bond with the carbonyl groups contained in the urethane linkages of the polyurethane.
No such hydrogen bonding interactions are present on the methylated substrate. As a result, the
interfacial zone at the polymer-substrate interface is more rigid when the polyurethane films are
on quartz. On the quartz substrate, ground-state dimer is formed and can fluoresce as static
excimer. In the absence of hydrogen bonding, the polymer-substrate interface is comparatively
less rigid, as is the case of the methylated substrate. This decrease in rigidity accommodates for
the formation of dynamic excimer in addition to the static excimer. Therefore, with increasing
temperature, the radiative pathway for dynamic excimer is suppressed and a temperature
dependence of excimer emission is observed on the methylated substrate, as shown in Figure 7.2.
In order to quantify the alignment of the aromatic rings on interacting and non-interacting
substrates, we use the excimer to monomer intensity ratio (I¢/I,;) to show the relationship between
single aromatic rings and aromatic rings that align according to the specific excimer orientation
and distance requirements. Figure 7.5 shows the ratio of these intensities over a wide range of film
thicknesses at 30 °C on both quartz and methylated substrates. Both substrates show similar trends
of increasing I/I; with confinement. Using information gained from the excitation spectra of films
on each substrate (Figure 7.4), the increase in I;/I,; with confinement indicates that the aromatic
rings are able to form ground-state dimers more easily upon confinement on both substrates.
Notably, with thicknesses below 200 nm, I/I,; on the methylated substrate is higher than that on
the quartz substrate. The reduced rigidity at the polymer-substrate interface on the methylated
substrate allows for dynamic excimer in combination with the static excimer, which gives an
increased I/l relative to that on the quartz substrate. The rigidity at the polymer-substrate
interface can propagate (in a decaying manner) over many tens of nanometers into the interior of

the film (Ellison 2003, Evans 2015, Priestley 2005), as is observed here up to ~200 nm.
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In a bulk layer, polymer behavior should not be influenced by interfacial effects. In the
past, it has been observed that fluorescence intensity of a fluorescent label is linearly proportional
to the film thickness () (when absorbance is less than 0.05) (Hall 1997). Here, in order to more
clearly understand the effect of confinement on monomer and excimer behavior, we can divide I,
and I of films on the quartz substrate by film thickness, ¢. In bulk (t = 2 um), I/tis ~ 3 a.u./nm™.
Upon confinement, I/ is increased to ~ 170 and ~ 550 a.u./nm™ for 70 and 13 nm, respectively.
This increase can be explained through the hypothesis that excimer is formed in the interfacial
regions and that dimer formation does not occur in bulk (as confirmed by the bulk emission
spectra). As bulk (non-dimer containing polymer) is removed from the system with confinement,
there will be an overall increase of intensity divided by thickness. The dramatic increase for
excimer intensity of the 13 nm film shows that in the ultra-thin case, the maximum orientation and
alignment of aromatic rings occurs. For monomer intensity, a similar trend is observed. In bulk,
I,,/tis ~ 13 a.u/nm™. Upon confinement, ,,/¢ is increased to ~ 100 and ~ 195 a.u./nm™ for 70 and
13 nm, respectively. Although it may seem counter-intuitive that both monomer and excimer
intensities increase upon confinement, it can be reasoned through their distinct formation
pathways. Because the excitation spectra show that these are static excimers, not dynamic
excimers, the pathways do not compete for excited-state monomers. Upon confinement, the
substrate rigidity effects are increased. With increased rigidity and stiffness, the fluorescence
intensity increases as the non-radiative pathways for energy decay are suppressed.

Upon confinement, a weakly phase-separated polyurethane shows changes in excimer
behavior when compared to bulk. To investigate the behavior of a strongly phase-separated
polyurethane, a polymer was synthesized using a polybutadiene-based soft segment with a 20 wt
% hard-segment content (named PBD80-PU). Figure 7.6 shows the emission and excitation spectra
for this well phase-separated polyurethane. In Figure 7.6a, the emission spectra for three film
thicknesses are shown on a quartz substrate. Different from the weakly phase-separated PPO84-

PU, the bulk PBD80-PU film shows roughly equal maximum intensities of monomer and excimer
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emission. With nanoscale confinement, the monomer emission is strongly reduced to a slight
shoulder on the low wavelength side of the broad excimer peak. In a strongly phase-separated
polyurethane, the aromatic rings in the hard segment domains are highly aligned in bulk (see
Chapter 6). Upon confinement, the rings are further forced into the sandwich-like geometries, with
very little interphase that contains isolated rings. In Figure 7.6b, the excitation spectra for monomer
and excimer emission are different, indicating that monomer and excimer fluorescence originate
from different ground-state species. Upon confinement, the excitation spectra for monomer and
excimer emission cannot be well distinguished because the excimer fluorescence so strongly

dominates the emission spectra.

7.4. Conclusion

This study employed intrinsic fluorescence to reveal orientation and alignment of aromatic
rings in the hard segments of phase-separated polyurethanes upon confinement. With decreasing
film thickness, there was an increase in the alignment of aromatic rings in parallel, sandwich-like
configurations with inter-ring distances of 3-4 A as the ground-state dimers were more easily
formed along the interfaces. With confinement, it is observed that excimer intensity increases
dramatically as the rigidity from the interfaces caused a suppression in the non-radiative pathway.
It was observed that the extent of aromatic ring alignment was a function of attractive polymer-
substrate interactions, specifically hydrogen bonding. In the absence of polymer-substrate
interactions, the mobility at the substrate allowed for both dynamic and static excimer formation.
Hydrogen bonding at the substrate was observed to increase the rigidity of the polymer-substrate
interfacial zone and only accommodate the formation of ground-state dimers by the aromatic rings.
This rigidity from hydrogen bonding at the substrate was observed to propagate into the thin films

by many tens of nanometers.
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VI. SUMMARY
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

This dissertation focused on the synthesis and characterization of physically and
chemically crosslinked polymer networks related to polyurethanes or non-isocyanate
polyurethane-like materials. Section I provided an introduction and background to the fundamental
concepts explored in this dissertation. Summaries of key findings of Sections II and III are

discussed below. In addition, suggested pathways for future work are discussed.

8.1. Section II Conclusions

In Section II, thiol and amine reactants were utilized in polymerizations in order to produce
networks with the attributes of click chemistry, such as fast reaction times, high yield, and network
uniformity. Chapter 3 presented results of the first study to undertake a one-pot, single-catalyst
approach to the synthesis of thiol-acrylate-epoxy polymer networks. In the cases studied here, the
network was formed with all three components. With 1,8 diazabicyclo[5.4.0]Jundec-7-ene (DBU)
as a base catalyst, both thiol-acrylate and thiol-epoxide reactions achieved full thiol conversion
under ambient conditions during the simultaneous synthesis. We compared the simultaneous
synthesis to two types of sequential syntheses in order to demonstrate the benefits of a one-step
approach. Characterization associated with each reaction approach included reaction kinetics as
well as thermal and mechanical properties of the final polymer. Characterization of reactions
kinetics revealed that phase separation was a critical parameter in conversion levels in the
sequential syntheses but not in the simultaneous synthesis. Through reaction-induced phase
separation, the first phase-separated thiol-acrylate-epoxy polymer was synthesized by
simultaneous reactions between thiols, oligomeric diacrylates and aromatic diepoxides. From these
phase-separated materials, a novel type of thermally induced shape memory polymer with good

thermal and mechanical properties was synthesized and characterized. This material exhibited
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shape-fixity values above 95% and shape-recovery values above 99% after multiple cycles.

Reaction-induced phase separation in the hybrid thiol-acrylate-epoxide network produced
a spherical morphology that allowed for desired elastomeric and shape memory properties.
However, because the study described in Chapter 3 and a study by Jin and Torkelson are the only
reports on phase-separated thiol-acrylate-epoxide networks published in the literature, Chapter 4
focused on the morphology of these systems (Dhulst 2016, Jin 2016). Typical polymer systems
that undergo reaction-induced phase separation, such as modified epoxy resins, have morphologies
that are heavily dependent on cure conditions. In Chapter 4, we observed that the morphology of
this hybrid thiol-acrylate-epoxide network is independent of temperature and DBU catalyst loading
over a broad range of conditions. This independence of phase-separated morphology with reaction
conditions can be understood to arise from the high asymmetry of reaction rates, with the thiol-
acrylate reaction being essentially complete before there is much conversion of epoxide. Because
the morphology is unaffected by temperature and DBU catalyst loading, the thermal and
mechanical properties of these materials are also unaffected. In Chapter 3, room temperature
reactions were explored; here, we showed that the typical cure-rate dependence of morphology
was largely avoided through the combination of rapid and (comparatively) slow reactions. As a
result, when DBU is employed as a catalyst, the thiol-acrylate-epoxide reaction rate can be tuned
via temperature and DBU concentration without the need to consider the complexity of the
reaction-induced phase separation behavior common in many polymer systems that undergo phase
separation during reaction.

In Chapter 5, amine and vinyl sulfone reactants were used toward the development of
ambient non-isocyanate polyurethane-like materials for field-use applications. Vinyl sulfone is an
electrophile that has commonly been used as an intermediate in click reactions but not as a reactant
in polymerizations. The electron withdrawing nature of the sulfone allows for fast reactivity at
room temperature with diamines in the absence of external catalyst. Here, novel crosslinked

elastomeric materials were produced by oligomeric diamines, divinyl sulfone and diamine chain
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extenders. In this chapter, reaction kinetics for these room-temperature polymerizations were
reported for the first time and showed this uncatalyzed reaction as second order. With k,,, = 0.17
M min™ for a bulk reaction with balanced stoichiometry, this reaction rate is competitive with (or
better than) uncatalyzed polyurethane reactions and reactions of selected polyurethane

replacements reported in literature. With the structures employed in this chapter, thermoset

elastomers with modest strain at break (73%) and modulus values (5.1 MPa) were obtained.

8.2. Section II Future Work

With the introduction of a simple one-step synthesis for thiol-acrylate-epoxide hybrid
systems, the barriers for commercial use, such as complex multi-step, multi-catalyst syntheses, are
removed. However, because the focus of the initial study was on reaction kinetics and phase
separation, the structure-property relationships in this system were not explored. In Chapter 3,
shape memory materials were designed through optimization of electrophile stoichiometry and
diacrylate molecular weight. To influence the phase separation, the structure of the oligomeric
diacrylate should be changed to a less polar backbone such as PTMO or PBD. To enhance the hard
segment T, the structure of the epoxide could be adjusted. In exploratory work, different epoxide
structures were examined. It was found that the aromatic structure provided greater phase
separation and a higher 7|, than any aliphatic replacements. However, in our group, there has been
work with thiol-maleimide (Jin unpublished) and thiol-norbornene reactions (Leitsch 2015) and
we hypothesize that the introduction of these structures as an epoxide replacement could be
valuable for enhanced network properties.

Future pathways of research on hybrid morphology can work toward either tuning or
maintaining the observed morphology. Because Chapter 4 showed that thiol-acrylate-epoxide
systems avoided morphological variability over a wide range of cure conditions due to the use of
two distinct reaction rates, tunability of morphology through those parameters is lost. Future work

should examine catalyst type as a variable to tune morphology. Based on the literature, if the two
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reactions (thiol-acrylate and thiol-epoxide) had similar rates, a cocontinuous morphology could be
possible. For example, reaction conditions more favorable for the thiol-epoxide reaction (different
catalyst, very high 7T) could equalize the two rates and allow for different morphologies. The
second research pathway would involve capitalizing on the morphology control provided by these
distinct rates. Future work could explore other hybrid polymers with these rate differences,
including amine-acrylate-epoxide, and observe similar control.

With the reaction of primary amines and vinyl groups, crosslinked polymers are formed.
In literature, the use of secondary amines is common with vinyl sulfone to produce linear or
branched chains. However, largely unexplored is the the use of primary amines to produce
thermoplastic elastomers. Besides the impact of its strong electron-withdrawing nature on
reactivity, the sulfone group also provides foundation for non-covalent interactions in a polymer
backbone, like increased van der Waals interactions with nonpolar atoms, including aromatic rings
or hydrophobic segments. Currently, no study has been reported that investigates the effect of
sulfone group interactions on the thermal and mechanical behavior of polymers. In preliminary
studies, thermoplastic amine-vinyl sulfones were synthesized using similar reactants with adjusted
stoichiometry and solvent. However, these materials were single phase up to ~40 wt% hard
segment. Future work to investigate the role of structure and non-covalent interactions in phase

separation of vinyl sulfone-based thermoplastic elastomers is warranted.

8.3. Section III Conclusions

In Section III, intrinsic fluorescence spectroscopy was employed to examine segmented
polyurethanes. In Chapter 6, one-phase and two-phase polyurethanes were synthesized with
toluene diisocyanate-containing hard segments and various soft segments to give polymers with a
wide range of degrees of phase separation. Using intrinsic fluorescence of the aromatic rings,
extents of aromatic alignment and aromatic interactions in the hard segments were characterized.

In literature, aromatic interactions between hard segments in polyurethanes have been inferred and
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not experimentally determined. With this experimental technique, the nature of aromatic
interactions can be discerned. Using emission spectra, excimer intensity revealed the orientation
and alignment of aromatic rings in parallel, sandwich-like configurations 3-4 A apart while
monomer intensity revealed aromatic rings that do not have other rings in their local environment.
Using excitation spectra, the distinction between aromatic interactions that occur in the ground
state and those that occur in the excited state were determined. Here, it was shown that in phase-
separated polyurethanes, the formation of these dimers occurred in the ground state, suggesting
that aromatic interactions play a role in the hard-segment alignment. It was also found that ground-
state dimers were formed at both 30 °C and 130 °C, which demonstrates that these complexes are
present with both high and low concentrations of hydrogen bonding. This is the only report in
literature that proves aromatic interactions exist (in specific excimer configurations) in the hard
segments of polyurethanes and potentially contribute to the stabilization of phase separation.

Chapter 7 discussed the application of this intrinsic fluorescence technique to segmented
polyurethanes (with toluene diisocyanate-containing hard segments) in confined geometries. Here,
polyurethanes with a low hard-segment content (weakly phase separated) were examined in bulk
and thin film geometries. Upon confinement, excimer emission increased relative to monomer
emission. Because a larger fraction of polymer chains present are adjacent to the interfaces with
decreasing film thickness, we inferred that the dimer formation was dominantly present in the
interfacial regions. We hypothesized that rigidity from an interface, such as polymer-substrate
interface, can assist in ring alignment. It was observed that alignment perturbations caused by the
interface rigidity can propagate in a decaying manner, and effects are observed many tens of
nanometers into the film. This study also investigated the impact of hydrogen bonding interactions
between polymer and substrate on ring alignment. In the absence of attractive interactions, the
aromatic rings formed both dynamic and static excimers. With enhanced rigidity from directional
hydrogen bonding, only static excimer was formed as the rings only had the mobility to orient and

align in the ground state. This study revealed the importance of polymer-substrate interactions on
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polyurethane thin films as well as how rigidity impacts the formation of static and dynamic

excimers.

8.4. Section III Future Work

Fluorescence has been widely employed to assess polymer properties in bulk and confined
geometries. However, this was the first application of intrinsic fluorescence to characterize hard-
segment behavior in segmented polyurethanes. The studies in this dissertation explored
polyurethanes synthesized with 2.4-toluene diisocyanate, a commonly used, asymmetric hard
segment. Future studies that examine common symmetric diisocyanates, including 2,6-toluene
diisocyanate and methylene diphenyl diisocyanate, would advance both academic and industrial
research as these segments can crystallize and have different orientation and alignment behavior
that has been seen to influence phase separation and orientation of aromatic rings. In addition, the
hydrogen bonding between these well-studied hard segments have been explored computationally
(Sami 2014, Zhang 2014a). Information relating hydrogen bond angles between hard segments
can be useful in determining the underlying mechanism for excimer formation in these systems.
Additionally, the use of other techniques commonly applied to polymer thin films can give insight
into the confinement behavior of the segmented polyurethanes. For example, X-ray photoelectron
spectroscopy can be employed to determine the alignment of soft and hard segments at the
substrate at different thicknesses. Understanding this behavior will allow for better mechanistic
insight to ground-state dimer formation.

Another pathway of future work with polyurethane intrinsic fluorescence would be to
monitor phase separation over the course of a polymerization. Previous studies have shown
polyurethane cure characterization by fluorescence (Sun 1996, Vatanparast 2000), but there have
been no reports that track phase separation. Combined with other techniques such as DSC or time-
resolved SAXS, it would be possible to decouple the roles of structure incompatibilities and

aromatic interactions in phase separation. Future work with this technique could also become more
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application dependent with focus on enhancing properties through increased aromatic ring
alignment. For example, hard-segment alignment is important to polyurethane applications such
as electrospinning of nanofibers (Sakamoto 2014). Future work could use this technique as a
method for understanding molecular orientation in these fibers. With proper instrumentation, it
would also be possible to analyze ring alignment as a function of strain.

For a commercial phase-separated polyurethane, two T,’s are typically present. Depending
on the concentration of hard segment in the material, it is often difficult to observe a hard-segment
T, using DSC. Fluorescence has been used as a technique to observe T,’s in multi-component
miscible polymer blends (Evans 2012). Because Chapters 6 and 7 show that fluorescence is
sensitive molecular orientation of the hard segments in polyurethane, it would likely be useful in
quantitatively observing the cooperative motion of aromatic rings in the hard segments. From a
preliminary study, Figure 8.1 shows the novel use of intrinsic fluorescence to identify the hard-
segment 7, of a polyurethane thin film. Here, in a 1 um-thick film, the T, by fluorescence is 79 °C,
which is, within error, the same 7, determined by bulk DSC measurements for a well phase-
separated polyurethane with identical hard segment structure. This measurement reiterates the
hypothesis that fluorescence is sensitive to the local environment of aromatic rings in hard
segments of polyurethanes and can be used to observe 7, in systems where DSC and DMA may
be insensitive. Future work should explore this sensitivity and apply this technique to the range of

materials studied in Chapter 6, as well as examine T,-confinement behavior from Chapter 7.
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1.1
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Figure 8.1. Integrated intensity from 280-490 nm as a function of temperature used to determine
T, for a 1000 nm PPO84-PU film. The value of 7, is taken as from the intersection of the rubbery-
and glassy-state temperature dependences of the normalized integrated fluorescence intensity (the

intensity has been normalized to 30 °C).
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