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Abstract

The utilization of synthetic methods to introduce specific functional groups into a monomer
provides just a glimpse at the possibilities that exist with the cohesion of organic and polymer
chemistry. This dissertation introduces the synthetic steps taken to synthesize small molecules
containing a diester substituted cyclobutane scaffold and their usage as a monomer in ring opening
metathesis polymerization (ROMP) reactions. The resulting polymers exhibited different thermal
properties, which were traced back to originating from differences in the stereochemistry of the
functional groups. In addition, multi-block copolymers with the block components only differing in
the stereochemistry of the diester functional groups were successfully synthesized and found to
undergo phase separation upon reaching a threshold molecular weight. Finally, attempts at

degradation of the polymer through irradiation of the cyclobutyl groups will be shown and discussed.

Although research into the synthesis and application of new polymers continues to grow,
being able to analyze the underlying causes for why certain polymers exhibit certain properties is just
as important. Analytical techniques, such as nuclear magnetic resonance (NMR) spectroscopy and
size exclusion chromatography (SEC) provide polymer chemists with a wealth of knowledge towards
characterizing polymers. However, these techniques become much more limited with insoluble
polymers. Thus, the second half of this dissertation introduces the use of X-ray induced Auger
electron spectroscopy (XAES) to ascertain the hybridization states of synthetic polymers containing
carbons with differing degrees of sp-, sp>- and sp’-hybridization states as well as heteroatoms. For
comparison, a series of related small molecules was also studied. Linear correlations were observed
and a universal calibration method for quantifying the average hybridization states of a wide variety
of synthetic polymeric materials is offered. Being able to determine the hybridization state of
synthetic polymers provides polymer and analytical chemists with another tool towards improving

and synthesizing polymers with unique properties.
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Chapter 1: Introduction

1.1. Harnessing the Synergistic Effects of Organic Synthesis and Polymer Chemistry

“Most branches of science pass through a ‘pioneering period’ where different concepts and
approaches create for a while, a turbulent atmosphere until, on the basis of new
experimental evidence, clear and durable principles emerge, which lead to a broad and
continuous growth of basic understanding and practical application.”

—Hermann F. Mark on his recollections of the early days of polymer chemistry’~

Polymer chemistry has considerably grown from the days where Hermann Staudinger, often
considered the father of polymer chemistry, was constantly defending the concepts and definitions
outlined in his article “Uber Polymerisation” (On Polymerization) from organic chemists." ?
Although J.J. Berzelius had already defined polymers as molecules that had the same empirical
formula but a larger molecular weight, i.e. glucose (CsH1206) being a polymer of formaldehyde
(CH0),* we now know that this definition would not include what we consider polymers today.
Likewise, Thomas Graham attempted to define polymers as colloids.” However, this definition was
not able to stand the tests of time as well. It was not until Staudinger proposed large molecular
weight molecules consisting of repeating units linked through covalent bonds that polymers as we
know today were identified and the field of polymer chemistry was born.> Originally defined as
macromolecules, Staudinger’s ideas were initially met with skepticism by organic chemists, who
continued to believe that polymers were a subset of colloids rather than a covalently bonded network

of repeating unit chains. However, Staudinger continued to pursue his ideas and his persistence was

rewarded with him receiving the Nobel Prize in Chemistry in 1953.

Representative of the early days of polymer chemistry, Heinrich Wieland, a fellow Nobel
Prize winning chemist, once advised Staudinger to “drop the idea of large molecules; organic
molecules with a molecular weight higher than 5,000 do not exist. Purify your products, such as

»2.6  Qver time

rubber, then they will crystallize and prove to be low molecular weight compounds.
however, this divide between organic chemistry and polymer science has steadily decreased and
instead, have begun to merge. This cohesion has already led to reports of polymers not only with
unique architectures, but also exhibiting new and/or improved properties. Functionalizing polymers

to conform into shapes such as stars’, dendrites®, and brushes®!* have all been reported with wide

11-12 12-13

spreading applications, such as in targeted drug delivery '~ and as bioimaging materials.

1



Random Assortment

m H,0 0 o) W 9
Q H,N OH H,N N OH p H20
n HZN\)LOH _)» 2 \)Lu/\n, 2 \)L”/\n, \)LH/\[r ) o y
° ° °© 5 Ny,
—_— q

SIS IS

HoN N N

g

Figure 1.1. Representative example for the stepwise growth of Nylon. One water molecule is

released per new bond formation.

The development and advancement of polymer methods can be traced back to having roots
in organic chemistry. To start, polymer chains can grow through a stepwise or chain growth pathway.
As shown in Figure 1.1, step growth polymerization occurs through a series of addition or
condensation reactions that leads to a random assortment of dimers, trimers, tetramers, etc. These
chains of random lengths eventually combine when nearly all the monomer is consumed, leading to a
large molecular weight polymer. Although stepwise grown polymers, such as Nylon, have
commercial uses, it is difficult to grow high molecular weight polymers, as the chains of assorted
lengths do not combine until nearly the end of polymerization. On the other hand, chain growth
polymerization involves fast initiation with the active species being recreated at the end of the
growing polymer chain upon addition of a monomer unit. As a result, high molecular weight
polymers can be attained at even low monomer to polymer conversions.'* Propagation ceases upon
deactivation of the reactive center, which can occur through multiple methods such as by bonding
with another growing polymer chain (combination) or hydrogen abstraction, leading to radical
migration and termination (disproportionation) (see Figure 1.2). The active center for chain growth
polymerizations is initially created through an initiator and can be radical, anionic, or cationic in
nature. However, each of these types of polymerizations have their own sets of challenges and

difficulties.

As alluded to earlier in this chapter, polymers differ from small molecules in that their
molecular weights are a distribution. Since polymer properties are influenced by molecular

1519 mixtures of polymers with wide molecular weight distributions would be difficult to

weights,
apply for applications where specific properties are required. For example, low molecular weight
poly(ethylene) is often used for adhesives while high molecular weight poly(ethylene) is utilized in
bullet-proof vests.”’ Naturally, although they are the same material, you wouldn’t want a bullet
proof vest consisting of segments of low molecular weight poly(ethylene)! Since radical chain

growth occurs through the formation of radicals, side reactions such as backbiting, branching, early

2
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Figure 1.2. Representative example of chain growth polymerization via a radical pathway.
Derivatives of chain growth polymerizations via anionic and cationic pathways are also possible using

different initiators.
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Figure 1.3. Examples of backbiting leading to polymer branching (a) and chain transfer leading to
early termination and subsequent polymer branching (b). All of these events lead to a wider

distribution in molecular weight.

combination and termination, and/or chain transfer are all possible (Figures 1.3). Any or all of these
occurrences lead to polymers with different molecular weights, which, in turn, widens the molecular
weight distribution.  Although ionic polymerizations tend to minimize these side reactions and allow
for control over the molecular weight, requirements such as high sensitivity to air and moisture and
premature termination in the presence of impurities, make polymerization through these means an

arduous task.

These difficulties were overcome with the development of living polymerization as coined
by Michael Szwarc.?! Living polymerization methods such as reversible deactivation of radicals®
(i.e. nitroxide mediated radical polymerization (NMP), reversible addition fragmentation chain
transfer (RAFT) polymerization) or chain growth polymerization mediated through transition metal
based catalysts, offered alternative ways to control molecular weight while minimizing branching or
other unwanted side reactions. Of these methods, the initial concepts of two of the more common
methods utilized today, atom transfer radical polymerization (ATRP) and ring opening metathesis
polymerization (ROMP), can be attributed to synthetic reactions. ATRP, which minimizes side
reactions and controls polymer growth through control of the equilibrium between the dormant and

224 was developed from transition metal catalyzed atomic

active states for polymer propagation,
transfer radical addition (ATRA),>>?¢ which, in turn, was derived from the Kharasch addition
reaction.”” Likewise, ROMP mediated by certain transition metal based catalysts, which will be
discussed in detail later in this chapter, is based off of the olefin metathesis reaction;*® the mechanism

proposed by Yves Chauvin® paved the way for the development of well-defined catalysts such as the

4



Schrock’s and Grubbs’ catalyst for ROMP. These catalysts afforded polymers with control over the
molecular weight and narrow molecular weight distributions, which further opened up the scope for
polymer applications.

The influences of organic chemistry can also be found when delving into research involving
pre- and or post- polymerization modifications.*® Although polymers, such as poly(acetylene) have

been synthesized in multiple ways using different starting monomers,*!->

reaching high molecular
weights have proven to be unsuccessful due to the growing polymer becoming insoluble past a certain
number of chain lengths, and thus precipitating out before the propagation step is complete.’> In
earlier times, this limitation may have quenched any further developments into poly(acetylene).
However, as a testament to how much polymer chemistry has already developed, successful methods
to create soluble poly(acetylene) using organic transformations have been reported. The Grubbs
group took the approach of substituting the monomer (1,3,5,7-cyclooctatetraene) with functional
groups that hindered stacking forces once polymerized.*® Although substitution of every acetylene
unit leads to losses in conductivity®®, the method outlined by the Grubbs group was especially
appealing since by only monosubstituting cyclooctatetraene, the resulting poly(acetylene) only
possessed a functional group once every four repeat units Subsequent polymerization yielded a

poly(acetylene) derivative that was still conductive and whose substituents caused enough stearic

repulsion to be soluble in common organic solvents.*?

Multiple approaches involving polymerization of poly(acetylene) precursors followed by
post-polymerization modifications have also been reported as methods to bypass the issues with
solubility. Edwards and Feast polymerized the Durham precursor, which then could be modified to

poly(acetylene) via a heat induced retro [2+2] Diels Alder reaction.’>-%

Likewise, Swager et al.
showed the formation of poly(acetylene) via the polymerization of benzvalene, which was
subsequently converted to poly(acetylene) via metal mediated isomerization.’” More recently, the
Xia group polymerized a ladderene derivative, which was then transformed into poly(acetylene)
through sonochemistry.®®  This ladderene derivative didn’t have the solubility issues that occur when
polymerizing poly(acetylene) and thus, upon conversion, high molecular weight poly(acetylene) could
be produced in a controlled manner.®  As poly(acetylene) has already been utilized as a conducting
polymer in a variety of different fields,* providing methods to access and control high molecular
weights as well as increasing solubility is bound to lead to even further applications. Further

40-41 and activated esters*? have also

examples using post-polymerization methods via click chemistry
shown the versatility and power of how simple chemical reactions can manipulate the polymer’s

molecular structure.



The field of polymer chemistry has advanced rapidly from the nascent stages where scientists
didn’t believe macromolecules, as defined by Staudinger, could exist. Assisted by concepts and
methods derived from organic chemistry, we are now at the point where not only have high molecular
weight macromolecules been proven to exist, but their molecular weights can also be predicted and
polymerized with narrow distributions. In addition to the creation of polymers possessing new
structures, modifications to the monomer before polymerization or directly to the polymer post-
polymerization have not only been shown as methods to introduce different properties, but also as
viable pathways to produce polymers that are normally difficult to polymerize under regular
conditions. As this synergetic effect between organic chemistry and polymer chemistry continues to
blossom, nobody can predict what further outcomes and discoveries may be made. However, what is
certain is that the field of polymer chemistry is firmly entrenched as a rapidly advancing field; no

longer are polymers considered colloids that when purified will be proven to be “small molecules”.

1.2.Living Ring Opening Metathesis Polymerization (ROMP) Mediated Through Transition
Metal Complexes

As briefly discussed earlier in this chapter, polymerization can occur through a step-wise
mechanism or through a chain growth pathway. These two pathways differ in that polymer chains of
different lengths (i.e. dimers, trimers, tetramers, etc.) can all bond with each other in step-wise
polymerization whereas propagation only occurs through monomers attaching to the reactive center in
chain growth polymerization.'* Naturally, these differences influence the correlation between
molecular weight and conversion, as stepwise polymerizations require high degrees of conversion to
create high molecular weight polymers while chain growth polymerization produces high molecular

weight polymers even at low conversions (Figure 1.4).

As shown in Figure 1.2, chain polymerizations proceed through three main stages, initiation,
propagation, and termination. The initiation step involves the creation or activation of a reactive
center, while propagation involves subsequent addition of monomer units to the growing polymer
chain. Unlike step growth, upon monomer addition, chain growth leads to regeneration of the
reactive center at the end of the growing polymer chain. Therefore, only monomers are able to
interact with the reactive center during propagation. Finally, the polymerization ceases to grow and
terminates upon destruction of the reactive center through a myriad of possibilities (Figure 1.2).'
Although chain growth polymerizations produce high molecular weight polymers at low conversions,
the high reactivity of the radical species subjugates the growing polymer chain to various side

reactions (Figure 1.3).
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Figure 1.4. Representative graphs showing the correlation between molecular weight and monomer
conversion for chain growth (a), step growth (b), and living (c) polymerizations. Adapted from

reference 14.



Recognizing that minimizing or eliminating unwanted side reactions was the key to
controlling the molecular weight of a growing polymer, Michael Szwarc proved that the prevention of
a “natural death” for the growing polymer during propagation would remove many of the challenges
faced by radical chain growth. Natural deaths were defined by Szwarc as any internal event that lead
to termination (i.e. backbiting, chain transfer, combination, etc.).?!  Although designing ideal
conditions for stabilization of radicals proved to be too difficult due to the extreme reactivity of
radical species, Szwarc was able to show the prevention of events leading to early termination when
he polymerized styrene via anionic polymerization in THF. Realizing that an anionic polymerization
done in acidic solvents and non-polar solvents would lead to early termination via proton donation
from the solvent and electron transfer back to the cation respectively, Szwarc showed that
polymerizations done in tetrahydrofuran not only mitigated these issues, but the reactive center
remained active even after complete monomer consumption.!  Thus, since the reactive center did
not “die” from natural causes, the polymer chain remained active and would remain active until it was
“killed” by an external event such as the addition of an end group reagent. Named living
polymerizations, these polymerizations opened up a new field in polymer research since not only
could molecular weights of polymers be linearly correlated to the amount of monomer conversion, but
the formation of block copolymers with blocks originating from different monomer units was also
feasible. Unfortunately, due to the stringent requirements for ionic polymerizations, Szwarc still
observed the deactivation of the active center upon exposure to impurities or oxygen.?!  Nevertheless,
Szwarc’s discovery of the ability to predict and control the molecular weight of a polymer helped

pave the way for the discovery of many of the polymerization methods utilized today.

In order for a chain growth polymerization to be classified as living, certain criteria must be
met.* To start off, as outlined by Szwarc, the number average molecular weight (M,) must show a
linear correlation to conversion or the monomer to initiator concentration ratio, thus proving that
molecular weights of the polymer can be predicted and controlled by varying the concentration of

monomer and/or initiator.?!

Second, polymerization must proceed until monomer consumption is
complete. Yet, polymerization must continue upon further addition of monomer, which proves that
the reactive center remains active, and has not undergone termination.?! Third, polymers with
functionalized chain ends can be prepared through the addition of a terminating agent,** and finally,

all the polymers must possess a narrow molecular weight distributions (D).*

Polymerization methods that fulfilled the requirements for living polymerization offered a
multitude of advantages and also created further applications for polymers. As the molecular weight

of a polymer has been shown to influence its properties,'>! being able to target certain molecular
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weights with the resulting polymers possessing narrow molecular weight distributions offer tailoring
of polymers for specific applications. Likewise, if the reactive center remains active after complete
monomer consumption, the addition of a different monomer should lead to the formation of block
copolymers. As a result, block copolymers exhibiting combined properties originating from the
individual components were possible. The Choi group took advantage of this concept to create
block copolymers consisting of poly(acetylene) and a poly(norbornene) derivative.**  Unlike
poly(acetylene), the resulting block copolymer was found to be soluble in a variety of organic solvents
and also to be stable in an oxygen environment. Further characterization of the block copolymer
confirmed the presence of the poly(acetylene) component and exhibited properties consistent with that
of poly(acetylene).** The ability to attach functional groups to the chain end via a termination agent

4346 and/or post polymerization modifications.*’

also created opportunities for further polymerization

The benefits offered by living polymerization methods spurred research into the development
of well-defined catalysts that initiate living polymerization. Of these developments, a new type of
polymerization, which employed strained cyclic olefins as monomers emerged as a powerful method
for creating macromolecular materials. Termed, ring opening metathesis polymerization (ROMP),
ROMP differed from previously reported polymerizations since any unsaturation within the polymer
was preserved, even after polymerization.* In addition, ROMP was discovered to exhibit living

characteristics when the polymerization was mediated by certain transition metal based catalysts.

The mechanism for metathesis through which ROMP proceeds was initially proposed by

Yves Chauvin® and further confirmed by Robert Grubbs and Thomas Katz.*-!

As seen in Figure
1.5, ROMP initiates through the coordination of a transition metal alkylidene complex to a cyclic
olefin via [2+2] cycloaddition. The resulting cyclobutane intermediate then undergoes a retro [2+2]
cycloaddition reaction, which opens up the cyclic olefin and leaves the transition metal alkylidene
bonded to a terminal olefin. This new alkylidene can then repeatedly undergo the same process
during propagation, with each cycle adding an additional monomer unit to the growing polymer chain.
Upon complete monomer consumption, the metal alkylidene remains at the end of the polymer chain

until it is terminated via addition of an end group reagent.

Even though from an entropic standpoint, ROMP is disfavored, polymerization still occurs
provided that the release of enthalpic energy due to ring opening of the cyclic olefin is enough to

overcome the entropy cost. Thus, cyclic olefins with high ring strain, such as derivatives of

52-54 54-60

cyclobutene’~>* and norbornene’**" are often used as monomers for ROMP, as the high ring strains in

these molecules drive the polymerization to completion. However, similar to radical chain growth,
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Figure 1.5. A representative mechanism for ring opening metathesis polymerization (ROMP) and
examples of intramolecular chain transfer via ring closing metathesis (RCM) and intermolecular chain

transfer via cross metathesis (CM).
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chain transfer reactions can occur through both intramolecular (ring closing metathesis) and
intermolecular (cross metathesis) pathways during ROMP, with the result being a broader molecular

weight distribution (Figure 1.5).%!

The widespread application of ROMP can be directly tied to the development and discovery
of well-defined transition metal catalysts that minimized chain transfer reactions and thus, rendered
ROMP into a living polymerization method.*® Initially, catalysts based off of titanium complexes
were utilized to facilitate ROMP with varying degrees of success.*® However, titanium’s propensity

to bind to oxygen limited its application, as oxygen containing functional groups would deactivate the

t 48, 62 63-64

catalys Advancements first using tungsten and later on with molybdenum®  based
complexes by Richard Schrock further expanded the scope of which ROMP could be utilized. When
employed for ROMP, these well-defined, highly active catalysts not only catalyzed a wider range of
monomers than the titanium complexes, but also allowed for stereochemical and tacticity control
through manipulation of the ligands coordinated to the transition metal.®*¢”  Although these catalysts
showed a higher tolerance toward oxygen containing compounds than titanium, a still relatively high

oxophilicity hindered their usage with a diverse range of monomers and also required handling under

62, 68

an inert atmosphere. In addition, their high reactivity towards metathesis led to higher

propensities for chain transfer reactions to occur during polymerization, which in turn led to loss of

molecular weight control.*®

Unlike their early transition metal counterparts, late transition metals exhibit a lower
oxophilicity and thus were expected to possess a higher tolerance towards oxygen containing and/or
polar functional groups. Early studies reported that the polymerization of norbornene derivatives
could be facilitated by hydrated trichlorides of ruthenium, osmium, and iridium in protic solvents.*
Further studies with group VIII transition metal coordinated compounds showed a high stability to air
and moisture and also the successful polymerization of norbornene derivatives in aqueous mediums.
However, although these catalysts did initiate polymerization in anhydrous solvents, a lengthy
initiation period, sometimes up to 24 hours, hindered the use of these catalysts for living ROMP.”*7!

Yet the ability to polymerize cyclic olefins that contained polar functional groups in an aqueous

medium provided a glimpse of the potential these late transition metal based catalysts had to offer.

The efforts of countless researchers throughout the years culminated in the development of
the Grubbs’ 1** generation catalyst (G1) (Figure 1.6). Due to ruthenium favoring soft Lewis bases
and acids, such as olefins, over hard acids and bases, i.e. oxygen based ligands,® G1 afforded high

stability and exceptional catalytic activity in both organic’® and aqueous’ mediums. ~As such, living
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Figure 1.6. Grubbs 1%, 2" and 3" generation catalysts (G1, G2, and G3 respectively). The
replacement of a phosphine ligand with a N-heterocyclic carbene (NHC) (G2) led to increased

reactivity while the replacement with 3-bromopyridine (G3) led to faster initiation.

polymerization was found to be possible for both norbornene and cyclobutene derivatives. Though
G1 displayed exceptional functional group tolerance and environmental stability, a slow initiation step

4 Therefore, in order to increase

limited the monomers that could be polymerized in a living manner.
the reactivity of the catalyst, optimization of G1 via replacement of one of the phosphine ligands with
an N-heterocyclic carbene (NHC) led to the development of the Grubbs 2™ generation catalyst (G2).”
The increase in reactivity of G2 was attributed to the NHC’s ability to stabilize the intermediate state
of the catalyst after dissociation of tricyclohexylphosphine due to the increased electron density
arising from NHC’s being strong c-donors.*®7*  Additionally, the stronger bond between the NHC
ligand and the ruthenium center when compared with tricyclohexylphosphine was found to impede

catalyst decomposition.*®

The increase in reactivity of G2 expanded the scope of monomers that undergo ROMP to
even include cyclic olefins with low ring strain.”” The polymerization rates of monomers with low
ring strain such as cycloooctene”, cis-cyclooctadiene”, and 1,3,5,7-cyclooctatetraene®! were found to
be higher than when done with G1 and the polymerization of cis-cyclooctadiene using G2 exhibited

4,75 Yet, even

even higher rates of polymerization than the Schrock’s molybdenum based catalysts.
though high catalytic activity was observed, slow initiation led to the polymers polymerized by G2
having wide molecular weight distributions, which in turn, rendered them as non-living catalysts. In
addition, the increased reactivity raised the vulnerability of the catalysts to undergo secondary
metathesis reactions during polymerization. Attempts to increase the initiation efficiency through
direct replacement of the tricyclohexylphosphine ligand’® or through phosphine ligand exchange with
more labile phosphines”’ have resulted in polymers having much narrower D. However, the best

reactivity and fastest initiation to date was found when the phosphine ligand was replaced with a
12



pyridine derivative. This new derivative, termed the Grubbs 3™ generation catalyst (G3), not only
possessed the high reactivity exhibited by G2, but also displayed initiation rates nearly six orders of
magnitude faster than G1.”® Therefore, G3 was found to not only polymerize a much broader scope

of monomers, but polymerize them in a living manner.

The development of well-defined catalysts that possess high functional group tolerance, are
stable to moisture and oxygen, and polymerize cyclic olefins in a living manner, naturally opened the
door towards tuning the size and molecular weight of polymers derived from highly functionalized
monomers. In addition, due to the reactive center remaining at the end of the growing polymer chain,
a diverse range of copolymers exhibiting well defined molecular weights and interesting properties
along with new topologies arising from the interaction of the individual polymer components have
also been reported. Without the development of these catalysts that mediate living polymerization,
many of the contributions that have and continue to advance the field of polymer chemistry, including
the results presented in this dissertation, would have at best been hindered or at worst, not have been

possible at all.

Polymer chemistry has come a long way from its nascent stages where scientists did not
believe high molecular weight molecules were even a possibility. Through the immeasurable efforts
of countless researchers from a diverse range of expertise, not only were macromolecules found to be
real, but methods to control molecular weights and their properties have already been found.
Although in no way is this a complete history of how the field of polymer chemistry became the area
of research it is today, the contributions outlined in this introduction significantly paved the way for
future scientists to continue to push against the macromolecular frontier and to keep advancing the

field of polymer chemistry.

1.3. Research Objectives of this Dissertation

Part I (Chapters 2 and 3) of this dissertation involves the investigation of the influences of
stereochemistry on the thermal and electronic properties of poly(alkenamer)s. Bicyclic diester
functionalized monomers with the ester groups cis and trans to each other were synthesized and both
homopolymers and copolymers of different molecular weights were polymerized. Further analysis
on the effect of the cis and trans stereochemistry on the glass transition temperature were done using
analytical techniques, such as differential scanning calorimetry (DSC). In addition, successful
polymerization of high molecular weight block copolymers whose components only differed in

stereochemistry were found to not only be possible, but also could be induced to phase separate.
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Finally, the electronic properties of the polymers were investigated through photodegradation of the
cyclobutyl group within the polymer. The stereochemical influence toward hindering or favoring the

photodegradation of the polymer to small molecules were determined.

Part IT (Chapter 4) of this dissertation outlines a novel method for determining the carbon
hybridization state of synthetic polymers. As ROMP preserves the degree of unsaturation even after
polymerization, poly(alkenamer)s with varying degrees of sp* and sp® hybridization were synthesized
and analyzed by X-Ray Induced Auger Electron Spectroscopy (XAES). A linear correlation between
the ratio of sp*sp* hybridization and the D-Parameter, calculated from the maximum and minimum
point of the first derivative Auger spectra, was observed. Further extension towards a universal
calibration curve correlating the D-Parameter to the Teto-0-bonding ratio within a monomer unit of a
polymer was also shown and found to correlate with polymers containing sp-hybridized carbon atoms
as well as with small molecule analogs of graphene. As the methods for analyzing insoluble
polymers is much more limited, analysis by XAES provides an additional method to analyze insoluble
polymers and also to correlate the properties of a polymer to the hybridization state of the carbon

atoms.
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Chapter 2: Examining the Stereochemical Influence on the Thermal

Properties of Strained Poly(alkenamer)s

2.1. Introduction

As shown in Figure 2.1, heating a polymer exhibits phase transitions other than melting and
solidification. For polymers that are able to stack into well-ordered structures, a crystallization
signal is observed before the melting temperature of the polymer. However, most polymers are
amorphous by nature, which in turn, means that only a few polymers, such as isotactic poly(propylene)

exhibit a crystallization signal.”

More common among polymers is a signal corresponding to the
glass transition temperature (Ty). The glass transition temperature is defined as the temperature at
which the polymer structure becomes rubber like in nature or alternatively, the temperature at which

an amorphous polymer takes on glass-like properties.'*

Simply put, the glass transition occurs at the
temperature at which if exceeded, results in the polymer chains having increased mobility and more
elastomeric properties. Consequently, the mobility of the polymer chains would be hindered below

the glass transition temperature and thus, would lead to the polymer being much stiffer and brittle.

The glass transition temperature plays an influential role in determining a polymer’s
potential for industrial applications. Polymers possessing T, values below ambient temperature (i.e.
poly(butadiene) and poly(isoprene)) often are soft and pliable with little to no mechanical strength at
room temperature. These types of polymers are unique in that they can be stretched over long
distances and “bounce” back when at temperatures above their T,, which makes them useful as
synthetic rubbers.%  On the other hand, polymers that possess glass transition temperatures at values
higher than ambient temperature are often stiff and brittle in nature and have found applications where
high mechanical strengths are required. For example, poly(paraphenylene terephthalamide),
commonly known as Kevlar, exhibits a glass transition temperature in the range of 307-347 °C and as

such, is often employed in bullet proof vests.!> 8!

As the glass transition temperature plays an influential role in determining a polymer’s
properties, methods to manipulate the T,, have been and continues to be extensively researched.
Since the glass transition temperature can be considered to be the transitioning point from where
freely moving polymer chains become increasingly immobile, factors that favor stacking into well-

ordered structures and/or lead to immobilization of the polymer have been found to increase the Ty.'>

82 84-85

Studies involving polymers polymerized from acrylates®® and carbonates show an increase in
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Figure 2.1. Representative scan showing the different phase transition that can occur to a polymer

when heated. Figure adapted from reference 14.

T, when the functional groups were replaced with bulkier side chains. These increases in
temperature were explained by the bulkier functional groups hindering free rotation and overall
polymer movement. For example, although poly(styrene) is connected through a carbon-carbon
single bond backbone, which should allow for free rotation, it still possesses a relatively high T, since

the phenyl side chain prevents facile rotation.*%’

Other efforts toward manipulating the glass transition temperature through immobilization of
the polymer backbone have also been found to be successful. As can be seen in Table 2.1, trans
isomers of polymers often show higher glass transition temperatures than their cis analogs, since
polymers in the frans conformation favor stacking which ultimately leads to motion impediment, as is
the case for poly(butadiene) and poly(isoprene). Previous works done by Nishihara et al. concluded
that changes (ca. 40 °C) in the glass transition temperatures could also be observed in disubstituted
poly(norbornene) derivatives by altering the stereochemistry of the cyano and ethyl ester functional
groups to be in the endo or exo position.®  Although explaining this discrepancy remained elusive,
the high glass transition temperatures (ca. 120 °C) were attributed to the interaction of the functional
groups with the rigid olefin backbone of poly(norbornene). Others have focused on incorporating
cyclic rings into the backbone of the polymer and controlling the stereochemistry of the rings, with a

positive correlation being seen between the T, and the amount of trans stereochemistry.38!
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Table 2.1. Glass transition temperatures (Tg) and melting temperatures (Tm) of commercial

polymers. Values were taken from reference 81.

Polymer Ty (°C) Tm (°C)
cis-Poly(butadiene) -101 4
cis-Poly(isoprene) -73 29
trans-Poly(isoprene) -58 70
Linear Poly(ethylene) -70 to -20 132
Poly(propylene) -16 170
trans-1-4-Poly(butadiene) -9 139
Nylon 6,6 47 235
Poly(methyl methacrylate) 49 155
Poly(vinyl chloride) 70 140
Poly(styrene) 94 227
Poly(carbonate) 152 267
Cellulose Triacetate 111 300
Poly(tetrafluoroethylene) 135 327
Poly(para-phenylene terephthalamide) 307-347 480

Alteration of the glass transition temperature of polymers through structural modifications
can force a polymer to display traits originating from being in or out of the “glassy” state at certain
temperatures. However, these techniques are still limited in that the polymer can only still exhibit
the traits of either the glassy state or the freely moving state. In contrast, copolymers, defined as
polymers containing monomeric units from multiple monomer species, have found many industrial
applications due to the being able to display a combination of properties unique to the individual
homopolymers. For example, copolymerization of acrylonitrile with monomers bearing halogen
functional groups yields flame retardant properties, whereas solubility can be increased with the
copolymerization of acrylonitrile and methyl or vinyl acetate.!* 1In a similar vein, triblock
copolymers of poly(styrene)-block-poly(butadiene)-block-poly(styrene) exhibit elastic traits
originating from the poly(butadiene) component while also showing improved durability due to
poly(styrene).””  As such, these types of materials that show a two phase system have found usage as
thermoplastic elastomers since the stiffness and durability of these materials allow them hold their

structure, but at the same time can be molded at higher temperatures.
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Figure 2.2. Representative illustration of the phase separation between poly(styrene) and
poly(butadiene) in a poly(styrene)-block-poly(butadiene)-block-poly(styrene) block copolymer.
Poly(styrene) is represented by the spheres while the segmental lines represent polymer chains of

poly(butadiene). Adapted from reference 93.

As shown in Figure 2.2, poly(styrene)-block-poly(butadiene)-block-poly(styrene) exhibits
the combined properties of both poly(styrene) and poly(butadiene) because the separate components
are incompatible and thus able to phase separate.”® Likewise, block copolymers that are able to

94-96

phase separate have found applications in creating micellar morphologies, as physical cross

linkers,”” and as drug delivery agents.”®

Although many factors need to be considered for
determining the level of incompatibility between two polymers, a simplified explanation would be
“like likes like”. From an enthalpy point of view, components of polymer chains possessing the
same or similar structures will want to pack into an ordered structure while entropy favors complete
miscibility. Therefore, when the enthalpic energy generated from the packing of polymer chains can
overcome the entropic penalty, phase separation occurs. This explains why random copolymers,
which, due to their random nature, do not have long segments consisting of a single monomeric unit,
are entropically favored and often do not phase separate, while block copolymers, which can be
polymerized so that each component is long enough to favor packing, can be made to phase separate.
As discussed in the previous chapter, the development of well-defined catalysts has led to a multitude

of living polymerization methods. Key among the characteristics of living polymerization is that the

reactive center remains active at the end of the polymer chain even after complete monomer.
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Syndiotactic Poly(propylene)

Atactic Poly(propylene)

Figure 2.3. Representative illustration of isotactic, syndiotactic, and atactic poly(propylene).

consumption. Therefore, block copolymers comprised of long segments of each individual

component is possible, and thus can be favored to phase separate

Through the development of well-defined catalysts that tolerate a diverse range of functional
groups,”® manipulation of a polymer’s morphology and properties have been found to be possible by

58, 84-85, 100

attaching and/or replacing substituents. However, chelation and coordination effects of

certain functional groups to the active metal center have been found to decrease catalytic activity, and

101-102 Alternatively, certain polymers possessing the same elemental

thus, impede polymerization.
composition but differing in their molecular structure have also led to differences in properties, with
poly(propylene) being a representative example. As shown in Figure 2.3, poly(propylene) can be
found in three different conformations. Isotactic poly(propylene) is defined as having all the methyl
groups stereochemically configured in the same direction, while syndiotactic poly(propylene) has the
methyl groups alternating in and out of the plane. Finally, atactic poly(propylene) has the position of
the methyl groups randomly assorted throughout the backbone. Due to the stereoregularity of the
methyl groups in isotactic and syndiotactic poly(propylene), the polymer chains can stack to create

well-ordered structures.'%3-104

As a result, although melting temperatures for both isotactic and
syndiotactic poly(propylene) exist, the random nature of atactic poly(propylene) prevents the
formation of a well ordered structure, and in turn, renders a melting temperature nonexistent.
Furthermore, differences in the method that the polymer chains stack to create ordered structures in
isotactic and syndiotactic poly(propylene) can be directly attributed to the stereochemistry of the

methyl groups. This contrast in packing leads to isotactic and syndiotactic poly(propylene) having
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dimethyl (1R,2S,3R,4S) dimethyl (1R,2S,3S,4S)-
bicyclo[2.2.0]hex-5-ene- bicyclo[2.2.0]hex-5-ene-
2,3-dicarboxylate 2,3-dicarboxylate

Figure 2.4. Monomers (dimethyl (1R,2S,3R,4S)-bicyclo[2.2.0] hex-5-ene-2,3-dicarboxylate and
dimethyl (1R,2S,3S,4S)-bicyclo[2.2.0] hex-5-ene-2,3-dicarboxylate) used for the polymerization of

homo-, di-, and tri-block copolymers throughout this study. As can be seen, the monomers only

differ in the stereochemistry of the diester functional groups.

different melting and glass transition temperatures.’ 15-1%  Although poly(propylene) remains the
most studied polymer when determining the influence of stereoregularity on a polymer’s properties,

recent results involving similar effects on vinyl polymers,* 8 and acrylates'’-'% have been reported.

The polymers presented in this work were polymerized from monomers designed to impede
chain movement (Figure 2.4). The presence of the cyclobutane scaffold, which was expected to
“lock” the polymer in place,* combined with an unsaturated backbone when polymerized via ROMP,
was expected to drastically immobilize the polymer,*® leading to high T, values. In addition, as the
monomers only differ in the stereochemistry of the diester functional groups, differences in properties
between polymers polymerized from the two different monomers could be attributed to
stereochemical influences. In addition, block copolymers with components consisting of the
stereochemical analogs were synthesized and shown to phase separate. These block copolymers
were different from commonly reported block copolymers known to phase separate in that different
functional groups or monomers differing drastically on a structural level (i.e. poly(butadiene) and

poly(styrene)) were not needed to induce phase separation.
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2.2. Results and Discussion

2.2.1. Synthesis of Monomers and Polymerization via ROMP

The route used to synthesize monomers 5 and 7 were modified from previously reported

procedures!!-11!

and is summarized in Scheme 2.1. Phthalic acid (1) was reduced using a 3 weight %
sodium amalgam to afford 2, which was purified by recrystallization in aqueous sulfuric acid and
isolated in 70% yield. Subsequent dehydration of the 1,3-cyclohexadiene derivative using acetic
anhydride afforded the corresponding anhydride 3, which was purified by sublimation and collected in
75% yield as a white crystalline solid. With 3 in hand, photochemical isomerization was carried out in
diethyl ether at room temperatures and monitored for completion by '"H NMR spectroscopy, to afford
4. Following removal of the residual solvent under reduced pressure, the crude product (4) was

directly esterified with methyl alcohol in the presence of a catalytic amount of sulfuric acid to afford

the monomer 5 as colorless liquid, which was purified via column chromatography.

The synthesis of the monomer 7 began with the epimerization of 5 using methyl alcohol and
sodium methoxide. After removal of methanol under reduced pressure, acidification using a 1 N
hydrochloric acid solution afforded 6 with a 98% yield after extraction. The dicarboxylic acid (6)
was then esterified with methyl alcohol in the presence of a catalytic amount of sulfuric acid.
Subsequent removal of methanol afforded 7 as a clear liquid in 97% yield after extraction. To ensure

purification, both § and 7 were distilled prior to polymerization.

With monomers 5 and 7 in hand, initial efforts began with the polymerizations of § and 7
with the Grubbs 3™ generation catalyst (G3) to produced polymers 8 and 9 respectively (Scheme 2.2).
Dependent on the targeted molecular weight (see Table 2.2 for monomer to catalyst ratios), G3 was
added to an anhydrous dichloromethane solution of monomer 5 (0.2M) and stirred under a nitrogen
atmosphere at ambient temperature. Quenching of the reaction using ethyl vinyl ether after 30
minutes followed by precipitation in cold hexane afforded polymer 8. Polymerization of
homopolymer 9 was done following the same procedure with the replacement of monomer 5 with

monomer 7 (See Table 2.2. for yields).

Previous reports have shown that properties of polymers, especially mechanical and thermal

properties, increase with increasing degrees of polymerization and eventually reach an asymptotic

value.">1?

Polymers with short chain lengths offer little to no resistance as they move about in
solution. Naturally, at low molecular weights, or low degrees of polymerization, polymers will often
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Scheme 2.1. Synthetic scheme for dimethyl (1R,2S,3R,4S)-bicyclo[2.2.0]hex-5-ene-2,3-
dicarboxylate (5) and dimethyl (1R,2S,3S,4S)-bicyclo[2.2.0]hex-5-ene-2,3-dicarboxylate (7).

exhibit little to no tensile strength and be soft in nature. However, as the chain lengths increase, the
individual polymer chains being to entangle and physically crosslink with each other. As a result,
movement of the polymer chains becomes hindered, which increases the viscosity and the mechanical
properties. Once the polymer’s molecular weight reaches a certain point, the rate of disentanglement
of the polymer chains becomes equal to the rate of entanglement and thus no longer influences the
properties of the polymer.!* Therefore, to ensure that the properties of the polymers were
independent of the molecular weight, homopolymers targeted at various molecular weights (see Table

2.2. for monomer to catalyst ratios) were attempted and successfully polymerized.

As the formation of block copolymers require the reactive center to remain active at the end
of the polymer chain even after complete monomer consumption,* a series of experiments designed
to determine if the polymerization proceeded under a living manner were undertaken before the
polymerization of copolymers were attempted. In order to be considered living, the polymerization
must 1) proceed until all the monomer is consumed, upon which polymerization will continue with
the addition of additional monomer, 2) the number average molecular weight (M,) and the monomer
to catalyst ratio (M/C) must show a linear correlation, 3) polymers with narrow molecular weight
distributions are produced, and 4) upon complete consumption of the initial monomer, addition of a
different monomer should produce a block copolymer.**  As seen in Figure 2.4, a linear correlation
between the M, and the monomer to catalyst ratio of the polymers was confirmed. In addition, all of
the polymers exhibited a narrow polydispersity index (D). Confirmation that the metal catalyst

remained active at the end of the polymer was evidenced by an increase in the M, of the polymer

22



H H _ G3DCM
o 25 °c 05h
/0 o\

5 8
H H G3 DCM
o { :;/" 25°c 0.5h
/ \
7 9

Scheme 2.2. Polymerization of homopolymers 8 and 9.

Table 2.2. Molecular weights for the series of homopolymers 8 and 9.

Entry M/C ¢ Target M, M, "¢ M, "¢ b Yield
(kDa) (kDa) (kDa) (%)
8a 76 15.0 14.6 17.1 1.2 95
8b 102 20.0 20.0 23.6 1.2 87
8c 382 75.0 66.4 82.8 1.2 87
9a 76 15.0 16.6 18.6 1.1 89
9b 102 20.0 20.3 222 1.1 87
9¢ 382 75.0 62.8 69.8 1.1 87

“Monomer to catalyst ratios (M/C) were calculated using the total amount of monomer. ? Values were determined relative

to poly(styrene) standards in tetrahydrofuran. ¢ See Appendix C for GPC chromatograms.
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Figure 2.4. Molecular weight control of polymers synthesized from 5 (a) and block copolymer
formation upon the addition of 7 after consumption of 5 (b). All measurements were taken using
THF as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and polydispersity were

determined relative to poly(styrene) standards in tetrahydrofuran.
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upon addition of 7 after the complete consumption of 5 (Figure 2.4). The results of these experiments
confirmed that the polymerization was proceeding through a well-controlled manner, and

correspondingly that the formation of block copolymers was possible.

With confirmation that the polymerization of block copolymers was possible using G3,
diblock copolymers with both 5 and 7 being the initiating block were attempted (Scheme 2.3).
Similar to the polymerization of the homopolymers, G3 (see Table 2.3 for monomer to catalyst ratios),
was added to an anhydrous dichloromethane solution of monomer 5§ (0.2M) and stirred under a
nitrogen atmosphere at an ambient temperature for 30 minutes. After confirmation of complete
monomer consumption via thin layer chromatography, monomer 7 was dissolved in a minimal amount
of anhydrous dichloromethane and injected. After allowing for the polymerization to proceed for 30
minutes at room temperature under a nitrogen atmosphere, the reaction was quenched with ethyl vinyl
ether. Subsequent precipitation in cold hexane afforded diblock copolymer 10 (See Table 2.3. for
molecular weights and yields). Polymerization of diblock copolymer 11 was done following the
same procedure except G3 was added to a 0.2 M dichloromethane solution of monomer 7 and

monomer S was added after confirmation of complete consumption of 7.

As shown in Table 2.3, the series of diblock copolymers 10 and 11 displayed molecular
weight values close to those of theoretical values with narrow polydispersity index’s (D). However,
the GPC traces of 10f consistently exhibited a bimodal signal (see Appendix C). Methods such as
lowering the temperature and varying the monomer concentration to drive the reaction toward

polymer formation''>!!3

proved unsuccessful. On the hypothesis that the issues were initiation
related, triphenyl phosphine was introduced before the addition of monomer 7. Previous studies
with G1 have shown that the addition of triphenyl phosphine increased the efficiency of
polymerization.”” As the rate of phosphine ligand exchange between triphenyl phosphine and
tricyclohexylphosphine was found to be fast, exchange of the phosphine ligands lead to a Gl
derivative containing a bulkier triphenyl phosphine ligand before initiation.”” The triphenyl
phosphine ligand, in turn, was found to be more labile, and thus allowed for better dissociation to the
active state of the catalyst, which promoted faster rates of initiation (ki).”” In addition, competition
between the monomer and the excess phosphine for the active site of the catalyst during the
propagation step was found to lower the rate of propagation (kp).”” The combination of these two

effects resulted in an increase in the ki/k, ratio, which is required for living polymerizations.*® 7’

With the hope that similar effects would occur with G3 if the issues were indeed initiation

related, polymerization of a block copolymer targeted at 200 kDa in the presence of excess triphenyl
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Scheme 2.3. Polymerization of diblock copolymers 10-12.

Table 2.3. Molecular weights for the series of diblock copolymers 10, 11, and 12.

1%t Block 2" Block
Target M, M.>¢  My>¢ M,”  My”© Yield
Entry M/C* b b
(kDa) (kDa)  (kDa) (kDa)  (kDa) (%0)
10a 76 15.0 9.4 1.3 1.2 15.7 18.0 1.2 95
10b 254 50.0 25.9 325 1.2 44.9 532 11 93
10c 510 100.0 53.9 657 1.2 92.8 1063 1.2 89
10d 612 120.0 58.4 723 1.2 111.3 1332 1.2 98
10e 762 150.0 68.0 82.0 1.2 118.7 1342 1.1 95
10f¢ 1020 200.0 1173 1301 1.1 173.0 2107 1.2 90
1 76 15.0 7.0 8.2 1.2 16.2 211 1.3 80
12¢ 1020 200.0 62.4 77.0 1.2 94.4 1180 1.2 90

“Monomer to catalyst ratios (M/C) were calculated using the total amount of monomer. * Values were determined relative
to poly(styrene) standards in tetrahydrofuran. ° See Appendix C for GPC chromatograms. ¢ GPC traces consistently

showed bimodal signals upon addition of the second block. ¢ Polymerized in the presence of triphenyl phosphine.
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phosphine was attempted. The same procedure outlined above was followed except prior to addition
of monomer 7, triphenyl phosphine (50 equivalents relative to the initiator) was added and stirred at
an ambient temperature for 10 minutes. Subsequent GPC traces of 12 showed the disappearance of
the bimodal signal (see Appendix C) and exhibited a narrow D. Yet, the number average molecular
weight (M,) was significantly lower than the targeted value (see Table 2.3). As mentioned earlier,
competition arises between the excess phosphine derivatives and the monomer for access to the active

site of the catalyst.”’

Therefore, although the ki/k, ratio improved, the increased competition may
create too much hindrance for complete monomer consumption. In addition, stearic factors may also
be playing a role in preventing monomer consumption. At low degrees of polymerization, the
growing polymer chain would be relatively short and thus provide no steric hindrance to the incoming
monomer. However, as the polymer continues to grow, one can imagine that the catalyst would be
attached to a very long polymer chain. Once this chain reaches a certain length, the polymer could
possibly garner enough flexibility to undergo long range segmental motion. This motion, in turn,
could actively coordinate the diester groups of the polymer to the active center and/or hinder the
trajectory of the incoming monomer. Therefore, impediment of the monomer by triphenyl phosphine,
coupled with the additional hindrance of the growing polymer chain as it reaches higher molecular
weights”” may prevent complete monomer consumption, and ultimately, lead to M, values lower than

the initially targeted M,.'*

Although polymers 10a and 11 are technically the same diblock polymer with similar
molecular weights, initializing polymerization with 7 rather than 5 consistently led to higher D values.
Investigations into this discrepancy revealed that the activity of both the Schrock’s®” and Grubbs’3 3%
5118 catalysts were influenced by the stereochemistry of the functional groups; a decrease in catalytic
activity was seen in the order of exo, exo > exo, endo > endo, endo for the polymerization of
disubstituted norbornene. Although a definitive reason is yet to be proven, this trend was believed to
be due to a combination of stearic effects and functional group chelation to the transition metal
catalyst. The substituents on exo, exo norbornene face away from the cyclic olefin. Therefore, the
catalyst can gain access to the olefin regardless of whether the monomer approaches from above or
below (see Figure 2.5). However, endo, endo norbornene has both of its substituents facing the cyclic
olefin, which may hinder the approach of the monomer to the active site, and thus deactivate catalyst
activity. In addition, if the substituents are oxygen containing functional groups, the closer
proximity of the substituents to the active site in the endo, endo configuration may cause chelation of
the oxygen atoms to the transition metal center, which would also result in a decrease in catalytic

aCtiVity.Sz’ 58, 115-118
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Figure 2.5. Comparison of 2-exo-3-exo-dimethyl ester bicyclo [2.2.1] hept-5-ene and 2-endo-3-exo-
dimethyl ester bicyclo [2.2.1] hept-5-ene with monomers 5 and 7. The methyl ester groups are
represented by “R”.

As shown in Figure 2.5, monomer 5 resembles exo, exo norbornene and monomer 7

resembles that of endo, exo norbornene.'”®

Due to the reasons outlined in the above, although the
greatest decrease in catalytic activity is observed with endo, endo disubstituted norbornene analogs,

molecules with substituents in the endo, exo position still exhibit a decrease in catalytic activity when
compared with their exo, exo counterparts. Thus, a similar effect may be occurring with the

polymerization of 7, with the end result being a wider molecular weight distribution.

Triblock copolymers, such as poly(styrene)-block-poly(butadiene)-block-poly(styrene)
exhibit higher durability and mechanical strength since the poly(styrene) components act as a physical
cross-linker.”> Hoping similar trends could be seen, the polymerization of triblock copolymers
polymerized from monomers 5 and 7 were attempted (Scheme 2.4). Initial attempts at polymerizing
the triblock copolymers at room temperature led to the appearance of bimodal signals in the GPC
traces. Therefore, in an attempt to retard possible chain transfer reactions, the polymerizations were
performed at 0 °C. Similar to the polymerization of the diblock copolymers, G3 (see Table 2.4 for
monomer to catalyst ratios), was added to an anhydrous dichloromethane solution of monomer 5
(0.2M) and stirred under a nitrogen atmosphere at 0 °C temperature for 1 hour. After confirmation of
complete monomer consumption via thin layer chromatography, monomer 7 was dissolved in a
minimal amount of anhydrous dichloromethane and injected. After allowing for the polymerization
to proceed for 1 hour at 0 °C, under a nitrogen atmosphere, complete monomer consumption was

confirmed via thin layer chromatography. Monomer 5 was then again dissolved in a minimal

28



f,
0. “a=0 O (o]
" " 5 of’ vod block block
X y z
G3,DCM /7 0\ / 5 \
> » — ..
(o} o 0°C,1h 0°C,1h 0°C,1h o, o o ',,;oo o
O O 0 o 0 o
7/ N\ 7/ AN

/0 o\
13

O (o] (o) “u=0
H H o o o 07; block block
X y z
G3,DCM /5 \ / 7\

o “%=0 o o > o > o “%=0 O o o %0
~ 0°C,1h 0°C,1h 0°C,1h o { ) { Or

AN Ve AN / AN

14

Q
/ A\ L o

Scheme 2.4. Polymerization of triblock copolymers 13 and 14.

Table 2.4. Molecular weights for the series of triblock copolymers 13-14.

15t Block 2" Block 34 Block
Target
M€ Mybe M Myhe M Myhe Yield
Entry M/C*“ Mn b b b
(kDa) (kDa) (kDa)  (kDa) (kDa) (kDa) (%)
(kDa)
13a 76 15.0 5.9 6.7 1.1 10.5 11.7 1.1 16.4 19.2 1.2 93

13b“¢ 153 30.0 10.0 12.7 1.2 20.0 21.3 1.2 | 30.0 323 1.7 88
14a 76 15.0 5.9 6.8 1.2 124 15.5 1.2 | 18.7 217 1.2 80

14b ¢ 153 30.0 14.0 16.3 1.2 16.5 20.3 1.2 | 237 365 15 91

“Monomer to catalyst ratios (M/C) were calculated using the total amount of monomer. * Values were determined relative
to poly(styrene) standards in tetrahydrofuran. ° See Appendix C for GPC chromatograms. ¢ GPC traces consistently
showed bimodal signals upon addition of the third block.

amount of anhydrous dichloromethane and injected with the subsequent polymerization allowing to
proceed for 1 hour at 0 °C, under a nitrogen atmosphere. After confirmation that the monomer was
completely consumed, the reaction was quenched with ethyl vinyl ether. Subsequent precipitation in

cold hexane afforded triblock copolymer 13 (See Table 2.4. for molecular weights and yields).

Polymerization of triblock copolymer 14 was done following the same procedure except G3 was
added to a 0.2 M dichloromethane solution of monomer 7 and monomer 5 was added after
confirmation of complete consumption of 7, followed by addition of monomer 7 again after
consumption of 5. As shown in Table 2.4, although the triblock copolymers targeted at lower
molecular weights (13a and 14a) were successfully polymerized, attempts at higher molecular weight
polymers led to broad D’s as well as the appearance of bimodal signals in the gel permeation

chromatograms (GPC) traces (see Appendix C).
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Figure 2.6. Representative 'H NMR spectra for the monomers, homo-, di-, and tri-block

copolymers. All measurements were taken at ambient temperature in deuterated chloroform (CDCls).

As shown in the tables for each of the polymerizations, gel permeation chromatography
(GPC) confirmed that the polymerizations proceeded in a monodisperse manner and possessed
number average molecular weights (M,) in the range of the theoretical values. Likewise, 'H NMR
spectra of the polymers also revealed broadening of the signals as well as an upfield shift (6 5.5-5.8
ppm; CDCIls) of the signals corresponding to the protons on the cyclobutene ring of the monomer (6
6.2-6.4 ppm), which was expected if ring opening had occurred (Figure 2.6). Broadening of the 'H
NMR signals upon polymerization was also expected as polymers are a distribution of molecular

weights, which, in turn, leads to a wider range of different chemical environments.

Living polymerization via utilization of the Grubbs 3™ generation catalyst to afford homo-,
diblock, and triblock polymers from monomers 5 and 7 was proven to be successful. Although
attempts toward polymerizing higher molecular weight (M, > 15 kDa) triblock copolymers were
unsuccessful, diblock copolymers targeted up to 150 kDa were successfully polymerized with narrow
molecular weight distributions (B < 1.2). Physical characterizations by 'H NMR and IR
spectroscopy (see Appendix B) showed no significant differences between all the various types of
polymers, though differences in thermal properties, as will be discussed in the following section, were

expected.
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2.2.2. Stereochemical Influences on the Thermal Properties of Strained Poly(alkenamer)s

With the homopolymers, diblock copolymers, and triblock copolymers of varying molecular
weights in hand, experiments to analyze the thermal properties of the polymers were undertaken.
Interestingly, as shown in Table 2.5, although both 8a and 9a showed relatively high glass transition
temperatures (see Table 2.1 for T, values of commercial polymers), they had different thermal
properties. The high glass transition temperatures could be attributed to a combination of the
olefinic double bonds within the backbone of the polymers and the presence of a rigid cyclobutane
scaffold. For polymers linked through a sp3-hybridized carbon backbone, free rotation around the

single bonds is possible, which favors increased movement.!>: 885

However, when a polymer is
connected through sp*-hybridized carbons, the backbone becomes locked in place, which increases the
rigidity of the polymer.® This, in turn, makes it so that more energy is needed to make the polymers
move, which in turn, correlates to a higher T,. Further immobilization was attributed to the
cyclobutane scaffold, as the cyclic ring would “lock” the polymer in place and prevent functional

group rotation.®

Polymer 9a (entry 2 in Table 2.5) exhibits a decomposition temperature and glass transition
temperature approximately 23 °C + 3 °C higher than that of its stereochemical isomer 8a (entry 1 in
Table 2.5). Although rare, similar trends, though to a lesser degree in magnitude, are observed in
compact polymers, such as poly(propylene).”® 105196120 [gptactic poly(propylene), where the methyl
groups are all on the same side, has a lower T, (ca. 5 °C) than that of syndiotactic poly(propylene),

t.19  This difference in

where the methyl groups alternate in and out of the plane with each repeat uni
temperature was attributed to the polymer chains of syndiotactic poly(propylene) being able to get in
closer proximity to each other, which ultimately hinders the free movement of the polymer chain.”
105-106. 120 Consequently, more energy is required to allow the polymers to move about freely, which
directly translates to a higher T,. ~Additional studies on a variety of different types of polymers have
concluded that polymers exhibiting frans stereochemistry within the polymer backbone favored closer
interactions between the polymer chains. Similar to syndiotactic poly(propylene), closer interactions
lead to immobilization of the polymer backbone, and ultimately results in a decrease in the segmental
motion of the polymer. Thus, more energy would be required for the polymer to have enough
movement to reach a “rubbery” state, which in turn, translated to a higher T,.%°! Although the
polymers presented here do possess a rigid olefin backbone, they differ from previous works in that
the functional groups of the polymers only differ in stereochemistry and also no modifications were

made to the polymer backbone. As a result, the explanations for the differences in T, values outlined

above do not seem to apply to the polymers in this work.
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Table 2.5. Glass transition temperature (T,) and decomposition temperature (Tq) values for

homopolymers, diblock copolymers, and triblock copolymers polymerized with a target M,, of 15 kDa.

See Appendix D and E for TGA and DSC traces.

a b c
Entry Polymer Structure M T T
(kDa) (°C) (°C)
n
1 8a o o 14.6 223.8 68.7
PN
2 9a 0 ) 16.6 241.0 92.0
r
block
3 10a 15.7 227.4 78.1
block
4 11 ,7;00 16.2 225.9 79.2
/ \
block block
5 13a ’7;0 0 16.4 227.3 75.3
o o,
block
6 14a 18.7 232.6 82.9

done at a heating rate of 10 °C min"! under a nitrogen atmosphere.
inflection point between 0-50% weight loss.

under a nitrogen atmosphere prior to determination of the glass transition temperature (Ty).

o\

from the DSC traces of the third heating cycle.

=00

block
y z
00y %O
/ o\ /o 0\

“Mn values were determined relative to poly(styrene) standards in THF.
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The Ty values were determined

b Thermal decomposition (T4) measurements were
The Tawas determined to be the temperature of the

¢ Samples underwent two heating and cooling cycles at a rate of 20 °C min’!
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Figure 2.7. 'H NMR of 8a (top) and 9a (bottom). Integration of the olefin region showed a 1:1
trans to cis ratio for 8a and a 1:0.75 trans to cis ratio for 9a. All measurements were taken at

ambient temperature in deuterated chloroform (CDCls).

Analysis of the olefin region in the "H NMR spectra of polymers 8a and 9a revealed that
polymer 9a possessed a higher trans to cis ratio (1.0 to 0.75) than 8a (1.00 to 1.00) (Figure 2.7). A
higher trans concentration, as mentioned above within the polymer backbone would favor stacking of
the polymer chains, and thus increase the glass transition temperature, as free movement of the
polymer chains would be hindered. Efforts to rationalize the differences in stereochemistry along
the polymer backbone led us to believe that the stereochemistry of the diester substituents were the
underlying cause. As mentioned in the previous section, the position of the disubstituted substituents

on norbornene derivatives were found to influence the catalytic reactivity of the Grubbs’ catalyst.’> %

15118 Although slightly higher molecular weight distributions were observed when monomer 7 was
used to initiate the diblock copolymers instead of monomer 5, the large release of enthalpic energy
from the ring opening of the highly strained cyclobutene negated any possible decrease in catalytic
activity. However, the stearic effects of the substituents may play a role in the formation of a higher
trans containing backbone. Table 2.6 outlines the possible ways that monomer 5 could attach to the
growing polymer chain of 8. In addition to possibly attaching to the polymer backbone in a cis or
trans manner, the monomer can bond head to head, head to tail, tail to head, or tail to tail. However,

regardless of how monomer 5 attaches, the substituents are facing away from the olefin. Thus, as

shown in Figure 2.8, the incoming monomer faces no stearic hindrance regardless of the pathway it
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Table 2.6. Comparison of possible structures that monomer 5 can attach to the growing polymer

chain.
c Backbone Head to Head Head to Tail Tail to Head Tail to Tail
onfiguration
: R _l_l —Ru R _l_l —Ru R _'_I —Ru R _l_l —Ru
cis 1 n 1 n 1 n 1 n

H e Hm H H e Hi» - Huy» i - H Hy» i - H
R, = COOME :I - L

RY RRY R, RY RRS R, RS RRY R, RS RRY R

Rz, R Ro R Rz, R Ro_JR2
m IH_:E pan IH_:E
trans Ry —]n— Ru Ry —]n— Ru Ry —]n— Ru Rq —|"— Ru

Rz = COOME H e H | Hu» uH Hm «uH

RY R, RY R, RS R RS R,

R R
R R
.. Cis
----- 2 . R1
p
L,Ru
‘trans

Figure 2.8. Proposed addition of monomer 5 to the growing polymer chain. Since the functional
groups are facing away from the olefin, no stearic hindrance from the functional groups would be

expected regardless of whether the monomer adds cis or trans to the polymer chain. The methyl

ester groups are represented by “R”.
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takes to attach to the growing polymer chain, leading to an equal opportunity for the incoming
monomer unit to adopt any of the structures outlined in Table 2.6. As such, a 1.00 to 1.00 trans to

cis ratio would be possible, as observed.

Table 2.7 shows the possible structures that can arise with the addition of monomer 7 to a
growing polymer chain of polymer 9. Unlike 8, outcomes involving the addition of the monomer cis
to the growing polymer chain would be sterically hindered by the methyl ester group facing the olefin.
Therefore, as monomer 8 approaches the growing polymer chain, it is more likely to add in a trans
configuration (Figure 2.9). As expected, analysis of the olefinic region of 9a showed a 1.00 to 0.75
trans to cis ratio, implying that the backbone of polymer 9a possessed a higher frans content. This
trend was found to be independent from molecular weight as all the polymers of the 8 and 9 series

exhibited this trend.

As seen in Table 2.5, both the diblock (10a, 11) and triblock (13a, 14a) copolymers exhibited
a decomposition temperature between that of the two homopolymers. Likewise, only a single T,
located between the two T,’s of homopolymers 8a and 9a was found upon analysis of the differential
scanning calorimetry (DSC) traces. These results implied that the components of the block
copolymer were not phase separated.'?'"'?>  Although unfortunate, these results were not unexpected
since phase separation within block copolymers usually occurs between two distinctly different
blocks,'?>12* such as with poly(styrene) and poly(isoprene).'”  As the components of the diblock and
triblock copolymers only differ in the stereochemistry of the disubstituted methyl ester groups, we
believed that phase separation was not arising due to the high structural similarity between the

components of the block copolymer.

The interaction of polymers with solvents or other polymers can be predicted using the Flory

interaction parameter (y), which can further be derived to reflect its correlation to the degree of

82, 126

polymerization. The derived equation can be expressed as:

(@5 + NS
h 2N,Ng

Xc

where . symbolizes the critical value upon which phase separation occurs and N, and Ny represent the

126

degree of polymerization for polymers A and B respectively. Based on the assumption that

polymer chains are governed by van der Waal interactions (y > 0), the equation predicts a critical point
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Table 2.7. Comparison of possible structures that monomer 7 can attach to the growing polymer

chain.

Backbone

Confi . Head to Head Head to Tail Tail to Head Tail to Tail
onfiguration

R ] Ru R ] Ru R I R

i 1 —ln_ —RUu 1 —ln— —RUu 1 —ln— —RUu
cis H laH H> H H b Hiw—|-H Hu «iH Hw—-uiH
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RY RRYf R, R RpRY R, RS R,RY R,

R2, JRe Ra, R Ra, R
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Figure 2.9. Proposed addition of monomer 7 to the growing polymer chain.

Since one of the

functional groups faces the olefin, stearic hindrance from the functional groups would be expected

when the monomer adds cis to the polymer chain (red).

Thus, addition trans to the polymer chain

would be expected to be favored. The methyl ester groups are represented by “R”.
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value (y.) where the van der Waal interaction between the similar components of polymer chains
overcome the loss of entropy. Once this point is reached or exceeded, the release of enthalpic energy
from the stacking of polymer chains would overcome the entropic penalty and lead to phase

separation.'?®

As such, one can expect this critical point to decrease with increasing incompatibility
between the components and vice versa. Thus, if y. is a large number, increasing the degree of
polymerization for either or both components (Na, Ng) would be necessary to instigate phase

separation.

In order to determine if phase separation could be possible with higher degrees of
polymerization, homopolymers 8b and 9b as well as 8c and 9¢ were dissolved in dichloromethane and
precipitated. In addition, random copolymers targeted at 20 kDa (15a) and 75 kDa (15b) were
polymerized as well (Scheme 2.5, Table 2.8). As random copolymers have the monomer units
randomly placed within the polymer chain, long segments originating from individual monomeric
units would not be present. Thus, stacking between similar components would not be viable and
phase separation would not be expected to occur. However, if the physical mixtures did not show
any phase separation, phase separation of block copolymers would be unrealistic. As expected,
random copolymers 15a and 15b showed single Tq and T, values in between those of 8b and 9b and
8c and 9c respectively. In contrast, although a physical mixture of homopolymers 8b and 9b once
again exhibited a single T, at a temperature between the T,’s of the respective homopolymers (entry 4
in Table 2.9), physical mixtures of homopolymers 8c and 9¢ exhibited two separate glass transition
temperatures that were similar to the glass transition temperatures of the homopolymers (entry 8 in
Table 2.9). Thus, the critical point at which phase separation occurs seemed to require a degree of
polymerization value between 102 and 382, which corresponded to a molecular weight between 20
and 75 kDa per block. Although these values may appear high, degrees of polymerizations up to
7,700 were required to observe phase separation between poly(ethylene) and deuterated
poly(ethylene).!””  Likewise, phase separation between branched poly(ethylene) and linear

poly(ethylene) was not observed until My, values exceeding 70 kDa per block were reached.'?

With the knowledge of the general degree of polymerization needed to induce phase
separation, efforts were directed toward synthesizing high molecular weight block copolymers (see
Section 2.2.1 for synthetic details). As mentioned in the previous section, attempts at higher molecular
weight triblock copolymers (polymers 13b and 14b) were unsuccessful. However, the diblock
copolymers were successfully polymerized up to molecular weights targeted at 200 kDa. Therefore,
the thermal properties of diblock copolymers targeted at 25 kDa (10b), 50 kDa (10c), 60 kDa (10d),
and 75 kDa (10e) per block were analyzed (Table 2.10). Although no significant changes were
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Scheme 2.5. Polymerization of random copolymer 15.

Table 2.8. Catalyst loading and yields for the series of random copolymer 15.

Target M, M, "¢ M, "¢ Yield
Entry M/C“ b
(kDa) (kDa) (kDa) (%)
15a 102 20.0 23.5 23.6 1.1 84
15b 382 75.0 62.8 69.8 1.1 82

“Monomer to catalyst ratios (M/C) were calculated using the total amount of monomer. ®Values were determined relative

to poly(styrene) standards in tetrahydrofuran. ¢ See Appendix C for GPC chromatograms.

observed in the decomposition temperatures between the copolymers, diblock copolymers 10d and
10e (entries 6 and 7 in Table 2.10) exhibited two separate glass transition temperatures that aligned
with the glass transition temperatures of homopolymers 8c and 9¢ (entries 1 and 2 Table 2.10). Thus,
phase separation of two components that only differed in the stereochemistry of its substituents was

found to be successful by increasing the degree of polymerization.

To confirm our hypothesis that the differences in glass transition temperatures were due to
stereochemical influences within the polymer backbone, polymer 10e was hydrogenated (Scheme 2.6).
As previously mentioned, homopolymer 9 were believed to have a higher T, than 8 due to the stearic
hindrance of the ester group favoring monomer addition trans to the growing polymer chain. A
higher trans content subsequently leads to closer interactions between the polymer chains, which
results in a higher glass transition temperature. Saturation of the polymer backbone via
hydrogenation however, would allow for rotation along the backbone, which would increase the
movement of the polymer chains. Therefore, if the underlying cause for the observed differences in
the T, are due to the stereochemistry of the polymer backbone, the glass transition temperatures of
10e should not only decrease, but also exhibit only one Tg after hydrogenation. Successful
hydrogenation of polymer 10e to polymer 16 using a palladium on carbon catalyst was confirmed via
the disappearance of the olefinic signals (d 5.5-6) in the '"H NMR spectrum (see Appendix A) as well
as the slight increase in molecular weight post hydrogenation (see Table 2.11). DSC measurements

of 16 showed only a single glass transition temperature at ca. 70 °C (see Table 2.11). These results
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strongly implied that the thermal properties of homopolymers 8 and 9 were due to the stereochemical

differences within the polymer backbone.

2.3. Conclusions

Homopolymers exhibiting different thermal properties as well as diblock copolymers being
able to phase separate were successfully polymerized at high molecular weights with narrow
molecular weight distributions from monomers with compact structures differing only in the
stereochemistry of their substituents. Although the addition of large bulky functional groups and the
utilization of polymers that are incompatible with each other are often employed to invoke different
thermal properties and phase separation respectively, the polymers presented here require no
additional functionalization to exhibit similar differences. These properties were attributed to
differences within the stereochemistry of the polymer backbone, as confirmed by hydrogenation of a
phase separated diblock copolymer. Although the same catalyst was used for the polymerization of
5 and 7, stereochemical differences within the polymer backbone occurred due to the influence of the
stereochemistry of the disubstituted functional groups. Thus, the thermal properties exhibited in the
polymers presented here are the product of a stereochemical effect, which is the result of a different
stereochemical effect. As such, compact monomers with the same chemical formula and similar
structures can be utilized to form homopolymers and diblock copolymers that possess different

thermal properties and can phase separate due to influences originating from stereochemistry.
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Table 2.9. Glass transition temperature (T,) and decomposition temperature (Tq) values for

homopolymers, physical mixtures of homopolymers, and random copolymers of different molecular

weights.
a b c
Entry Polymer Structure M T T
(kDa) (°C) (°C)
n
1 8b o o 23.6 221.0 67.8
PN
2 9b o "0 20.3 2411 94.1
r
L2 O
random
x y
3 15a o o o O 20.5 233.2 78.9
O O o} Ol’
/ \ / N
Physical Mixture
4 - of Polymers - - 74.7
8b & 9b
n
5 8c o o 66.4 2241 72.6
/O O\
6 9c 0 -0 50.5 2404 99.5
r
PN
random
x y
7 15b o o .,7;0 62.8 236.5 87.3
/O 0\ /O 0\
Physical Mixture 771
8 - of Polymers - - 97'3

8c & 9c

@M values were determined relative to poly(styrene) standards in THF. ? Thermal decomposition (Td) measurements were
done at a heating rate of 10 °C min"! under a nitrogen atmosphere. The Tawas determined to be the temperature of the
inflection point between 0-50% weight loss. ¢ Samples underwent two heating and cooling cycles at a rate of 20 °C min™!
under a nitrogen atmosphere prior to determination of the glass transition temperature (Tg). The T, values were determined

from the DSC traces of the third heating cycle.
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Table 2.10. Glass transition temperature (Tg) and decomposition temperature (Tq) values for diblock

copolymers of different molecular weights.'*

a b c
Entry Polymer Structure M, T Tq
(kDa) (°c) (°C)
n
1 8c o o 66.4 2241 72.6
/O O\
2 9c o ) 50.5 2411 99.5
r
L O
random
X y
3 15b o o o " 62.8 236.6 87.3
OI’
/ \ / \
block
4 10b . 449 232.6 82.1
/O 0
:'.- block
5 10c O:( 92.8 232.5 86.6
0
+ block
74.5
6 10d 02( 111.3 234.8 90.9
0

block
75.8
7 10e 118.7 239.6 92.6

@M values were determined relative to poly(styrene) standards in THF. ? Thermal decomposition (Td) measurements were
done at a heating rate of 10 °C min"! under a nitrogen atmosphere. The Tawas determined to be the temperature of the
inflection point between 0-50% weight loss. ¢ Samples underwent two heating and cooling cycles at a rate of 20 °C min™!
under a nitrogen atmosphere prior to determination of the glass transition temperature (Tg). The T, values were determined

from the DSC traces of the third heating cycle.
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Scheme 2.6. Synthetic scheme toward the hydrogenation of diblock copolymers.

Table 2.11. Molecular weights and glass transition temperatures (T,) before and after hydrogenation

of diblock copolymer 10e.

Target M, M, “* M, “* Yield T, “
Polymer b
(kDa) (kDa) (kDa) (%) 0
10e 150.0 118.7 133.1 1.1 - 75.8,92.6
16 151.5 135.5 151.5 1.1 91 69.6

“Values were determined relative to poly(styrene) standards in tetrahydrofuran. ? See Appendix C for GPC chromatograms.
¢ Samples underwent two heating and cooling cycles at a rate of 20 °C min"! under a nitrogen atmosphere prior to
determination of the glass transition temperature (Tg). The Ty values were determined from the DSC traces of the third

heating cycle.
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2.4. Experimental

Chemicals and Materials

Phthalic acid, sodium acetate, mercury, Grubbs 2™ Generation catalyst, palladium on carbon
(10 weight %), and anhydrous dichloromethane were supplied by Sigma Aldrich Inc. Sulfuric acid,
hydrochloric acid, acetic anhydride, and sodium metal were supplied by Samchun Chemical Company.
3-bromopyridine was supplied by Tokyo Chemical Inc. All solvents were supplied by Daejung

Chemical unless otherwise noted.

Photoirradiation for the electrocyclic [2+2] reaction was performed using a 450-watt
mercury lamp connected to a photo reactor purchased from Ace Glass Inc. All photoreactions were

done in quartz vessels.

Synthesis of Monomers S and 7

Monomers were synthesized following modifications to previously reported procedures!!*-!!!
(see Scheme 2.1). Briefly, 1 (16.6 g, 100 mmol) was reduced using a 3 weight % sodium amalgam
(28.7 g, 350 mmol) to afford 2, which was purified by recrystallization in aqueous sulfuric acid and
isolated in 70% yield. Dehydration of the 1,3-cyclohexadiene derivative using acetic anhydride
(13.24 mL, 140 mmol) at 95 °C for 2 hours afforded the corresponding anhydride 3, which was
purified by sublimation and collected in 75% yield as a white crystalline solid. With 3 in hand,
photochemical isomerization was carried out in diethyl ether at room temperature over 27 hours, as
monitored for completion by 'H NMR spectroscopy, to afford 4. Following removal of the residual
solvent under reduced pressure, the crude product (4) was directly esterified with methyl alcohol in
the presence of a catalytic amount of sulfuric acid to afford the corresponding diester 5 as a colorless
liquid, which was subsequently purified via column chromatography (24% yield over two steps).
Epimerization of § (1 g, 5 mmol) using methyl alcohol (0.2 M) and sodium methoxide (2.73 g, 50
mmol), followed by acidification and extraction via H3O*/ethyl acetate produced 6 with a 98% yield.
The dicarboxylic acid (6) was then esterified with methyl alcohol in the presence of a catalytic
amount of sulfuric acid and extracted via H3O*/dichloromethane to afford 7 in 97% yield. Prior to
polymerization, both 5 and 7 were distilled at a pressure of 0.05 torr and temperature of 95 °C. 'H
NMR for § (400 MHz, CDCl3): 8 6.51 — 6.26 (m, 1H), 3.69 (s, 3H), 3.62 (t, /= 1.4 Hz, 1H), 3.17 (t, J
=1.3Hz, 1H). "CNMR (100 MHz, CDCls): § 173.67, 142.48, 52.37, 44.87,43.13. '"H NMR for 7
(400 MHz, CDCl3): 6 6.39 (t, J = 2.3 Hz, 1H), 6.23 (t, J = 2.4 Hz, 1H), 3.73 (s, 3H), 3.71-3.65f (m,
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4H), 3.59 (dt, J = 2.5 Hz, 1H), 3.39 (q, J = 2.5 Hz, 1H), 3.19 (dd, J = 2.4 Hz, 1H). '3C NMR (100
MHz, CDCl3): 6 174.19, 172.91, 142.18, 139.65, 52.28, 51.94, 44.38, 43.43, 43.36, 40.11.
Synthesis of Grubbs 3™ Generation Catalyst (G3)

Grubbs 3™ generation catalyst was synthesized following a previously reported procedure.'*
Briefly, in a nitrogen atmosphere glove box, a 10 mL vial was charged with Grubbs 2™ generation
catalyst (G2) (200 mg ,0.235 mmol). 3-bromopyridine (450 microliters, 4.67 mmol) was then
injected and the reaction was allowed to proceed under stirring for 1 hour. While stirring, a color
change from dark red to bright green is observed. The catalyst was then washed and filtered multiple
times with anhydrous pentane and dried under reduced pressure overnight to afford G3 as a green

powder in 97% yield.

Polymerization of Homopolymers 8 and 9

All glassware was flame dried before usage. Monomer 5 (100 mg, 0.51 mmol) was
dissolved in anhydrous dichloromethane (0.2 M) and injected under positive nitrogen flow into a 25
mL Schlenk tube. G3 (see Table 2.2 for monomer to catalyst ratios) was then dissolved in a minimal
amount of anhydrous dichloromethane and immediately injected under positive nitrogen flow. The
reaction was allowed to proceed under stirring at 25 °C under a N, atmosphere for 0.5 hours, with
monomer consumption being monitored by thin layer chromatography. Upon complete monomer
consumption, the reaction was quenched with ethyl vinyl ether and the polymer was precipitated in
excess cold hexane. Subsequent washing and filtering of the polymer with hexane followed by
drying at 75 °C under reduced pressure afforded homopolymer 8. The trans analog 9 was
synthesized under the same conditions outlined above with monomer 7 being utilized instead of
monomer 5. All polymerizations afforded yields equal to or over 87%. 'H NMR for 8 (400 MHz,
CDCls): § 5.82-5.29 (br, CH), 3.75-2.87 (br, CH, CH, CH3). '"H NMR for 9 (400 MHz, CDCls): &
5.82-5.30 (br, CH), 3.87-2.87 (br, CH, CH, CH3).

Polymerization of Diblock Copolymers 10 and 11

All glassware was flame dried before usage. Monomer 5 (100 mg, 0.51 mmol) was
dissolved in anhydrous dichloromethane (0.2 M) and injected under positive nitrogen flow into a 25
mL Schlenk tube. G3 (see Table 2.3 for monomer to catalyst ratios) was then dissolved in a minimal

amount of anhydrous dichloromethane and immediately injected under positive nitrogen flow. The
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reaction was allowed to proceed under stirring at 25 °C under a N> atmosphere for 0.5 hours, with
monomer consumption being monitored by thin layer chromatography. Upon complete monomer
consumption, a small aliquot was removed and precipitated in a hexane/ethyl vinyl ether mixture.
Monomer 7 (100 mg, 0.51 mmol) was then dissolved in a minimal amount of anhydrous
dichloromethane and immediately injected under positive nitrogen flow. The reaction was then
allowed to proceed under stirring at 25 °C under a N2> atmosphere for an additional 0.5 hours, with
monomer consumption being monitored by thin layer chromatography. Upon complete monomer
consumption the reaction was quenched with ethyl vinyl ether and the polymer was precipitated in
excess cold hexane. Subsequent washing and filtering of the polymer with hexane followed by
drying at 75 °C under reduced pressure afforded diblock copolymer 10. Diblock copolymer 11 was
synthesized under the same conditions outlined above except monomer 7 was added first, followed by
monomer 5. All polymerizations afforded yields over 80%. 'H NMR for 10 (400 MHz, CDCl;): &
5.61-5.49 (br, CH), 3.62-2.79 (br, CH, CH, CH3). '"H NMR for 11 (400 MHz, CDCl3): § 5.78-5.33 (br,
CH), 3.78-2.93 (br, CH, CH, CHs).

Polymerization of Diblock Copolymer 12

Polymer 12 was synthesized using a slightly modified version of the procedure used to
polymerize 10. All glassware was flame dried prior to usage. Monomer 5 (100 mg, 0.51 mmol) was
dissolved in anhydrous dichloromethane (0.2 M) and injected under positive nitrogen flow into a 25
mL Schlenk tube. G3 (see Table 2.3 for monomer to catalyst ratios) was then dissolved in a minimal
amount of anhydrous dichloromethane and immediately injected under positive nitrogen flow. The
reaction was allowed to proceed under stirring at 25 °C under a N> atmosphere for 0.5 hours, with
monomer consumption being monitored by thin layer chromatography. Upon complete monomer
consumption, a small aliquot was removed and precipitated in a hexane/ethyl vinyl ether mixture.
Triphenyl phosphine (6.69 mg, 0.025 mmol) was then dissolved in a minimal amount of anhydrous
dichloromethane and injected under positive nitrogen flow. The reaction was then stirred at 25 °C
under a N> atmosphere for 0.1 hours. Monomer 7 (100 mg, 0.51 mmol) was then dissolved in a
minimal amount of anhydrous dichloromethane and immediately injected under positive nitrogen flow.
The reaction was allowed to proceed under stirring at 25 °C under a N, atmosphere for an additional 2
hours, with monomer consumption being monitored by thin layer chromatography. Upon complete
monomer consumption the reaction was quenched with ethyl vinyl ether and the polymer was
precipitated in excess cold hexane. Subsequent washing and filtering of the polymer with hexane
followed by drying at 75 °C under reduced pressure afforded diblock copolymer 12. All
polymerizations afforded yields over 80%. 'H NMR for 12 (400 MHz, CDCls): § 5.94-5.24 (br, CH),
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4.04-2.93 (br, CH, CH, CH3).

Synthesis of Triblock Copolymers 13 and 14

All glassware was flame dried prior to usage. Monomer 5 (100 mg, 0.51 mmol) was
dissolved in anhydrous dichloromethane (0.2 M) and injected under positive nitrogen flow into a 25
mL Schlenk tube. G3 (see Table 2.4 for monomer to catalyst ratios) was then dissolved in a minimal
amount of anhydrous dichloromethane and immediately injected under positive nitrogen flow. The
reaction was allowed to proceed under stirring at 0 °C under a N, atmosphere for 1 hour, with
monomer consumption being monitored by thin layer chromatography. Upon complete monomer
consumption, a small aliquot was removed and precipitated in a hexane/ethyl vinyl ether mixture.
Monomer 7 (100 mg, 0.51 mmol) was then dissolved in a minimal amount of anhydrous
dichloromethane and immediately injected under positive nitrogen flow. The reaction was then
allowed to proceed under stirring at 0 °C under a N, atmosphere for an additional hour, with monomer
consumption being monitored by thin layer chromatography. Upon complete monomer consumption,
a small aliquot was removed and precipitated in a hexane/ethyl vinyl ether mixture. Monomer §
(100 mg, 0.51 mmol) was then dissolved in a minimal amount of anhydrous dichloromethane and
immediately injected under positive nitrogen flow. The reaction was then allowed to proceed under
stirring at 0 °C under a N> atmosphere for an additional hour, with monomer consumption being
monitored by thin layer chromatography. Upon complete monomer consumption the reaction was
quenched with ethyl vinyl ether and the polymer was precipitated in excess cold hexane. Subsequent
washing and filtering of the polymer with hexane followed by drying at 75 °C under reduced pressure
afforded triblock copolymer 13. Triblock copolymer 14 was synthesized under the same conditions
outlined above with the caveat of monomer 7 being utilized first, followed by monomer 5, and finally
monomer 7. All polymerizations afforded yields over 80%. 'H NMR for 13 (400 MHz, CDCls): §
5.99-5.22 (br, CH), 3.89-2.85 (br, CH, CH, CH3). 'H NMR for 14 (400 MHz, CDCl;): § 5.83-5.31
(br, CH), 3.91-2.87 (br, CH, CH, CH3).

Synthesis of Random Copolymers 15

All glassware was flame dried prior to usage. Monomers 5 (100 mg, 0.51 mmol) and 7
(100 mg, 0.51 mmol) were dissolved in anhydrous dichloromethane (0.2 M) and injected under
positive nitrogen flow into a 25 mL Schlenk tube. G3 (see Table 2.8 for monomer to catalyst ratios)
was then dissolved in a minimal amount of anhydrous dichloromethane and immediately injected

under positive nitrogen flow. The reaction was allowed to proceed under stirring at 25 °C under a N>
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atmosphere for 0.5 hours, with monomer consumption being monitored by thin layer chromatography.
Upon complete monomer consumption, the reaction was quenched with ethyl vinyl ether and the
polymer was precipitated in excess cold hexane. Subsequent washing and filtering of the polymer
with hexane followed by drying at 75 °C under reduced pressure afforded random copolymer 15. All
polymerizations afforded yields over 80%. 'H NMR for 15 (400 MHz, CDCls): § 5.83-5.33 (br, CH),
3.97-2.94 (br, CH, CH, CHz).

Hydrogenation of Diblock Copolymer 10e to 16

20 mg (0.1 mmol) of 10e was dissolved in 250 mL of tetrahydrofuran and added to a Parr
reactor along with 20 mg of palladium on carbon. The Parr reactor was then purged with argon gas
for five minutes before being pressurized up to 500 psi with hydrogen gas and heated to 60 °C under
stirring. The reaction was monitored by 'H NMR spectroscopy and allowed to proceed until the
complete disappearance of the signals in the olefinic region (approximately 3 days). After cooling to
room temperature, the solution was filtered to remove the palladium on carbon. Tetrahydrofuran
was then removed under reduced pressure and the remaining solute was precipitated in cold hexane.
The polymer was washed and filtered multiple times with hexane and dried under reduced pressure to
afford a white powder 16 in 91% yield. 'H NMR for 16 (400 MHz, CDCls): § 3.68 (br, CH3), 3.40-
2.26 (br, CH, CH, CH).

Physical Mixing of Homopolymers

Homopolymers in a 1:1 weight ratio were dissolved in dichloromethane and precipitated in
cold hexane. The precipitate was washed and filtered with hexane multiple times and dried under

reduced pressure overnight.

Physical Characterization

Nuclear magnetic resonance (NMR) spectra were recorded at ambient temperature
(22.0(£1.0) °C, unless stated otherwise) on a Bruker Avance III HD spectrometer (operating at 400
MHz for 'H). Chemical shifts are given in ppm relative to tetramethylsilane (TMS) using the
residual, non-deuterated solvent as an internal standard. For '"H NMR: CDCls, 7.26 ppm.'*!  For
BC NMR: CDCl3, 77.16 ppm.'3!  Abbreviations used for the description of the spectra are: s =
singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets and m =

multiplet. Coupling constants (J) are expressed in hertz (Hz).
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Gel permeation chromatography (GPC) was performed on a Malvern GPCmax system. Two
fluorinated poly(styrene) columns (IMBHW-3078 and I-MBHMW-3078) were used in series and
maintained at 35 °C. Tetrahydrofuran was used as the mobile phase at a flow rate of 0.8 mL/min.
Detection was performed using a Viscotek VE3580 RI Detector. Molecular weight and

polydispersity data are reported relative to poly(styrene) standards in THF.

Differential scanning calorimetry (DSC) data were recorded using a TA Q2000 Differential
Scanning Calorimeter (TA Instruments, New Castle, DE, USA). Measurements were taken under an
atmosphere of nitrogen (50 mL min™') over a temperature range of -80°C to 150 °C. The samples

underwent two heating and cooling cycles at rates of up to 20 °C min™! prior to recording of the data.

Thermal gravimetric analysis (TGA) data were recorded under nitrogen (60 mL min™) on a
TA Instruments TGA Q500 module at a heating rate of 10 °C min" and using a platinum sample pan.
The quantity of sample analyzed was typically 3—10 mg. High-purity nickel was used as a standard for

temperature calibration (based on its Curie temperature).

Attenuated total reflectance infrared spectroscopy (ATR-IR) measurements were taken using

a diamond crystal on a Cary 630 FT-IR Spectrometer supplied by Agilent Technologies Inc.
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Chapter 3: Determining the Stereochemical Influences on the Electronic

Properties of Strained Poly(alkenamer)s

3.1. Introduction

Due to the multitude of reactions that can be catalyzed by simple exposure to light, the field

of photochemistry has continued to grow and find applications throughout various fields. Reactions

132-133 134

including isomerization of molecules, activation/deactivation of catalysts,>* cleavage of
bonds,'** and bond formation,'*® have all been shown to be possible and reversible through simple
control over the wavelength of the irradiating light. The process that a molecule undergoes upon
absorption of light can be generally explained through the Jablonski diagram.'”  As shown in Figure
3.1, electrons can be excited from the ground state (So) to a higher energy state (S») upon light
absorption. The excited electron can then return back to the ground state (So) with the excess energy
released as fluorescence or can undergo intersystem crossing to the triplet state (T2). Subsequent

relaxation to the ground state releases the excess energy via phosphorescence.'?’

Photochemistry is able to facilitate reactions that normally do not proceed at ambient

8 Molecules

temperatures since the absorption of light excites electrons to a higher energetic state.!
that possess a cyclic transition state when undergoing a reaction, such as the retro [2+2] cycloaddition
of cyclobutane, are classified as pericyclic reactions and proceed in a concerted fashion.'*
Determining the stereochemistry of pericyclic reactions were initially proposed by Robert Woodward
and Roald Hoffmann, and now are commonly known as the Woodward-Hoffmann rules.'*'*!  Based
off of frontier molecular orbital theory, the Woodward-Hoffmann rules predict that in order for a
pericyclic reaction to proceed in a concerted fashion, the bonds will rotate in a manner to allow for

continuous overlap. 40141

These rotations, termed conrotatory and disrotatory, were found to be
dependent on the number of electrons involved in the reaction as well as if the reaction was being
catalyzed by heat or light (Table 3.1). When an even number of electrons were involved, a
conrotatory rotation, where the bonds rotate in the same direction, was found to be necessary under
thermal conditions in order for the molecular orbitals to align and for the new sigma bond to form (see
Figure 3.2). However, exposure to light excites an electron into what was formerly the lowest
unoccupied molecular orbital (LUMO) of a molecule to create a single occupied molecular orbital
(SOMO). Therefore, under photochemical conditions, a disrotatory rotation, where the bonds rotate

in opposite directions, was found to be necessary for the molecular orbitals to align and form a new

bond (see Figure 3.3).
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Figure 3.1. Simplified Jablonski diagram outlining the possible electronic states and transitions that
can occur upon photoirradiation. The symbols A, F, and P represent absorption, fluorescence, and

phosphorescence respectively. Adapted from reference 142.

Table 3.1. Woodward-Hoffmann rules for bond rotation during electrocyclic ring opening and

closing.
# of Electron Pairs A hv
Even Conrotatory Disrotatory
Odd Disrotatory Conrotatory

Since significant differences in the thermal properties were observed with a simple change in
stereochemistry, investigations into whether these same differences could elicit changes in the
electronic properties as well were investigated. As shown in Figure 3.4, orbital mismatch between
the HOMO and LUMO under thermal conditions forbids the formation of cyclobutane from two
ethylene molecules. However, photoirradiation promotes an electron to a higher energy state,
leading to the formation of a single occupied molecular orbital (SOMO). Therefore, the molecular
orbitals are able to align, and both the [2+2] and the retro [2+2] cycloaddition reactions become
possible. Since the polymers presented in this work, possess a cyclobutane ring, we hypothesized
that photoirradiation of the polymer would induce the retro [2+2] reaction on cyclobutane.!?> 143
Due to the differences in stereochemistry, the resulting products were expected to differ as the

reaction was expected to proceed in a concerted manner (see Scheme 3.1).140-141
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Figure 3.2. 1,3-Butadiene undergoing electrocyclic ring closing through conrotatory bond rotation

when thermally driven.
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Figure 3.3. 1,3-Butadiene undergoing electrocyclic ring closing through disrotatory bond rotation

when photochemically driven.
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Figure 3.4. Frontier molecular orbitals for two ethylene molecules under thermal and
photochemical conditions. The cycloaddition is forbidden under thermal conditions but allowed

when photoirradiated.
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Scheme 3.1. Proposed mechanism for the photodegradation of homopolymers 8 and 9.
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3.2. Results and Discussion

Analysis by gas chromatography-mass spectrometry (GC-MS) of diblock copolymer 10e
after photo-irradiation for 30 hours showed the appearance of new signals at 6.68 and 8.00 minutes in
the GC chromatogram (Figure 3.5) and were confirmed to be dimethyl fumarate and dimethyl maleate
respectively by mass spectrometry. (Figure 3.6). The appearance of these products implied that the
cyclobutyl group within the polymer underwent a retro [2+2] reaction to afford poly(acetylene), and
either dimethyl fumarate or dimethyl maleate depending on the block component. (see Scheme 3.1)
As mentioned in the introduction, retentions in stereochemistry should occur if the reactions proceed

in a concerted manner.'40-14!

Therefore, photoirradiation should lead to the formation of
poly(acetylene) along with the components of 10e originating from monomer 5 degrading to dimethyl
maleate and the sections of the polymer originating from monomer 7 degrading to dimethyl fumarate.
As these two components within the block copolymer existed in a one to one ratio, an equal amount of
dimethyl maleate and dimethyl fumarate was expected. However, based off the signals in the GC
chromatogram and also by analysis of '"H NMR of the crude photodegraded product (see Appendix A),

dimethyl maleate was found to be in much higher concentrations than dimethyl fumarate.

In order to determine the reason for the difference in concentration, homopolymers 8a and 9a
were subjected to the same photodegradation conditions. As 8a has the diester substituents cis to
each other and 9a has the diester substituents trans to each other, it was hypothesized that
photodegradation of 8a and 9a would lead to the exclusive formation of dimethyl maleate and
dimethyl fumarate respectively. Contrary to our hypothesis, although the GC chromatogram for the
photodegraded product of 8a did show a signal corresponding to dimethyl maleate (Figures 3.7 and
3.8), the photodegradation of 9a produced a mixture of dimethyl fumarate and dimethyl maleate with

dimethyl fumarate being present in higher concentrations. (Figures 3.9 and 3.10).

Although reports of molecules undergoing isomerization from the cis conformation to the

more thermodynamically stable frans configuration has been well reported,'#143

previous research
involving the UV irradiation of stilbene'*? and azobenzene'** have shown these molecules undergoing
trans to cis isomerization. In addition, reports involving the isomerization of fumaric acid to maleic
acid when irradiated have also been shown, though no explanation for this occurrence was found.'*®
Similar to what was found to occur with stilbene, we believe that an isomerization reaction is
occurring through a diabatic photoreaction,'*” which ultimately leads to the formation of dimethyl
maleate as the major product. As shown in Figure 3.11, once a molecule is excited to the S; state, it

is a biradical state and thus no longer restricted to a planar conformation. ~As the molecule rotates to
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Figure 3.5. GC chromatograms for diblock polymer 10f before and after 30 hours of irradiation
with 300 nm light.
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Figure 3.6. Mass spectra for the signals seen at 6.68 (top) and 8.00 minutes (bottom) in Figure 3.5.
The spectrum seen on the positive Y-axis represents the measured data while the negative Y-axis
shows the spectrum for the fragmentation pattern of dimethyl fumarate (6.68 minutes) and dimethyl
maleate (8.00 minutes). The spectra for dimethyl maleate and dimethyl fumarate were taken from

the NIST standard reference database (https://webbook.nist.gov/chemistry/name-ser/).

54



30 h
22.85
17.51
21.74
8.02
. I
Oh
17.50 22.82
21.94
v v v J v L v U v v T v
5 10 15 20 25 30
Time (min)

Figure 3.7. GC chromatograms for homopolymer 8a before and after 30 hours of irradiation with

300 nm light.
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Figure 3.8. Mass spectrum for the signal seen at 8.02 minutes in Figure 3.7. The spectrum seen on

the positive Y-axis represents the measured data while the negative Y-axis shows the spectrum for the

fragmentation pattern of dimethyl maleate.

The spectrum for dimethyl maleate was taken from the

NIST standard reference database (https://webbook.nist.gov/chemistry/name-ser/).
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Figure 3.9. GC chromatograms for homopolymer 9a before and after 30 hours of irradiation with

300 nm light.
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Figure 3.10. Mass spectra for the signals seen at 6.77 minutes (top) and at 8.10 minutes (bottom) in
Figure 3.9. The spectrum seen on the positive Y-axis represents the measured data while the
negative Y-axis shows the spectrum for the fragmentation pattern of dimethyl fumarate (6.77 minutes)
and dimethyl maleate (8.10 minutes). The spectra for dimethyl maleate and dimethyl fumarate were

taken from the NIST standard reference database (https://webbook.nist.gov/chemistry/name-ser/).
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Figure 3.11. Representative image for the diabatic photoreaction of dimethyl fumarate to dimethyl

maleate upon irradiation with UV light. Figure adapted from reference 137.

adapt a favorable structure, it relaxes down the minimum of S;, where it can further “hop” down
through vibrational motion to the maximum of Sy if the relative energy levels are close enough.'”’ At
this point, there are two potential energy surfaces that can be attained as the molecule relaxes, cis and
trans. 1If the excited molecule adopts the trams configuration, dimethyl fumarate is recreated.

However, if the excited molecule adopts the cis configuration, dimethyl maleate is formed.

A small energy gap between the S; and Sy states is crucial for diabatic photoreactions since it
provides a funneling effect for the molecule to return to the ground state.!”” When irradiated with a
light source possessing a wide range of wavelengths, both the cis and frans product can be excited and
repeatedly undergo isomerization. In this situation, the thermodynamically favored product will
ultimately be favored'®” and lead to dimethyl fumarate being the expected major product since trans

144145 However, in theory, the full

isomers are most often the thermodynamically favored molecule.
isomerization of dimethyl fumarate to dimethyl maleate could occur if a specific wavelength of light
could excite only dimethyl fumarate. In this type of scenario, although both dimethyl fumarate and
dimethyl maleate could form upon excitation and isomerization, the process will only repeat itself
with dimethyl fumarate. Therefore, over time, only dimethyl maleate would be present. Although
theoretically possible, the fact that both isomers in these situations are usually photo active and also

have overlapping absorption regions make complete isomerization to one conformer difficult.
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Figure 3.12. UV-Vis spectra for dimethyl maleate (solid line) and dimethyl fumarate (dashed line).

All measurements were taken in acetonitrile.

However, continued irradiation with a specific wavelength of light could lead to an equilibrium point

where one conformation is favored over the other.’”  This equilibrium state, called the
photostationary state, is defined as the point where the ratio of the two products are in equilibrium and
further isomerization does not occur. Irradiation with a wavelength of light favored towards one of
the stereochemical isomers would lead to more excitation of molecules in that conformation and the
subsequent “funneling” towards the formation of its stereochemical analog. As can be seen for the
UV spectra for dimethyl fumarate and dimethyl maleate (Figure 3.12), even though there are many
overlapping regions, the absorption bands are distinctly different. Therefore, when irradiated with a
specific wavelength of light, in this case 300 nm, excitation of dimethyl fumarate is favored over

dimethyl maleate, which pushes the photostationary state towards the formation of dimethyl maleate.

With a plausible explanation for why the formation of dimethyl maleate is favored over that
of dimethyl fumarate, efforts toward determining the differences in the efficiency of degradation
between 8a and 9a were analyzed in further detail. Although the GPC traces of the photodegraded
products showed significant losses in molecular weight, integration of the protons corresponding to
the olefins in dimethyl fumarate and dimethyl maleate to that of the olefins in the polymer backbone
in the 'H NMR spectra only showed a conversion of approximately 20% for 9a and barely any

conversion for 8a (see Appendix A). Initially, these differences were thought to be due to differences
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in UV absorption between the two polymers. However, subsequent UV-Vis measurements showed
no discernable differences between 8a and 9a (Figure 3.13). Alternatively, investigations involving
the degradation patterns of substituted cyclobutanes have shown that the stereochemistry of
substituted functional groups plays a role in determining the direction in which the retro [2+2]

reaction proceeds.'?> #7

As shown in Figure 3.14, the retro [2+2] reaction of substituted
cyclobutanes can occur through two different pathways. Cyclobutanes having functional groups cis
relative to each other weaken the bond between the two substituents due to repulsive forces.
Therefore, upon irradiation, the weakened bond is favored to cleave and lead to the formation of a
symmetric product. However, when the substituents are trans to each other, the repulsive forces are

135, 147 Thus, similar

no longer existent, and asymmetric cleavage becomes the favored pathway.
trends could be occurring with polymers 8a and 9a, which would favor 8a undergoing degradation

through an alternate pathway.

Subsequent analysis of the photodegraded products by UV-GPC with UV detection set at a
wavelength of 300 nm, exhibited the appearance of a signal in line with the signal detected by
refractive index (Figures 3.15 and 3.16). As such, one can conclude that as the retro [2+2] reaction
proceeds, conjugation of what was formerly the backbone of the polymer begins to occur. If the
reaction goes to completion, the end result should be the formation of poly(acetylene). However,
analysis of the UV-vis spectra of the photodegraded products showed no absorption bands
characteristic to that of poly(acetylene) (350-600 nm dependent on substitution and conjugation
length).!'*#14  Therefore, we believe that the photodegradation continues until a conjugation length
that absorbs the irradiated light (300 nm) is reached. At that point, the partially conjugated

poly(acetylene) begins to absorb the incoming light, hindering further degradation.

3.3. Conclusions and Future Outlooks

The photodegradation of diblock copolymers and homopolymers synthesized from
monomers 5 and 7 was found to partially occur. Although only differing in the stereochemistry of
their substituents, polymers 8 and 9 were found to have different absorption spectra, which influenced
the efficiency of degradation. Contrary to what was expected, the cis isomer, dimethyl maleate, was
found to be the major product over the more thermodynamically stable trans isomer, dimethyl
fumarate. This unusual phenomenon was attributed to the photostationary effect, which led to the
funneling of the molecules toward the formation of dimethyl maleate. Although photodegradation
was found to be successful, further optimization is necessary to reach higher conversions. The low

conversions were thought to be due to competition between different degradation pathways and/or the
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formation of a conjugated molecule as a product of photodegradation led to the absorption of the
irradiating light, ultimately hindering further degradation. These issues may be mitigated through

the use of photosensitizers!'>%!5!

or through photoirradiation using a different wavelength of light.
Nevertheless, these findings display how the incorporation of photochemically active functional
groups can tailor polymers to not only undergo photodegradation, but also to drive the photodegraded
products to favor a certain conformation. In addition, the photodegradation of polymer 9a to
poly(acetylene) offers intriguing potential applications in photolithography. The utilization of
photolithographic techniques to create well defined patterns for usages in materials such as circuit
boards has been well documented.'® Naturally, the progression of this field to create micropatterns
composed of conducting polymers has been attempted but due to conducting polymers usually being

153

insoluble, > successful implementation has been limited. Methods involving the use of a conducting

154

polymer film to coat a micropatterned structure post photolithography™* or the photolithography of a

photoresist comprised of a conducting polymer blend have been shown to be possible.!351%
However, these methods suffer from difficulties arising with adhesion and blend ratio optimization
respectively. As the homopolymers presented in this study are completely soluble, films could be
easily formed, and subsequently converted to poly(acetylene) upon photoirradiation. Thus, one can
imagine that with optimization, photolithography of the homopolymers would lead to the formation of

micropatterns comprised of poly(acetylene) that would curtail all the issues that have plagued

previously reported methods.
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Figure 3.13. UV-Vis spectra for homopolymer 8a and homopolymer 9a. All measurements were

taken in acetonitrile.

Figure 3.14. Representative example for how the stereochemistry of the functional groups influence

the pathway in which the retro [2+2] reaction proceeds. Adapted from reference 147.
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Figure 3.15. UV-Vis GPC chromatograms for homopolymer 8a before and after photoirradiation

with 300 nm light. The UV detector was calibrated to detect signals at 300 nm. Absorbance was

normalized by the concentration (1 mg/mL).
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Figure 3.16. UV-Vis GPC chromatograms for homopolymer 9a before and after photoirradiation

with 300 nm light. The UV detector was calibrated to detect signals at 300 nm. Absorbance was
normalized by the concentration (1 mg/mL).
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3.4. Experimental

Chemicals and Materials

All solvents were supplied by Daejung Chemical unless otherwise noted.

The synthesis and polymerization of polymers were done following the procedures outline in

Chapter 2.4.

Photodegradation experiments were performed using 300 nm wavelength lamps connected to
a Rayonet RPR-200 photochemical reactor purchased from The Southern New England Ultraviolet Co.

All photoreactions were done in quartz vessels.

Physical Characterization

Ultraviolet-visibility (UV-vis) spectroscopy measurements were taken using a Cary Series
UV-Vis Spectrophotometer supplied by Agilent Technologies Inc. Samples were dissolved in
acetonitrile and measurements were taken in a quartz cell with a path length of 1 cm. Baseline

measurements were subtracted from the measured spectra.

Gel permeation chromatography (GPC) was performed on a Malvern GPCmax system. Two
fluorinated poly(styrene) columns (IMBHW-3078 and I-MBHMW-3078) were used in series and
maintained at 35 °C. THF was used as the mobile phase at a flow rate of 0.8 mL/min. Detection was
performed using a Viscotek VE3580 RI Detector. UV detection was performed using a Viscotek UV
Detector 2600 with the UV detection set at a 300 nm wavelength. Molecular weight and

polydispersity data are reported relative to poly(styrene) standards in THF.
Gas chromatography-mass spectrometry (GC-MS) measurements were taken using a Perkin

Elmer Clarus 680 Gas Chromatograph and a Clarus SQ 8 S mass spectrometer. Samples were

dissolved in acetonitrile in a concentration of 2 mg ml™' and ionized at 290 °C.
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Chapter 4: Ascertaining the Hybridization State of Carbon Based

Materials and Polymers by D-Parameter Values

4.1. Introduction

Orbital hybridization is a fundamental determinant of the properties displayed by carbon-
based materials. For example, materials rich in sp?-hybridized carbon atoms (e.g., graphite) are
often soft and exhibit good electrical conductivity properties whereas those containing relatively large
amounts of interlinked, sp>-hybridized carbon atoms (i.e., diamond) are hard and insulating. ~ As such,
quantifying the carbon hybridization states of carbon-based materials is of high importance for
determining the suitability of use in various applications. Methods such as solid-state nuclear

157-158

magnetic resonance (ssSNMR) spectroscopy, Fourier-transformed infrared (FT-IR)

spectroscopy,'”® Raman spectroscopy,'® X-ray photoelectron spectroscopy (XPS),'®!"192 and near-edge

163

X-ray absorption fine structure (NEXAFS) spectroscopy ® have been previously reported as
techniques for such purposes.  Although the sp?- and/or sp*- hybridized carbons can be distinguished
using these methods, the use of subjective techniques (e.g., peak fitting) is often required which can

challenge accurate quantification.!'¢*

X-ray photoelectron spectroscopy (XPS) involves the detection of ejected core electrons due
to excitation by x-rays (Figure 4.1). Following ejection, electrons from the outer shells relax to fill
the empty hole created by the emitted electron. As the electron relaxes, the excess energy can be
dissipated through two different processes, fluorescence or Auger emission.'®>  Fluorescence
involves the excess energy being released in the form of light whereas Auger emission involves
transfer of the energy and the subsequent ejection of another electron in a higher lying orbital. The
pathway in which the excess energy is dissipated was found to depend on the atomic number of the
element being analyzed; higher atomic number elements were found to favor fluorescence emission

while lower atomic number elements favored auger electron ejection (see Figure 4.2),165-166

Analysis of the shapes and linewidths of the carbon KLL Auger signals obtained using X-ray
Auger induced electron spectroscopy (XAES) has been reported as an alternative method for
determining the hybridization states of carbon atoms present in various types of synthetic and natural

161, 167-168

materials. In addition to benefits that include relatively short analysis times, minimal

sample quantities and a relatively low sensitivity to charging effects,'® XAES can be utilized to
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quantify the hybridization state of carbon atoms present in insoluble materials.

An Auger signal can be described according to the following equation:

Ex=C(s)— V=V,
where Ey is the kinetic energy of the Auger electron, C(1s) is the binding energy of the core 1s band,
and V; and V, represent the binding energies of the valence states involved.'®""®  Although methods
to utilize the structure of the Auger signal as a “fingerprint” of the carbon hybridization states present
within a material have been attempted, factors such as low signal to noise ratios and damage from

electron irradiation have led to varying results.!6% 7!

Therefore, calculations involving measuring
the separation degree between the maxima and minima of the first derivatives of the carbon KLL
Auger peaks and correlating the separation degree to the ratio of sp*-to-sp-hybridized atoms are often
used instead. Determining the hybridization states of carbon atoms by this separation value, known
as the D-parameter, is advantageous when compared to other methods since factors that result in

172

signal losses, such as incomplete relaxation, which is typical in solid-state NMR experiments,' '~ are

not an issue; as such, the method may be broadly applicable. For example, previous reports have

d161, 173-174

successfully calculated the hybridization states in mixtures of graphite and diamon as well

as in block copolymers of styrene and ethylene'® by measurement of the corresponding D-parameters.

Our efforts were focused on extending the technique described above to facilitate the
quantification of the hybridization states of a broad range of carbon-based materials and to ultimately
realize a ‘universal’ calibration method.'*® !>  Since the density of states in the valence band and
thus the shapes of corresponding C KLL Auger signals are affected by the physical properties and

169, 176-177 offorts were directed toward the

chemical structures displayed by the samples under study,
analysis of a systematic series of polymers and related small molecules containing carbon atoms with

varying degrees of hybridization states.
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Figure 4.1.
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4.2. Results and Discussion

4.2.1. Correlating Orbital Hybridization to D-Parameter Values

Our efforts began by acquiring C 1s spectra of mixtures containing known ratios of graphite
and diamond using XPS. In accordance with previous results,'®" 7317 two distinct signals that
corresponded to the relative quantities of diamond and graphite in the mixture were observed (see
Figure 4.3). 'While peak fitting may be used to quantify the relative amounts of each material present,

such methods can be challenging due to charging effects!”

and signal assignment, particularly for
diamond have been proved to vary.!” Instead, analysis of the first derivative of the C KLL Auger
spectra avoids signal deconvolution and assignment,!® 74177 particularly in samples that result in

poor signal-to-noise ratios,'’* and/or suffer from charging effects.'®

Following procedures outlined
in the literature,'”*"'"* D-parameters were calculated from the first derivatives of the C KLL Auger
signals recorded for the aforementioned mixtures and the ratios of sp*to-sp>-hybridized carbons were
determined (see Figures 4.3 and 4.4). As summarized in Table 4.1 and Figure 4.5, a linear

correlation similar to previously reported results was observed. 6! 174 180

To determine if the analysis technique described above could be extended to other carbon-
based materials, a systematic series of polymers comprised of carbons with varying ratios of sp’-to-
sp® hybridization states were synthesized utilizing the ring-opening metathesis polymerization
(ROMP) reaction and analyzed (see Table 4.2 and Figure 4.6). ROMP was selected because the ratio
of sp’-to-sp® hybridization present in the monomer unit is preserved in the repeat unit of the
corresponding products,*® which in turn allowed us to synthesize polymers with tunable compositions.
As shown in Figure 4.6 and summarized in Table 4.2, a good correlation between the D-parameter and
the percentage of sp’-hybridized carbons within a given material was observed. For example,
poly(acetylene) was found to exhibit a larger D-parameter than poly(ethylene) (c.f., 17.30 + 0.51 vs.
12.70 £ 0.17). In addition to the different hybridization states, the larger D-parameter values were
attributed in part to expanded peak widths that may arise from electronic transitions within the

unhybridized p-orbitals.'s!- 174
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Figure 4.3. Representative carbon 1s spectra recorded by XPS for graphite, diamond and various

physical mixtures of graphite (G) and diamond (D).
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Figure 4.5. Plot of D-parameter values versus the percentage of sp* hybridized carbons in graphite,

diamond, various physical mixtures of graphite (G) and diamond (D), and graphite fluoride. '8!

Table 4.1. Summary of D-parameter values and standard errors calculated for diamond, graphite,

various physical mixtures of those two carbon materials, and graphite fluoride (as a control sample!®?).

Diamond Amount of Amount of D-
to . . ) 3 Standard
. Diamond Graphite % sp %o sp Parameter b
Graphite (mg) (mg) (eV) Error
Ratio g g
1:0 100 0 0 100 16.8 0.2
3:1 75 25 25 75 17.4 0.2
1:1 50 50 50 50 17.9 0.2
1:3 25 75 75 25 19 0.1
0:1 0 100 100 0 20.5 0.3
Graphite . - - - 15.5 0.0
Fluoride

¢The D-parameter values represent the average value from a minimum of three different measurements taken at different
locations on the sample. ®The standard errors were calculated from a minimum of three different measurements taken at

different locations on the sample.
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Figure 4.6. Plot of D-parameter values versus the percentage of sp® hybridized carbons found in
various polymers. The percentages were calculated from the formal repeat unit of each polymer

analyzed. The numbers shown refer to a particular sample and are defined in Table 4.2.
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Table 4.2. Summary of D-parameter values, and standard errors measured for various polymers.

3 D-Parameter Standard

Entr Polymer Structure % sp2 %
y y oSpT “osp (eVv)?@ Error P
1 Poly(ethylene) MY}, 0 100 12.7 0.2
2 Poly(cyclooctene) +/\/\/\/:L 25 75 14.0 0.1
n
—
3 Poly(norbornene) m 29 71 14.5 0.4
4 Poly(cyclopentene) M 40 60 14.5 0.1
n
n
5  Poly(dicyclopentadiene) 40 60 14.7 0.1
n
Poly(cyclooctadiene) ~
0 a.k.a Poly(butadiene) > o ol 143 o
7 cis-1,4-Poly(butadiene) -l—/=\-]- 50 50 14.9 0.3
n
8 Poly(styrene) Eﬂ 75 25 16.2 0.3
9 Poly(cyclooctatetraene) P 100 0 173 05

a.k.a Polyacetylene >

“The D-parameter values represent the average value from a minimum of three different measurements taken at different
locations on the sample. ?The standard errors were calculated from a minimum of three different measurements taken at

different locations on the sample.
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4.2.2. Extension of the D-Parameter via a Calibration Curve based on ©-to-c-Bonding Ratios

Next, polymers containing sp-hybridized carbon atoms and/or heteroatoms were analyzed;
key results are shown in Figure 4.7 and summarized in Table 4.3. Unfortunately, it proved
challenging to extract useful trends between the D-parameters measured for polymers containing sp*-
and/or sp*-hybridized carbons to those containing sp-hybridized carbons. For example, no
correlation was observed between poly(styrene), a polymer that contains sp> and sp’- hybridized
carbons, poly(phenylene ethynylene), a polymer that is comprised of sp- and sp>-hybridized carbons,

and poly(vinyl acetylene), a polymer containing only sp- and sp*-hybridized carbons (see Table 4.3).

This limitation prompted the development of an alternative calibration curve that correlated
the calculated D-parameters to the ratio of canonical n-to-c-bonds within the formal repeat unit of the
polymer. Such a comparison resulted in a linear correlation between the calculated D-parameter
values and the m-to-c-bond ratio for polymers consisting of only carbon and hydrogen, with the
exception of poly(vinyl acetylene). This discrepancy was attributed to the high reactivity of the
terminal alkynes which may have undergone crosslinking via addition over the course of the analysis
and thus resulted in a change in the measured hybridization state of the corresponding carbon atoms.
In contrast, linear trends were not observed with polymers containing heteroatoms, which may be due

to charging effects.'®?

Electronegative heteroatoms (e.g., nitrogen and oxygen) may facilitate the
buildup of positive charge on adjoining carbon atoms which effectively alters the hybridization states

and thus the corresponding D-parameter values of the latter.

Finally, a series of small molecule analogues of graphite were analyzed. ~As shown in Figure
4.7 and summarized in Table 4.3, the D-parameters measured for pentacene as well as coronene were

less than that of graphite, which may be due to localization effects's*

and/or properties intrinsic to
graphite (i.e., high surface area or extended conjugation) that are not present in its small molecule
analogues. In contrast, calculation of the ratio of n-to-c-bonds using the method described above

resulted in a good correlation with the calibration curve constructed from the carbon-based polymers.

Although linear relationships between the D-parameter and degree of hybridization for the
mixtures of graphene and diamond mixtures as well as for the hydrocarbons were observed, the trends
and underlying D-parameter values calculated for similar degrees of hybridization were not
identical.'®>  For example, the D-parameter measured for a 1:1 mixture of graphite and diamond was
found to be 17.90 whereas the value measured for poly(cyclooctadiene) was determined to be 14.93,

even though both samples were comprised of stoichiometric ratios of sp?- and sp*-hybridized carbons.
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Equation y=a+b*x
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Residual Sum  0.26187
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Pearson's r 0.98285
Adj. R-Square  0.96291
Value Standard Error
Intercept  13.47765 0.18257
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Figure 4.7. Plot of the D-parameter values to the canonical m-to-O bonding ratios of polymers
containing carbons in different hybridization states (squares), small molecules (stars), polymers
containing heteroatoms (circles), and polymer blends (triangles).

calculated from the formal repeat units of the respective polymers.

particular sample and are defined in Table 4.3.
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Table 4.3. =n-to-c-bond ratios and D-parameter values for various polymers, blends and small

molecules.
D-
Entry Polymer Structure #ofc #ofn nmtoc  Parameter  Standard
Bonds Bonds Ratio?  Average Error ©
(ev)®

1 Poly(ethylene) 6 0 0.00 12.70 0.17

2 Poly(cyclooctene) 23 1 0.04 14.03 0.06
3 Poly(norbornene) 18 1 0.06 14.50 0.33

4 Poly(cyclopentene) 13 1 0.08 14.47 0.08

1
i
.
"
M
5 Poly(dicyclopentadiene) 24 2 0.08 14.65 0.12
p
+/\/§/\/:L
H

Poly(cyclooctadiene)

a.k.a Poly(butadiene) 20 2 0.10 14.93 0.06

cis-1,4- =
7 Polybutadiene 'l'/_\‘]',, 10 1 010 1490 0.26

8 Poly(styrene) Eﬂ 17 3 0.18 16.20 0.26

Poly(cyclooctatetraene) a.k.a. N A
poly(acetylene)

n
Poly(vinyl phenyl | |
19 acetylene) 19 5 0.26 17.36 0.42
[ : ]n

16 4 0.25 17.30 0.51

3

Poly(phenylene

13 5 0.39 18.43 0.23
ethynylene)

12 Pentacene OOOOO 40 1" 0.28 17.40 0.44

13 Coronene 41 12 0.29 17.43 0.27
14 Poly(acrylonitrile) ﬁ/\l: 7 1 0.14 4.48 0.17

Il

N

n

15 Poly(4-vinyl pyridine) z 1 3 0.27 14.70 0.7

<

N

\

0,
16 Poly(methyl methacrylate) \l\/ﬁo 14 1 0.07 13.43 0.4

n
n
17 Poly(vinyl acetylene) | | 8 2 0.25 14.50 113
H
18 PI;Z1PA - 10 1 0.10 16.00 0.18
19 FoIFE : 3 23 013 11.80 0.1
20 RS Re . 57 9 016 15.40 02
21 P pe . 35 3 009 13.27 0.06
x Y 'z

24 PS-b-PE-b-PS l l 65 3 0.05 15.15 022

@ The n-to-c-bond ratio was calculated from the repeat unit of the polymer. ® The D-parameter values represent the average
value obtained from a minimum of three different measurements taken at different locations on a sample. ¢ Standard errors
were calculated from a minimum of three different measurements taken at different locations on a sample. ¢ The ratio of

poly(styrene) to poly(ethylene) present in the block copolymers was determined to be 1:4 by 'H NMR spectroscopy.
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In contrast, the D-parameter values measured for poly(cyclooctadiene) and cis-1,4-poly(butadiene),
which also contained a 1:1 ratio of sp>- and sp*-hybridized carbons, were found to be nearly identical
(14.93 versus 14.90). Turgeon et al. also observed different linear correlations when comparing
graphite/diamond mixtures with block copolymers of styrene and ethylene, and attributed the
differences to the presence of hydrogen in the latter.'®® Although the presence of C-H bonds in
synthetic polymers compared to the absence of C-H bonds in graphite / diamond mixtures is a
plausible explanation for the different linear relationships, it does not explain why the D-parameter
values for the block copolymer and the mixtures of poly(styrene) and poly(ethylene) do not correlate

to the Trto-0-bonding calibration curve described above.

In order to elucidate the reason behind these differences, the D-parameters for physical,
stoichiometric mixtures of poly(ethylene) and poly(acetylene) as well as blends of poly(styrene) and
poly(ethylene) were measured. As shown in Figure 4.8, the first-derivative Auger spectrum that was
recorded for the former exhibited a wider valley and featured two different minima that aligned with
the minima that were independently measured for poly(acetylene) and poly(ethylene). A similar
observation was made when comparing the first-derivative Auger spectra of the blends of poly(styrene)
and poly(ethylene) (Figure 4.9). As expected, the poly(styrene) / poly(ethylene) blends and the
poly(ethylene) / poly(acetylene) mixtures did not show correlations between the D-parameter values
and the corresponding 7n-to-6-bond ratios (c.f. Figure 4.7 and Table 4.3). 'We concluded from these
results that the hydrocarbon calibration curve presented herein may be applicable to materials with

constituents that are connected through a common backbone.

Further examination of the 1:1 blend of poly(styrene) and poly(ethylene) by differential
scanning calorimetry (DSC) revealed distinct peaks that corresponded to the glass transition
temperature (T,) of poly(styrene) (ca. 100 °C) and the melting temperature of poly(ethylene) (ca.
130 °C) (see Appendix E).'® These signals are in line with literature values reported for

7 and ethylene.'® Likewise, DSC data recorded for the poly(styrene)-

homopolymers of styrene'®
block-poly(ethylene)-block-poly(styrene) showed signals that corresponded to a glass transition and a
melting temperature (see Appendix E). Collectively, the data indicated that the 1:1 blend of
poly(styrene) and poly(ethylene) as well as the block copolymer were phase separated.'®  As such,
the poly(styrene) and poly(ethylene) components have limited interaction with each other, and thus
may not be representative of a homogenous blend. These results also explain why the blends and the

block copolymers exhibited relatively wide minima in the first-derivative spectra because each signal

may stem from the respective homopolymers (c.f., Figure 4.9).
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Figure 4.8. First-derivative Auger spectra recorded for poly(ethylene) (PE), poly(acetylene) (PA)

and a stoichiometric, physical mixture of poly(ethylene) and poly(acetylene).
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Figure 4.9. First-derivative Auger spectra recorded for poly(ethylene) (PE), poly(styrene) (PS), a

poly(styrene)-block-poly(ethylene)-block-poly(styrene) block copolymer, and various
poly(ethylene)/poly(styrene) blends (ratios are indicated).
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4.3. Conclusions

Herein we report the use of XAES as a method to ascertain the hybridization states of the
carbon atoms in various synthetic polymers. In addition to only requiring minimal amounts of
sample and being robust to factors that often result in signal loss, the method is not dependent on the
use of peak-fitting procedures. Utilization of this method was found to be successful for quantifying
the relative amounts of sp> and sp*-hybridized carbon atoms in various hydrocarbons and was
extended to polymers containing sp-hybridized carbons by utilizing the ratio of formal n-to-c bonds
present within the polymer repeat unit. Indeed, the methodology is not only applicable to materials
containing sp*- and sp*-hybridized carbons, but also enables measurement of those that are sp-
hybridized which, to the best of our knowledge, is unprecedented. The technique may be limited to
polymer samples that consist exclusively of carbon and hydrogen, are not phase-separated, and are
connected via a backbone of carbon atoms. Nevertheless, the quantification of hybridization states
in synthetic polymers by XAES provides an alternative technique to assess a wide range of
macromolecular materials and enables the rapid quantification of their relative ratios of sp-, sp*- and

sp*-hybridized carbon atoms.
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4.4. Experimental

Chemicals and Materials

Poly(ethylene), cyclooctadiene, poly(styrene), poly(acrylonitrile), poly(4-vinylpyridine),
Grubbs 1*t generation catalyst, Grubbs 2™ generation catalyst, diamond powder, 1,4-diethynylbenzene,
poly(styrene)-block-poly(butadiene)-block-poly(styrene), and graphite fluoride were purchased from
Sigma-Aldrich Inc. Cyclooctene and ethyl vinyl ether were purchased from Alfa Aesar. cis-1,4-
poly(butadiene) was purchased from Scientific Polymer Products. Cyclooctatetraene was purchased
from Matrix Scientific. Graphite powder was purchased from Bay Carbon (Bay Carbon Inc., Bay
City, Michigan, USA). Cyclopentene, coronene, and pentacene were purchased from Tokyo

Chemical Industry.

Synthesis of Polymers for XAES Analysis

Poly(cycloooctene),” poly(cyclopentene),” poly(dicyclopentadiene)',
poly(cyclooctadiene),” poly(acetylene),’! poly(vinyl acetylene),'! poly(vinyl phenylacetylene),!*1%?
poly(phenylene ethynylene)'** and poly(styrene)-block-poly(ethylene)-block-poly(styrene)'®> were

synthesized following previously reported procedures.

Mixtures of Graphite and Diamond for XAES Analysis

Graphite (particle size: ca. 69 Pm) and diamond powder (ca 1 pm) were mixed in known

ratios using a mortar and pestle, and then dried under reduced pressure.

Blends of Poly(styrene) and Poly(ethylene) for XAES Analysis

Various combinations of poly(styrene) and poly(ethylene) were blended according to a
previously reported method.'”®  Briefly, 1:1 (5.00 g, 48 mmol poly(styrene) and 1.35 g, 48 mmol
poly(ethylene)), 1:3 (3.00 g, 29 mmol poly(styrene) and 2.42 g, 87 mmol poly(ethylene)), and 3:1
(5.00 g, 48 mmol poly(styrene) and 0.45 g, 16 mmol poly(ethylene)) molar mixtures of poly(styrene)
and poly(ethylene) were blended at 220 °C in a Haake Minilab II Twin Screw Extruder (Thermo
Fisher Scientific, Waltham, MA, USA). The polymers were then extruded over the course of 10 min

at a screw rotation of 90 rpm and then dried under reduced pressure at 100 °C.
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Mixtures of Poly(acetylene) and Poly(ethylene) for XAES Analysis

In a glove box filled with nitrogen, an analytical mill (IKA A-10, Staufen, Germany) was
charged with poly(acetylene) (340 mg, 3.27 mmol) and poly(ethylene) (366 mg, 13.08 mmol), and
then the resulting mixture was ground for 2 min. The resulting material was loaded onto an XPS
sample holder and transferred to an XPS analysis chamber using an air-free vessel to minimize

oxidation of the poly(acetylene) component.

Physical Characterization

XPS and XAES data were recorded over a spot size of 500 pm using an Escalab 250Xi
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a monochromated aluminum Ka
source (1486.6 eV). All samples were dried under vacuum before analysis. All measurements
were recorded at a normal angle from the surface using charge compensation via a combined
ion/flood gun operating at a current of 50 HA and an ion voltage of 2 V. Carbon 1s spectra were
taken at a pass energy of 20 eV (100 scans). XAES of the C KLL Auger measurements were taken

at a retard ratio of 4 s (100 scans). Following previously reported procedures,!*’-18

all spectra were
calibrated by initially recording the gold 4f7, spectrum of a gold foil under the same conditions
outlined above. The spectrum was then shifted so that the peak position of the gold 4f7, spectrum

was equal to 84.0 eV. The shifted value was applied to all subsequent C1s and Auger spectra.

XPS and Auger data were processed using the Avantage software package (version 5.966).
A 23-point Savitzky-Golay filter was applied to the XAES data before applying the first derivative.
The D-parameter was calculated as the distance between the maximum and minimum points in the
derivative spectra. For each sample analyzed, measurements were acquired at three different

locations.

DSC data were recorded using a TA Q2000 Differential Scanning Calorimeter (TA
Instruments, New Castle, DE, USA). Measurements were taken under an atmosphere of nitrogen
(50 mL min™ over a temperature range of -80 °C to 150 °C. The samples underwent two heating and

cooling cycles at rates of up to 20 °C min™! prior to recording of the data.

TGA traces were recorded under nitrogen (60 mL min-1) on a TA Instruments TGA Q500

module at a heating rate of 10 °C min-1 and using a platinum sample pan. The quantity of sample
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analyzed was typically 5-10 mg. High-purity nickel was used as a standard for temperature

calibration (based on its Curie temperature).
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Chapter 5: Conclusions and Future Outlooks

5.1. Conclusions

The merging of synthetic methods derived from organic chemistry with polymer science has
resulted in the rapid advancement of both polymerization methods and applications. Although
organic chemistry and polymer chemistry initially began as two divisive areas, these two fields now
share a symbiotic relationship as concepts and mechanisms from both disciplines have led to
groundbreaking discoveries. The field of macromolecular research has advanced to the point where
polymers can be polymerized to exhibit specific morphologies and properties; concepts and ideas that
probably were not even entertained during the infancy stages of polymer chemistry. With polymers
finding new applications on a daily basis, research into the continued progression of polymerization

methods and also modifications to introduce new properties is inevitable.

The rapid evolution of polymer synthesis has led to a direct correlation to the advancement
in polymer analysis. Analysis techniques such as size exclusion chromatography (SEC), nuclear
magnetic resonance (NMR) spectroscopy, thermal gravimetric analysis (TGA), and differential
scanning calorimetry (DSC), have been instrumental in identifying polymer properties and attributing
those properties to specific functionalities within the polymer. As polymers exhibiting new traits and
morphologies continue to be discovered, challenges such as insolubility are bound to arise.
Therefore, research into developing novel and/or alternative methods the to analyze these properties,
such as the Auger electron spectroscopy technique outlined in this dissertation, must continue in order
for polymer chemists to be able to pinpoint the influence of specific functionalities on a polymer’s

properties, and thus, tailor polymers for specific applications.

5.2. Future Outlooks

The advancements in polymerization methods coupled with the development of analytical
methods has led to a meteoric rise in the field of polymer chemistry, which in turn, has led to
widespread utilization of polymers in everyday common items. Less publicized however are the
problems related to removal or disposal of polymeric materials. Traits that make polymers so useful,
such as durability and toughness, are also the same reasons why disposal or recycling of polymeric
materials remains a daunting task. A representative example of the severity of the situation would be

the Great Pacific Garbage Patch (GPGP) located between Hawaii and California. As the GPGP is
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located in a relatively stationary region, debris collected from multiple currents is deposited in this
region, leading to accumulation. Although it has been difficult to get exact data of the size and
weight of this patch, estimates place the GPGP to be 1.6 million km? in size and weigh 80,000 metric

tons, with 99% of it being plastic debris.'*’

Difficulties with disposing of polymers such as poly(ethylene) arise due to degradation
leading to lower molecular weight products instead of small molecules. Although decreasing the
molecular weight of a polymer can lead to changes in the polymer’s properties, the degraded material
is still a polymer in the case of poly(ethylene). However, as a testament to how fast the field of
polymer research has developed, methods aimed at addressing these issues are already ongoing. As
shown in this dissertation, incorporation of functional groups that can undergo pericyclic reactions (i.e.
cyclobutane) can be degraded to small molecules when exposed to light. In the field of biomedicine,
similar concepts have already been utilized for drug transport and delivery.”® The drug could be
transported via a polymeric vessel and delivered once it reaches its destination through the
photodegradation of the polymer vessel. Therefore, it doesn’t seem far-fetched that designed
polymers possessing properties similar to polymers used in everyday common applications (i.e.
poly(ethylene)) but containing functional groups that can undergo degradation to small molecules
when exposed to an external stimulus will be synthesized in the near future. These polymers could
be utilized in everyday applications but could be degraded and recycled once they had served their

purpose.

The results presented here only show a glimpse into the potential that the field of polymer
chemistry possesses. Although no one can predict the future, the historical discoveries that have
shaped polymer chemistry into what it is today were all made by pushing to and exceeding the limits
of macromolecular chemistry. The results of these discoveries have revolutionized the world we live
in as polymers have been incorporated into a multitude of everyday materials that people use on a
daily basis. Though this has led to its own set of issues, continued exploration of the
macromolecular frontier is bound to lead to solutions as well as usher in the next generation of
polymers. No longer is polymer chemistry in a “pioneering period” full of turbulence and chaos.
Rather, similar to how concepts derived from organic chemistry ignited the evolution of polymer
chemistry, the field of macromolecular science is at the point where its principles and concepts may
serve as a spark towards the development of other research fields currently in their early
developmental stages. Looking back at the multitude of milestones that have occurred in just under
a 100 years since Staudinger first theorized the concept of macromolecules displays how far the field

of polymer chemistry has evolved through the efforts of countless researchers. As such, the field of
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polymer research will continue to grow as long as it is fueled by scientists who are willing to explore

the macromolecular frontier and “boldly go where no man has gone before.”>%
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Figure C1. GPC chromatogram for homopolymer 8a. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C2. GPC chromatogram for homopolymer 8b. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C3. GPC chromatogram for homopolymer 8c. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C4. GPC chromatogram for homopolymer 9a. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C5. GPC chromatogram for homopolymer 9b. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C6. GPC chromatogram for homopolymer 9c. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C7. GPC chromatograms for diblock copolymer 10a. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C8. GPC chromatograms for diblock copolymer 10b. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C9. GPC chromatograms for diblock copolymer 10c. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C10. GPC chromatograms for diblock copolymer 10d. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C11. GPC chromatograms for diblock copolymer 10e. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C12. GPC chromatograms for diblock copolymer 10f. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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BA
- 15.0 16.2 21.1 1.3 80
(1:1)

Figure C13. GPC chromatograms for diblock copolymer 11. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C14. GPC chromatograms for diblock copolymer 12. All measurements were taken using

tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min.

Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C15. GPC chromatograms for the triblock copolymer 13a. All measurements were taken
using THF as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and polydispersity

were determined relative to poly(styrene) standards in THF.
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Figure C16. GPC chromatograms for the triblock copolymer 13b. All measurements were taken
using THF as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and polydispersity

were determined relative to poly(styrene) standards in THF.
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Figure C17. GPC chromatograms for the triblock copolymer 14a. All measurements were taken
using THF as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and polydispersity

were determined relative to poly(styrene) standards in THF.
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(1:1:1)

Figure C18. GPC chromatograms for the triblock copolymer 14b. All measurements were taken
using THF as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and polydispersity

were determined relative to poly(styrene) standards in THF.
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Figure C19. GPC chromatogram for random copolymer 15a. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C20. GPC chromatogram for random copolymer 15b. All measurements were taken using
tetrahydrofuran as the mobile phase at a flow rate of 0.8 mL/min. Molecular weights and

polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.
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Figure C21. GPC chromatograms for diblock copolymer 10e pre and post hydrogenation. All
measurements were taken using THF as the mobile phase at a flow rate of 0.8 mL/min. Molecular

weights and polydispersity were determined relative to poly(styrene) standards in tetrahydrofuran.

143



" ~

3 /N

©

Y / \

£ \

% /

& / \

o

= \

N

: ! \

3 e Before Irradiation / \

Z [|= °After Irradiation \ -
G vy vugegs v e v vy vy Y

| J ]
14 15 16 17 18 19 20 21 22 23
Retention Volume (mL)

Target M, M, My
Polymer b
(kDa) (kDa) (kDa)
Before Irradiation 20.0 23.1 29.8 1.3
After Irradiation 5.3 1.7 5.2 3.0

Figure C22. GPC chromatograms for polymer 8a before (black line) and after (dashed line)
irradiation with 300 nm light for 30 hours. All measurements were taken using THF as the mobile
phase at a flow rate of 0.8 mL/min. Molecular weights and polydispersity were determined relative

to poly(styrene) standards in tetrahydrofuran.
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Figure C23. GPC chromatograms for polymer 9a before (black line) and after (dashed line)
irradiation with 300 nm light for 30 hours. All measurements were taken using THF as the mobile
phase at a flow rate of 0.8 mL/min. Molecular weights and polydispersity were determined relative

to poly(styrene) standards in tetrahydrofuran.
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Figure D1. TGA curves for the series of homopolymers 8. All TGA measurements were taken

under a nitrogen atmosphere at a heating rate of 10 °C min-1.
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Figure D2. TGA curves for the series of homopolymers 9. All TGA measurements were taken

under a nitrogen atmosphere at a heating rate of 10 °C min™..
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Figure D3. TGA curves for the series of diblock copolymers 10-12. All TGA measurements were

taken under a nitrogen atmosphere at a heating rate of 10 °C min™.
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Figure D4. TGA curves for the series of triblock copolymers 13-14. All TGA measurements were

taken under a nitrogen atmosphere at a heating rate of 10 °C min™.
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Figure D5. TGA curves for the series of random copolymers 15. All TGA measurements were

taken under a nitrogen atmosphere at a heating rate of 10 °C min™.
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Figure E1. DSC traces for homopolymers, diblock copolymers, and triblock copolymers. Refer to
Table 2.5 for further details. All DSC samples underwent two heating and cooling cycles under a
nitrogen atmosphere at a rate of 20 °C min-1 prior to recording of the data. The DSC traces

presented in the figure were recorded during the third heating cycle.
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Figure E2. DSC traces for homopolymers, random copolymers and physical mixtures of
homopolymers of different molecular weights. Refer to Table 2.9 for further details. All DSC
samples underwent two heating and cooling cycles under a nitrogen atmosphere at a rate of 20 °C
min-1 prior to recording of the data. The DSC traces presented in the figure were recorded during

the third heating cycle.
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Figure E3. DSC traces for homopolymers, random copolymers and diblock copolymers of different
molecular weights. Refer to Table 2.10 for further details. All DSC samples underwent two
heating and cooling cycles under a nitrogen atmosphere at a rate of 20 °C min™' prior to recording of

the data. The DSC traces presented in the figure were recorded during the third heating cycle.
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Figure E4. DSC trace for diblock copolymer 10f. The sample underwent two heating and cooling
cycles under a nitrogen atmosphere at a rate of 20 °C min™! prior to recording of the data. The DSC

trace presented in the figure was recorded during the third heating cycle.
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Figure E5. DSC trace for diblock copolymer 12. The sample underwent two heating and cooling
cycles under a nitrogen atmosphere at a rate of 20 °C min™! prior to recording of the data. The DSC

trace presented in the figure was recorded during the third heating cycle.
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Figure E6. DSC traces for block copolymer 10e before and after hydrogenation. All DSC samples
underwent two heating and cooling cycles under a nitrogen atmosphere at a rate of 20 °C min-1 prior
to recording of the data. The DSC traces presented in the figure were recorded during the third
heating cycle.

158



PS/PE Blend

PS-block-PE-block-PS

Heat Flow (W/g)

Exo Up
ve vy vy v vy vy

Y vlivi vy
30 40 50 60 70 80 90 100 110 120 130 140

Temperature (°C)

Figure E7. DSC trace recorded for poly(styrene)-block-poly(ethylene)-block-poly(styrene) block
copolymer and a 1:1 blend of poly(styrene) and poly(ethylene). Samples underwent two heating and
cooling cycles under a nitrogen atmosphere at a rate of 20 °C min™! prior to recording of the data.

The DSC traces presented in the figure were recorded during the third heating cycle.
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Figure F1. Representative Auger (top) and the first derivative Auger spectra (bottom) for graphite
powder. The D-parameter was calculated from the distance between the maximum and minimum

point on the derivative spectra.
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Figure F2. Representative Auger (top) and the first derivative Auger spectra (bottom) for a one to
three mixture of diamond and graphite powder. The D-parameter was calculated from the distance

between the maximum and minimum point on the derivative spectra.
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Figure F3. Representative Auger (top) and the first derivative Auger spectra (bottom) for a one to
one mixture of diamond and graphite powder. The D-parameter was calculated from the distance

between the maximum and minimum point on the derivative spectra.
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Figure F4. Representative Auger (top) and the first derivative Auger spectra (bottom) for a three to
one mixture of diamond and graphite powder. The D-parameter was calculated from the distance

between the maximum and minimum point on the derivative spectra.
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Figure F5. Representative Auger (top) and the first derivative Auger spectra (bottom) of diamond
powder. The D-parameter was calculated from the distance between the maximum and minimum

point on the derivative spectra.
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Figure F6. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(ethylene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F7. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(cyclooctene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F8. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(norbornene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F9. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(cyclopentene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F10. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(dicyclopentadiene). The D-parameter was calculated from the distance between the maximum

and minimum point on the derivative spectra.
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Figure F11. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(cyclooctadiene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F12. Representative Auger (top) and the first derivative Auger spectra (bottom) of poly(cis-
1,4-butadiene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F13. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(styrene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F14. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(acetylene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F15. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(vinyl acetylene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.

176



v v v v
200 220 240 260 280 300
Kinetic Energy / eV

200 220 240 260 250 300
Kinetic Energy / eV

Figure F16. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(phenylene ethynylene). The D-parameter was calculated from the distance between the

maximum and minimum point on the derivative spectra.
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Figure F17. Representative Auger (top) and the first derivative Auger spectra (bottom) of pentacene.
The D-parameter was calculated from the distance between the maximum and minimum point on the

derivative spectra.
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Figure F18. Representative Auger (top) and the first derivative Auger spectra (bottom) of coronene.
The D-parameter was calculated from the distance between the maximum and minimum point on the

derivative spectra.
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Figure F19. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(acrylonitrile). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F20. Representative Auger (top) and the first derivative Auger spectra (bottom) of poly(4-
vinyl pyridine). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F21. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(methyl methacrylate). The D-parameter was calculated from the distance between the

maximum and minimum point on the derivative spectra.
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Figure F22. Representative Auger (top) and the first derivative Auger spectra (bottom) of
poly(vinyl acetylene). The D-parameter was calculated from the distance between the maximum and

minimum point on the derivative spectra.
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Figure F23. Representative Auger (top) and the first derivative Auger spectra (bottom) of one to
one physical mixture of poly(ethylene) and poly(acetylene). The D-parameter was calculated from

the distance between the maximum and minimum point on the derivative spectra.
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Figure F24. Representative Auger (top) and the first derivative Auger spectra (bottom) of a one to
one blend of poly(styrene) and poly(ethylene). The D-parameter was calculated from the distance

between the maximum and minimum point on the derivative spectra.
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Figure F25. Representative Auger (top) and the first derivative Auger spectra (bottom) of a three to
one blend of poly(styrene) and poly(ethylene). The D-parameter was calculated from the distance

between the maximum and minimum point on the derivative spectra.
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Figure F26. Representative Auger (top) and the first derivative Auger spectra (bottom) of a one to
three blend of poly(styrene) and poly(ethylene). The D-parameter was calculated from the distance

between the maximum and minimum point on the derivative spectra.
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Figure F27. Representative Auger (top) and the first derivative Auger spectra (bottom) of a
poly(styrene)-block-poly(ethylene)-block-poly(styrene). The D-parameter was calculated from the

distance between the maximum and minimum point on the derivative spectra.
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