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Abstract

Melt polymerization and novel monomers enabled the synthesis of polyesters for
electronic and biological applications. Inspiration from nature and a passion for environmental
preservation instigated an emphasis on the incorporation of renewable resources into polymeric
materials. Critical analysis of current research surrounding bisphenol-A replacements and ion-
containing segmented polyurethanes aided in identifying benchmark polymers, including
limitations, challenges, and future needs. Structure-property-morphology relationships were
investigated to evaluate the polymers for success in the proposed applications as well as to
improve understanding of polyester compositions to further design and develop sophisticated
polymers for emerging applications.

Aiming to utilize the reported [2 + 2] cycloaddition of the known mesogen 4,4’-dimethyl-
trans-stilbene dicarboxylate (SDE) to overcome ultraviolet (UV) induced degradation issues in
electronic encasings, the synthesis of copolyesters containing SDE ensued. 1,6-Hexanediol (HD)
and 1,4-butanediol comonomers in varying weight ratios readily copolymerized with SDE under
melt transesterification conditions to afford a systematic series of copolyesters. Differential
scanning calorimetry revealed all copolyesters exhibited liquid crystalline transitions and melting
temperatures ranged from 196 °C — 317 °C. Additionally, melt rheology displayed shear
thinning to facilitate melt processing. Compression molded films exhibited high storage moduli,

a glassy plateau until the onset of flow, and tensile testing revealed a Young’s



modulus of ~900 MPa for poly(SDE-HD). These properties enable a wide range of working
temperatures and environments for electronic applications.

Adding complexity to linear liquid crystalline copolyesters, copolymerization with
oligomeric hydroxyl-functionalized polyethers afforded segmented liquid crystalline
copolyesters. 4,4’-Biphenyl dicarboxylate (BDE), commercially available diols containing 4, 5,
6, 8, or 10 methylene units, and introducing poly(tetramethylene oxide) or a Pluronic® triblock
oligoethers in varying weight % were used to synthesize multiple series of segmented
copolyesters. Comparing melting transitions as a function of methylene spacer length elucidated
the expected even-odd effect and melting temperatures ranged from 150 °C to 300 °C.
Furthermore, incorporating the flexible soft segment did not prevent formation of a liquid
crystalline morphology. Complementary findings between differential scanning calorimetry and
small-angle =~ X-ray  scattering confirmed a  microphase-separated  morphology.
Thermomechanical analysis revealed tunable plateau moduli and temperature windows based on
both soft segment content and methylene spacer length, and tensile testing showed the strain at
break doubled from 75 weight % to 50 weight % hard segment content. The same compositions
Young’s moduli decreased from 107 + 12 MPa at 75 weight % hard segment to 19 + 1 MPa with
50 weight % hard segment, demonstrating the mechanical trade-off and range of properties
possible with small compositional changes. These segmented copolyesters could find use in
high-performance applications including electronic and aerospace industries.

A two-step synthesis transformed caffeine into a novel caffeine-containing methacrylate
(CMA). Conventional free radical copolymerization with a comonomer known to provide a low
glass transition temperature (T,), 2-ethylhexyl methacrylate (EHMA), allowed the investigation

of the effect of small amounts of pendant caffeine on polymer properties. Thermal and
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thermomechanical testing indicated CMA incorporation dramatically increased the storage
modulus, however, a microphase-separated morphology was not attained. Association of the
pendant caffeine groups through non-covalent rt-xt stacking could present opportunities for novel
thermoplastics and it is proposed that placing the pendant group further from the backbone, and
potentially increasing the concentration, could aid in promoting microphase-separation.

Alkenes are reactive sites for placing functional groups, particularly those required for
polyester synthesis. Methyl 9-decenoate (9-DAME), a plant-based fatty acid, provided a
platform for novel biodegradable, renewable, polyesters. A formic acid hydration reaction
generated an isomeric mixture of AB hydroxyester or AB hydroxyacid monomers for melt
polymerization. Thermal analysis elucidated the plant-based polyesters exhibited a single
transition, a T, of about -60 °C. Aliphatic polyesters commonly crystallize, thus the isomeric
mixture of secondary alcohols seemed to introduce enough irregularity to prevent crystallization.
These polyesters offer an amorphous, biodegradable, sustainable replacement for applications
currently using semi-crystalline poly(e-caprolactone), which is not obtained from renewable
monomers and also exhibits a -60 °C T,. Additional applications requiring low-T, polymers
such as pressure sensitive adhesives or thermoplastic elastomers could also benefit from these
novel polyesters. 9-DAME also was transformed into an ABB’ monomer after an epoxidation
and subsequent hydrolysis. Successful gelation under melt transesterification conditions
provided evidence that the multifunctional monomer could perform as a renewable,
biodegradable, branching and/or crosslinking agent.

Novel copolyesters comprised of a bromomethyl imidazolium diol and adipic acid
demonstrated potential as non-viral gene delivery vectors. Melt polycondensation produced

water dispersible polyesters which bound deoxyribonucleic acid at low N/P ratios. The
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polyplexes showed stability in water over 24 h and no cytotoxic effect on human cervical cancer
cells (HeLa). A luciferase transfection assay revealed the copolyesters successfully underwent
endocytosis and released the nucleic acid better than controls. The copolyesters with pendant
imidazolium functionality also provided tunable Tgs, -41 °C to 40 °C, and the ability to
electrospin into fibers upon blending with poly(ethylene oxide). These additional properties
furthered potential applications to include pressure sensitive adhesives and biocompatible

antibacterial bandages.
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Chapter 1: Introduction

1.1 Dissertation Overview

Wallace Carothers’ discovered and synthesized the first polyester about 85 years ago, and
the possibilities and applications remain seemingly endless today.'” The use of aliphatic,
aromatic, cycloaliphatic, ionic, and any combination thereof provides an ever-growing versatile
library of monomers to continually develop novel polyesters for emerging applications.”* The
ability to change the structure of the polyester backbone as well as pendant groups offers
intricate design parameters for sophisticated, functional polymeric materials.’ Although many
polymerization techniques afford polyesters, melt polymerization, the reaction of a diacid or
diester and diol at high temperatures in the presence of an appropriate catalyst, is a common

d.*®"  This technique does not require any solvent or post-

industrially employed metho
polymerization workup and catalysts enable short reaction times.”> One challenging requirement,
especially when designing and synthesizing novel polyester monomers, is that the monomers
must remain stable at elevated temperatures. The following describes some of the inspiration for
various research projects in which melt polymerization afforded polyesters to address challenges
and elucidate structure-property-morphology relationships.

Liquid crystalline polymers offer unique optical properties due to anisotropic alignment
of the polymer chains.® Main-chain thermotropic liquid crystalline polyesters are a distinct class
of polymers that contain the rigid, anisotropic segments, along the backbone and the anisotropy
is temperature-dependent. When prepared for applications desiring high working temperatures

and mechanical integrity, these rigid-rod polyesters are often highly crystalline, exhibit high

moduli, low dielectric constants, and shear thinning for melt processability.” Wholly aromatic
1



thermotropic liquid crystalline polyesters are commercially used to encase -electronics.
Unfortunately, ultraviolet (UV) light can induce a degradative side reaction known as the Photo-

10,11

Fries rearrangement on aromatic esters. This reaction generates a phenol, which causes

undesirable coloring, and kinks the rigid backbone of the polyester, ultimately diminishing the

mechanical integrity and performance.'*'?

High-performance polymer replacements are desired
which do not degrade under taxing UV and high temperature environments.
A thrust toward sustainable polymeric materials is increasingly relevant and

d.">'* Plant-based compounds offer chemical functionality, or a facile derivatization

encourage
can incorporate the desired functionality, for polyester synthesis.'”” Often new, pure, bio-based
chemicals rely on enhanced industrial refinement and isolation processes.'® Elevance Renewable
Sciences, Inc. established a process to obtain a plant-based acid-alkene in high purity and
involved assistance in developing renewable polyesters with properties rivaling current
petroleum-based polymers. Ideally the novel polyesters would also exploit the hydrolytically

unstable ester linkages to provide sustainable, degradable polyesters.'”'®

This degradation
pathway reduces environmental waste and also offers a triggerable, degradable linkage when
designing polyesters.'” Utilizing the inherent degradation and biocompatibility, designing melt-
stable ion-containing polyesters for non-viral gene delivery applications was also of interest to
aid in understanding the structural and ionic effects of the polymer on efficient transfection.* >
The following dissertation investigates structure-property-morphology relationships of
liquid crystalline copolyesters, segmented liquid crystalline copolyesters, imidazolium-
containing copolyesters, and both polyesters and methacrylate copolymers containing renewable

resources. Transesterification, direct esterification, free radical copolymerization, small-

molecule synthesis techniques, and an array of polymer characterization tools enabled the

2



synthesis and evaluation of polyesters for the desired applications. The specific challenges
addressed include UV and heat stable electronic coatings, increasing sustainability without
sacrificing polymer properties, and non-viral gene delivery vehicles. After gaining further
insight into the specific polyesters and resulting physical properties, potential applications
broadened to include pressure sensitive adhesives, antibacterial bandages, aerospace coatings,
thermoplastic elastomers, thermosets, and hyperbranched polymeric additives. Additionally, two
timely reviews, focusing on high-performance polymers for bisphenol-A replacement and ion-

containing segmented polyurethanes, are included.
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Chapter 2: A Perspective on Emerging Polymer Technologies for Bisphenol-
A Replacement

(Published in Polymer International 2012, 61, 1485.)
Ashley M. Nelson and Timothy E. Long

Department of Chemistry, Macromolecules and Interfaces Institute
Virginia Tech, Blacksubrg, VA 24061-0212

2.1 Abstract

Recent attention surrounds bisphenol-A (BPA) due to potential estrogen mimicry and
human health hazards. The public’s negative reactions to these concerns threaten the
commercial use of BPA requiring the global polymer community to investigate suitable
replacements for commercial products that demand high thermal and mechanical properties from
BPA. This review highlights four classes of polymers which often utilize BPA for enhancing
specific properties: polycarbonates, polyesters, epoxies, and polyimides. A compilation of recent
efforts involving the design of BPA-free polymers is provided. Alternate monomers include
2,2,4,4-tetramethyl-1,3-cyclobutanediol (CBDO) and isosorbide, and emerging polymers that

exhibit acceptable thermal and mechanical properties are discussed.



2.2 Introduction: Health Concerns and Bisphenol-A Properties

Bisphenol-A (BPA) is classified as an endocrine-disrupting chemical (EDC) due to
validated reports of its ability to mimic estrogen binding both in vivo and in vitro.'"> The
potential health hazards of EDCs include various cancers, brain and behavioral changes in
fetuses or infants, and female reproductive issues.” > Figure 1 suggests the chemical similarities
between estrogen and BPA, as both amphiphilic compounds contain hydrocarbon rings and two
hydroxyl groups.>” A variety of potential BPA-containing commercial products for food or
beverage packaging include reusable plastic bottles, baby bottles, can liners, and dental sealants.”

59 The hydrolytic degradation of BPA polycarbonate (PC) yields the BPA monomer, and as

expected, degradation rates depend on use conditions.'” !

Despite the increasingly negative
public opinion, the U.S. Food and Drug Administration (FDA) regulates and deems products
containing BPA safe for use.'” A copious amount of earlier research on the safety of BPA also
indicated that the amount of BPA exposure and ingestion of the average human does not induce

adverse health effects.”>"’

Upon ingestion, the human body metabolizes BPA into
monoglucoronide.”” Monoglucoronide, unlike BPA, does not perform as an EDC, and the body

excretes the metabolite without causing harm.



Figure 2.1. Three-dimensional representation of the chemical structures of estrogen (a) and
BPA (b).

BPA is an aromatic, bulky diol which affords excellent thermal, mechanical, optical, and
electrical properties upon incorporation into a polymer.'®'” A main factor that influences the
toughness of a polymer at room temperature is the glass transition temperature (7 g).18 T, is the
temperature marking the onset of segmental motion and depends on rigidity of the backbone,
steric hindrance of pendant groups, molecular symmetry, and intermolecular and intramolecular
interactions. Rubbers display high impact properties and sub-ambient 7,’s whereas plastics
exhibit high 7,’s, often causing brittleness. Secondary transitions, often classified as pB- and y-
transitions, are present in the dynamic mechanical thermal analysis for many polymers, and the
transitions characteristically occur in polymers with high impact properties.' ' These
transitions always occur at temperatures below the 7, and result from the onset of motion of side-
chains or groups and/or conformational changes. BPA-PC serves as a benchmark for impact

properties and to ascertain the influence of BPA on mechanical polyesters.****

BPA-PC exhibits a 7, of approximately 150 °C, a melting temperature (1) of 267 °C,
and a P-transition at -100 °C in the amorphous state and -30 °C in the semi-crystalline state.'®
Figure 2 shows the dynamic mechanical analysis (DMA) curve for BPA-PC.>> The -transition

7



correlates to the lowest temperature peak in the tan 6 trace, and the high 7, and T}, of BPA-PC
provides outstanding thermal properties. Investigation of both the 7, and B-transition found that
the P-transition imparted exceptional toughness, and many researchers have attempted to
attribute molecular conformational changes to the B-transition.”> Locati et al.** reported that the
B-transition included motion of both the carbonate and phenyl groups, and the movement of the
phenyl groups below the 7, contributed to the improved mechanical properties. The movement
of the phenyl and carbonate groups occurs due to a large amount of free volume. This free
volume allows for conformational rotations as well as movement of the two pendant methyl
groups in each repeating unit, allowing the polymer to absorb energy at temperatures below the
T, g.lg’ " Figure 3 shows two segments of BPA-PC chains, and bond rotation of the carbonate
groups causes the adjacent phenyl rings to undergo a ring-flip motion in the polymer backbone.**
The superior mechanical properties of BPA serve as benchmarks for the comparison to various
engineering thermoplastics. Developing a fundamental understanding of these properties will

facilitate the discovery of replacement monomers for BPA.
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Figure 2.2. DMA of BPA-PC exhibiting the p-transition. Reproduced by permission of **.
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2.3 Polycarbonates

A common industrial method to synthesize BPA-PC is the transesterification of BPA and

diphenyl carbonate as depicted in Scheme 1.'®*

BPA-PC demonstrates utility in a variety of
applications ranging from plastic bottles to compact disks to electrical connectors due to the
aforementioned properties. In particular, the optical clarity and low birefringence of BPA-PC

2627 1 addition to BPA-PC in commercial

broaden the commercial use of this polymer.
applications, many researchers employed BPA to impart BPA-like properties or to understand
existing BPA-PC resins. Antiplasticizers function as polymer additives that increase both
modulus and tensile strength.”® *  Ueda'’ blended meta-terphenyl with BPA-PC for
antiplasticization, which improved BPA-PC properties for compact disks. Kricheldorf et al.*
investigated various catalysts for the polycondensation of BPA with diphosgene and determined
that formation of molecular weight limiting cyclics was an unavoidable side reaction.

Conversely, Brunelle and Shannon’' prepared cyclic oligomers as monomers to form high

molecular weight BPA-PC.

Scheme 2.1. The synthesis of BPA-PC from BPA and diphenyl carbonate.'® >

0 Bulk, NaOH  _ O O O
* ©\ )k /© 150 - 320 °C, vacuum J\
0 e} (0] (@]
HO OH

n

An abundance of literature focuses on BPA-containing PCs; however, many researchers
explore the removal of BPA in next generation materials. Figure 4 shows the ring opening
polymerization of cyclohexene oxide in the presence of carbon dioxide (CO,) and DMA of the

resulting PC.> Despite the presence of a P-transition, the properties of poly(cyclohexane

10



carbonate) (PCHC) are not equivalent to BPA-PC, but the elimination of BPA and replacement
of phosgene with CO; offers a viable PC for lower temperature and impact applications. More
sustainable PCs utilize isosorbide, a renewable resource derived from glucose.’”” Isosorbide
contains two fused 5-membered rings with trans hydroxyl groups. The incorporation of
isosorbide into PCs afforded thermally stable polymers.”*? Isosorbide PCs and
copolycarbonates resulted from various polymerization methods including interfacial, melt, and
solution polycondensation.”* Figure 5 depicts the repeating unit of isosorbide PC. Isosorbide
PC exhibits a T, of 144 °C and, regardless of the comonomer(s) chosen, PCs with 7,’s greater
than 120 °C resulted.”*** Although the authors did not address the mechanical properties of the
isosorbide PCs, the thermal properties and overall polymer structure suggest possible candidates
for potential BPA-PC replacements. Brunelle et al.> also investigated the use of 2,2,4,4-
tetramethyl-1,3-cyclobutanediol (CBDO). A combination of melt transesterification and solid
state polymerization yielded weatherable polycarbonates. Scheme 2 shows the synthesis and

repeating unit of CBDO-PC. CBDO is a common monomer used in the synthesis of BPA-

replacement polymers and is further discussed in the polyester section of this review.

11
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Figure 2.5. The repeating unit of isosorbide PC.*
Scheme 2.2. Synthesis and repeating unit of CBDO-PC.*
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Segmented block copolymers consist of rigid and flexible blocks that microphase

separate affording elastomeric properties.'®*” The synthesis of PC block copolymers with BPA-
12



free hard segments may provide mechanical properties that exceed BPA-PC due to elastomeric

behavior without the necessity of any secondary transitions.'® **

For example, Memon and
Williams™® reported the synthesis of a segmented block copolymer with phenolphthalein as the
hard segment. This polymer exhibited a 7, of 244 °C and a Young’s modulus of 3.2 MPa,
whereas, the BPA version exhibited a 7, of 142 °C and a Young’s modulus of 617 kPa.

Currently, the most commercially successful replacement for BPA-PC is Eastman’s Tritan™

copolyester, highlighted in the subsequent polyester section of this review.

2.4 Polyesters

Commercialization of BPA-containing high performance polyesters is not as prevalent as
PCs, epoxies, or polyimides due to high processing temperatures, decreasing reactivity of
phenols, and an overall absence of mechanical toughness in products.’” **  Poly(BPA-
terephthalate)-co-poly(BPA-isophthalate), is a fully aromatic polyester with commercial
success.” These copolymers demonstrated thermal stability, optical clarity, toughness, and UV
stability.  Unsaturated polyarylates are another class of BPA-containing polyesters with
commercial importance due to exceptional chemical and hydrolytic resistance.”” The production
of two families of BPA-containing unsaturated polyarylates occurs on the industrial scale. The
unsaturation results from the incorporation of either maleic anhydride or fumaric acid, and

Figure 6 depicts the repeating unit of typical BPA fumarate polyesters.

13



Figure 2.6. The repeating unit of commercial BPA fumarate polyesters.”

Aromatic polyesters lack high performance polymer properties because of poor solubility,
which has prompted recent laboratory research. Wadgaonkar et al.** found the copolymerization
of BPA-containing polyarylates with a compound containing a flexible pendant group improved
room temperature solubility in organic solvents without sacrificing other properties. Patel et al.*
reported similar results upon copolymerization with s-triazine rings. Copolymerization with
oligomeric siloxanes also proved as a suitable route for soluble polyarylates.** Chen et al.*’
found that the copolymerization of BPA, 1,6-hexanediol, terephthaloyl chloride, and oligolactide
yielded high molecular weight biodegradable polyesters. These copolyesters are under
investigation for use in tissue engineering applications. Preliminary cell work suggested
potential biocompatibility despite the incorporation of BPA. The syntheses of these copolyesters

occurred in the absence of solvent, and the polymers demonstrated thermal stability to ~370 °C

with T,’s ranging from 52 — 90 °C depending on composition.

The number of commercial BPA-containing polyesters is not significant compared to
other polymer classes; however, the replacement of BPA-containing high performance polymers
with novel polyesters is proving successful. Perhaps the most recent commercially significant
polymer is Eastman’s Tritan™ copolyester, which was launched in 2007. Tritan™ is touted as
the first polymer which replaced BPA-PC in many applications, most importantly those

46-48

applications in which human exposure is a concern. Copolyesters consisting of cis/trans

14



CBDO demonstrate properties approaching BPA-PC.* The pendant methyl groups and presence
of a B-transition in polymers containing CBDO are noteworthy and help explain the increased
mechanical properties.’’ Figure 7 shows the crystal structure of the cis isomer of CBDO.”!
Natarajan et al.>* compared the effect of cis and trans cyclohexane vs. CBDO in the backbone of

polyesters. An increase in trans cyclobutane rings results in a higher degree of rigidity.

Figure 2.7. The crystal structure of cis CBDO. Reproduced by permission of >
Since the discovery of the desirable polymer properties that result upon CBDO

53-55 1 53

incorporation, the laboratory investigation of this monomer is abundant. Kelsey et a
synthesized copolyesters of CBDO, dimethyl terephthalate (DMT), and various aliphatic diols.
Figure 8 depicts these copolyesters with ethylene glycol (EG). The copolyesters were
amorphous, tough, injection moldable, exhibited high 7,’s, and demonstrated UV stability
greater than BPA-containing polycarbonates. The solubility of the resulting copolymers

depended on the cis/trans ratio of the CBDO monomer, offering a facile route to tune properties

for specific applications.
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As discussed above as a BPA replacement in PCs, the incorporation of isosorbide to

. ) . . . . 565
improve polyester properties is also under investigation.’®”®

Incorporating isosorbide into
poly(butylene terephthalate) (PBT) increased the 7, from ~45 °C to 92 °C with 42 mol %
isosorbide incorporation.’’ The Ty’s of the copolyesters decreased from 226 °C to 155 °C with
30 mol % isosorbide. Above 30 mol % incorporation, the polyesters were amorphous. The
incorporation of isosorbide broadened the range of applications for this thermoplastic polyester.
Other high molecular weight copolymers of a similar structure demonstrated efficient thermal
properties and are capable of industrial scale production.”® The use of environmentally friendly
monomers in polyester synthesis is expanding, particularly the incorporation of isosorbide into

liquid-crystalline polyesters.”®®’

2.5 Epoxies

The commercial production of epoxy resins involving the reaction of BPA with
epichlorohydrin in the presence of a base, e.g. sodium hydroxide (NaOH), originated in the
1940s.'% %1- 2 Scheme 3 depicts epoxy resin synthesis. Epoxy resins account for ~20 % of
BPA’s commercial use, falling second only to polycarbonates.”> Commercial epoxy resins offer
many of the characteristic properties that BPA provides; however, overall toughness decreases
due to the necessary crosslinking reaction.”* The curing process of epoxies involves the addition

of a crosslinking agent. Different crosslinking agents follow different mechanistic paths and the

16



nature of the crosslinking agent dictates the properties of the resulting system.'® ®"* When
curing an epoxy resin, both the temperature at which curing occurs and the curing time affect the
properties. The ideal combination of time and temperature differs for each epoxy system and
depends on the 7, of the uncured epoxy resin, the 7, of the gel point of the epoxy resin, and the
T, of the fully cured epoxy resin.®> In an attempt to improve the impact properties of commercial
epoxy resins, Unnikrishnan and Thachil® physically blended phenol- and cardanol-based resol
resins with commercial BPA-containing epoxy resins. The blending reduced moduli; however,
tensile strength, elongation at break, energy absorbed, compressive break, hardness shore, and

water absorption properties improved.

Scheme 2.3. The common synthetic route for the production of BPA-containing epoxy resins.'®
62

(n+1) O O + (n+2) (I)>_/C'
HO OH

NaOH

+ (n+2)NaCl
o) 0 o) o) 07
0 o)

Determining novel approaches for decreasing the environmental impact of polymers and
polymer systems motivates researchers. Recently, natural oils and varying weight percents of
epoxy resins cured with recycled PET partially replaced BPA."* Incorporation of these green

components into epoxy resins with a different crosslinking agent allowed for the targeting of

17



specific properties. In an effort to synthesize water soluble epoxies, Motawie et al.”’ replaced
BPA with poly(ethylene glycol) (PEG). Despite a successful synthetic strategy, upon curing, the
PEG-based epoxies failed to compete with the hardness and adhesive properties of BPA-

containing epoxies, and found better use as optional plasticizers.

A common monomer explored for BPA replacement, isosorbide-containing epoxy resins
are under investigation.”" "> Lukaszczyk et al.”* prepared isosorbide epoxy resins identical to the
BPA-containing epoxy resins described above using epichlorohydrin and NaOH. The curing of
the isosorbide resins occurred with four different curing agents: phthalic anhydride,
tetrahydrophthalic anhydride, triethylenetetramine, and isophorone diamine. The resulting
mechanical properties, such as flexural modulus and impact strength, remained higher than BPA-
containing resins. The novel epoxies also demonstrated decreased chemical resistance to acids

and bases compared to the commercial BPA epoxy benchmark.

An abundance of research on the incorporation of block copolymers into BPA-containing
epoxy resins has ensued.”” Gibbs and coworkers’® investigated the effect of incorporating
poly(methyl acrylate-co-glycidyl methacrylate-b-polyisoprene) into BPA-free epoxy resins.
Improved phase separation resulted compared to a BPA-containing epoxy resin with the same
block copolymer modification. The effect of more defined microphase separation on the
toughness of the epoxy resins has yet to undergo investigation. Wang et al.”” synthesized
another BPA-free epoxy resin containing dicyclopentadiene which demonstrated increased
impact properties, but lacked other properties in relation to commercial BPA epoxy.
Balamurugan and Kannan’ synthesized liquid crystalline epoxy resins with 1,3,4-oxadiazole

units. Scheme 4 depicts the synthesis of the 1,3,4-oxadiazole containing diol precursor. Curing

18



of the liquid crystalline resins occurred in both the liquid crystalline and isotropic state, and the
resulting properties depended on the state of curing. Comparison of these resins to commercial
BPA epoxy resins showed increased thermal stability and fracture toughness. The resins most
capable of commercially replacing high performance BPA-containing epoxies are bismaleimides

(BMISs) and this review discusses these resins in detail in the polyimide section below.”

Scheme 2.4. The synthetic route to the 1,3,4-oxadiazole containing diol precursor.”

0]

N—N
_NH,-H,0  Polyphosphoric acid /A
o HO

2.6 Polyimides

The synthesis of high molecular weight aromatic polyimides often requires two steps,
first the production of a soluble poly(amic acid) intermediate and subsequent dehydration to

form the polyimide.'®*

The insolubility and high melting temperature of aromatic polyimides
cause difficulties in processing. General Electric commercialized the production of a melt
processable aromatic poly(ether imide), Ultem®.*' Ultem® is a BPA-containing polyimide with
a T, of 217 °C. Figure 9 depicts the repeating unit. Ultem® exhibits high thermal stability,

chemical resistance, toughness, transparency, and electrical stability.

boucocdd

Figure 2.9. The repeating unit of BPA-containing poly(ether imide) commercially known as

Ultem®.%!
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BMI resins, another class of commercially important BPA-containing polyimides,

79, 82,83

function in applications similar to epoxies. Initially the rationale for the synthesis of BMI

resins was to avoid processing issues of the commonly insoluble and thermally stable aromatic
polyimides.* 1In an attempt to increase toughness of BPA-containing BMIs, Heiden et al.*’
investigated the effect of adding hyperbranched polyesters. This addition increased the fracture
toughness of the resins 79 — 138 %. The higher degree of branching led to more improvement,
yet a negative impact on the thermal properties resulted. As the amount of branching increased,
a decrease in the T}, of 15 — 40 °C occurred. Exploring the same concept, Mather et al.*® reported
increased toughness without compromising thermal properties using hyperbranched polyimides.
Despite many challenges, research focusing on the synthesis of processable polyimides still
proceeds and recently novel BPA based diamine monomers proved successful.’” Bruma and

colleagues®® synthesized a series of BPA-based poly(ether imides) with the potential application

as gas separation membranes.

Finding replacements for BPA in polyimides is under investigation in many laboratories.
Penczek et al.*” replaced BPA with (R,S)-1,1-bis(4-hydroxyphenyl)-3,3,5-trimethylcyclohexane
(TMC) in polyimide resins with applications in varnishes and coatings and found the polymer
exhibited an increased resistance to abrasion. Figure 10 portrays the chemical structure of TMC.
The resulting polyimides, however, were insoluble in methylcyclohexanol, and a 20 °C increase
in the Boétius “melting point” relative to BPA-containing polyimides occurred. In an effort to
expand the use of polyimides and make them competitive with commercial thermoplastic
elastomers, Kricheldorf et al.”” °' synthesized BPA-free polyimide elastomers with flexible
poly(ethylene oxide) (PEO) or poly(tetramethylene oxide) PTMO units. They reported good

mechanical and thermal properties; however, the injection molding of these systems was not
20



feasible. The synthesis of liquid crystalline polyimides containing isosorbide also occurred and

interesting textures resulted.””

HO OH

Figure 2.10. The chemical structure of TMC.*

The final class of BPA-free polyimides with increasing commercial importance are BMI
resins. BMIs allow for a wider temperature range and better moisture stability than
commercialized epoxy resins.”” Most epoxies require the addition of BPA to afford the
mechanical and thermal properties necessary. A plethora of rigid aromatic monomers are
available for BMI synthesis because imides provide enhanced thermal properties, and
mechanical enhancement remains a concern. A highly investigated avenue to obtain the desired
properties combines both epoxies and BMlIs, analogous to the use of copolymers. Similar
synthesis and curing processes for both epoxies and BMIs ease the industrial translation from the
production of one system to another. Figure 11 depicts a BMI resin where R is a functional
group of choice and Ar is an aromatic monomer. The chain ends of the BMI resins contain
maleimide functionality for the curing process in the same manner the ends of epoxy resins

exhibit epoxide functionality.'®

| N-ArtEN N-AriN |
n

Figure 2.11. The repeating unit of a generic BMI resin.”
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2.7 Summary and Future Directions for Bisphenol-A Replacement

Commercialized PCs, polyesters, epoxies, and polyimides all contain the highly debated

16, 39, 61, 62, 81
A0 0700 0%

monomer BP In an effort to answer the ever-prevalent need for the replacement of

BPA-containing polymers, an abundance of research is currently underway. Segmented block

copolycarbonates, isosorbide-containing PCs, and Eastman’s Tritan™ copolyester are promising

34, 35, 38, 46-48

replacements for BPA-containing PCs. Copolymerization and isosorbide

incorporation proved as successful routes for improving the thermal and mechanical properties of

56-58, 94, 95

polyesters. Bismaleimide resins, 1,3,4-oxadiazole resins, and isosorbide resins are

. .. . 2.78.79
viable replacements for BPA-containing epoxies.’” "’

BPA-containing polyimides are finding
replacements in TMC and, upon further development, the incorporation of flexible PEO and

PTMO units.®!

Isosorbide and CBDO, two highly investigated monomers, demonstrate properties similar
to BPA upon incorporation into various polymers. Both BPA and CBDO impart a rigid

18, 20, 22, 50 .
aiaias Isosorbide also

backbone and each result in polymers which display B-transitions.
introduces the necessary rigidity into a polymer backbone for increased mechanical properties.
Unlike BPA and CBDO, isosorbide does not contain any pendant groups and the presence of a -
transition is not characteristic of isosorbide-containing polymers. Isosorbide does, however,

3796 Byrther

impart chirality which potentially introduces helical polymer chain conformations.
investigation of the effect of chirality on high performance polymers would give insight into the

enhanced thermal and mechanical properties achieved using isosorbide.

Copolymerization is a viable route for replacing BPA in various polymer systems

because it allows for the tuning of properties based on the desired monomers and/or polymer

22



structure. In a similar fashion, blending various property enhancing additives into commercially
produced BPA-free polymers or polymers which could easily translate into commercial
production would potentially afford a facile route to replace already existing polymers. From the
information obtained upon investigating CBDO and isosorbide, compounds capable of
replicating the properties obtained upon BPA addition should exhibit high thermal stability,
incorporate rigidity into the polymer backbone, and display B-transitions and/or incorporate
chirality in the polymer backbone. Further investigations and an improved understanding of the

various monomers will lead to a more concrete list of criteria for screening BPA replacements.
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Chapter 3: Stilbene-Containing Thermotropic Liquid Crystalline
(Co)polyesters for Electronic and Aerospace Applications

(Updated/adapted from a 2012 Invention Disclosure at Virginia Tech (VTIP) and 2013 Virginia
Space Grant Consortium Graduate Research Fellowship Final Paper)
Ashley M. Nelson and Timothy E. Long

Department of Chemistry, Macromolecules and Interfaces Institute
Virginia Tech, Blacksburg, VA 24061-0212

3.1 Abstract

Materials used in both electronic applications and space travel must maintain thermal and
dimensional stability in extreme conditions, while remaining melt processable for ease of
industrial production. The rigid chemical structure of stilbene often correlates to polymers
exhibiting a liquid crystalline morphology and the olefin bond undergoes a [2 + 2] cycloaddition
in the presence of ultraviolet (UV) light. Based on the combined benefits of a non-destructive
photocrosslinking reaction and liquid crystallinity, we propose the use of stilbene-containing
(co)polyesters for various electronic and aerospace applications.  The synthesis and
characterization of (co)polyesters consisting of 4,4’-dimethyl-trans-stilbene dicarboxylate (SDE),
1,6-hexanediol (HD), and 1,4-butanediol (BD) was performed.  These (co)polyesters
demonstrated thermal stability of greater than 360 °C and liquid crystalline morphologies, with
melting temperatures ranging from 196 — 253 °C. Dynamic mechanical analysis afforded moduli
~1000 MPa and tensile data resulted in a Young’s modulus of the same magnitude. Additionally,
melt rheology elucidated the characteristic shear thinning expected of liquid crystalline

polyesters. Polymerization with longer alkyl spacers investigated the effect of comonomer
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composition on the thermal transitions and liquid crystallinity. Further testing includes UV and
heat aging studies to ascertain the effect of an aliphatic comonomer to successfully eliminate the
potential phenolic degradation and confirm the ability of these (co)polyesters to function in

thermally taxing UV light conditions.

3.2 Introduction

Thermotropic liquid crystalline polyesters are a unique class of high performance
polymers that exhibit order during melt processing above the crystalline melting point.'
Mesogenic units, extended aromatic sequences, within the main chain promote the formation of
this ordered morphology, often resulting in anisotropic, high modulus structures. These
mesogenic units are typically either present in the backbone of the polymer or as pendant groups
resulting in main-chain and side-chain liquid crystalline polymers respectively. Liquid
crystalline polymers demonstrate outstanding dimensional stability at high temperatures,
resistance to chemicals and corrosion, exhibit low dielectric constants, and high moduli over a
wide temperature window.” Liquid crystalline polymers also exhibit shear thinning during melt
processing, which facilitates melt extrusion and injection molding for product formation.” Based
on these synergistic attributes, liquid crystalline polymers offer versatility for aerospace coatings,
electronic materials, adhesives, and composites.

The ongoing sophistication of light-emitting diode (LED) technology is drastically
increasing commercial appeal.® The broad array of applications, ranging in wavelength and
power, require proper polymer encasings to ensure both productivity and safety. Exposure to
ultraviolet (UV) light often results in polymer degradation and/or poor coloring due to side

reactions, such as the photo-Fries rearrangement.® Figure 1 depicts the photochemical-induced
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photo-Fries rearrangement on the commercially produced liquid crystalline polyester, Xydar.®
The phenol generated contributes to yellowing and the ketone formation kinks the rigid chain,
disrupting the anisotropy.”® Although this reaction does not physically degrade the polyester, it
sacrifices the desired properties and functions. A limited number of commercial polymers exist
which possess the necessary thermal, thermomechanical, and UV stability to overcome the

environmental factors both the LED and aerospace industries require.

(0]
(0]
(AT o o

Figure 3.1. UV-induced photo-Fries rearrangement
Previous literature indicates that the incorporation of stilbene units into the polymer

W,

backbone results in liquid crystalline polymers, classifying stilbenes as mesogens.” '’

Recently,
Ravikrishnan et al.'' synthesized poly(4,4’-stilbencoxy) alkylarylphosphates, characterizing their
liquid crystalline morphology and additional benefits such as flame resistance. Polarized optical
microscopy (POM) allowed visual determination of the liquid crystalline nematic texture. In the
1980’s, Eastman Kodak company obtained multiple patents on the (co)polymerization of 4,4’-
dimethyl-trans-stilbene dicarboxylate (SDE) with aliphatic diols, including some of the aliphatic

spacers of interest for these applications.'*"*

The well-established industrial synthesis provides
an excellent basis for exploring these (co)polyesters for widespread applications.
Stilbenes are also known to undergo a [2 + 2] cycloaddition reaction in the presence of

UV light.'"'>!®  This photo-induced crosslinking reaction forms a cyclobutane ring with two

stilbene alkenes, a non-degradative process with the ability to provide enhanced
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thermomechanical properties.'” Copolyesters of 1.4-cyclohexanedimethanol, 1,4-cyclohexane
dicarboxylate, and SDE efficiently crosslinked upon exposure to UV light."”” Thermomechanical
analysis exhibited tunable high temperature plateau moduli based on UV exposure, increased
storage modulus with increasing UV. Somlai et al.'® also demonstrated the photocrosslinking
ability of stilbene-containing homopolymers through excitation of extremely thin films (ca. 50 —
100 nm achieved via spin coating), however, at long irradiation times stilbene degradation
occurred. Although a slight concern and something to acknowledge, the suggested applications
require non-transparent, and therefore, thicker films or polymer encasings/materials. With the
highly crystalline visible-light scattering properties of these polyesters, the light should not
penetrate all the way through the material, but solely crosslink on the surface.”'® If a surface
degradation occurs as suggested above, the polymer layer underneath could then crosslink
pending light penetration and alignment of the stilbene functional groups avoiding total material
deformation/destruction. This beneficial crosslinking reaction utilizes the often degradative UV
conditions to improve the material instead of causing deleterious effects as discussed above.

In the following, we describe the synthesis and characterization of high-performance
photocrosslinkable liquid crystalline (co)polyesters containing stilbene for use in the harsh
environments of both electronic and aerospace applications. Melt transesterification afforded a
series of (co)polyesters containing varying ratios of 1,6-hexanediol (HD), and 1,4-butanediol
(BD) aliphatic spacers copolymerized with SDE. Utilizing commercially available comonomers
allowed for obtaining a wide-range of properties providing tailorable materials for application-
or product-specified conditions. All copolyesters exhibited a liquid crystalline morphology and
thermal, thermomechanical, and rheological characterization explored the effect of structure on

the resulting polyester properties.
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3.3 Experimental

3.3.1 Materials

1,6-Hexanediol (97%), 1,4-butanediol (99%), 1,5-pentanediol (97%), and 1,8-octanediol
(98%), and 1,10-decanediol (98%) were obtained from Sigma Aldrich and used as received.
4,4’-Dimethyl-trans-stilbene dicarboxylate was generously supplied from Eastman Chemical
Company and used as received. Titanium tetraisopropoxide (Ti(OiPr)s) catalyst solution (0.01

g/mL in 1-butanol) was prepared according to previous literature."

3.3.2 Analytical Methods

'"H NMR spectroscopy was obtained using a 400 MHz Varian Tecmag Apollo in a
solvent mixture of pentafluorophenol and CDCI; at ambient temperature. A TA Instruments Hi-
Res thermogravimetric analyzer (TGA) 2950 or Q500 provided polymer thermal weight loss in a
N, atmosphere and a temperature ramp of 10 °C/min from 25 to 600 °C. Differential scanning
calorimetry (DSC) was performed using a TA Instruments Q1000 or Q2000 heat/cool/heat
method with a heating ramp of 10 °C/min and a cooling rate of 100 °C/min. Melt rheological
studies were performed on a TA Instruments AR2000 rheometer using 25 mm parallel plate
geometry. A strain sweep determined the linear viscoelastic regime and the experimental
temperature range was sample dependent. Compression molding at 275 - 315 °C between
Teflon® sheets produced free-standing polymer films ~0.3 mm thick. Dynamic mechanical
analysis (TA Instruments Q800 DMA) provided thermomechanical properties of the polymer
films under tension mode at a frequency of 1 Hz and a temperature ramp of 3 °C/min from 0 °C

until the storage modulus reached less than 0.1 MPa. Tensile testing was performed on the
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polymer films using an Instron 4411 with a crosshead speed of 0.5 mm/min. The tensile

properties are represented as an average of five samples.

3.3.3 Polymer Synthesis

All polymers were synthesized using melt transesterification in a similar manner. The
reaction setup consisted of a round-bottomed flask equipped with a mechanical stirrer, N, inlet,
and distillation apparatus. The following procedure describes the synthesis of poly(4,4’-
dimethyl-trans-stilbene dicarboxylate (SDE)-1,6-hexanediol (HD)). A dry 100 mL round bottom
was charged with 8.4461 g (28.50 mmol) of SDE, 4.0401 g (34.19 mmol) of HD, and ~0.05 mL
(40 ppm) titanium tetraisopropoxide. The reaction was purged with N, and degassed three times.
The reaction, with a constant N, purge and stirring, was heated to 190 °C for 2 h. The
temperature was then increased to 220 °C for 2 h and finally to 275 °C for 0.5 h. Vacuum was
subsequently applied at 275 °C for 2 h. Isolation of the polymer occurred via breaking the
round-bottomed flask and removing the solid polymer. To solid-state (SS) the polyester, small
pieces of the polymer were placed in an identical setup as described above and heated to 130 °C

with stirring and constant N, purge for about 25 h.

3.4 Results and Discussion

3.4.1 Molecular Weight Characterization and Solid-Stating Strategies

Polymerization proceeded using a melt transesterification strategy, an industrially
relevant technique that eliminates solvent and allows direct isolation of the polyesters.”**' Both
attributes of melt transesterification are critical principles of strategies for emerging green

chemistry.”> Scheme 1 depicts the synthesis of a random copolyester containing SDE, HD, and
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1,4-butanediol (BD). Varying monomer charge ratios provided a range of copolyesters enabling
the exploration of structure-property-morphology relationships. As previously reported, the
highly crystalline nature from the rigid, regular structure, resulted in limited solubility.”'** 'H
NMR performed in a mixture of pentafluorophenol and deuterated chloroform (CDCl3) provided
structural characterization. Figure 2 displays the 'H NMR spectra of poly(SDE-HD). All peaks
are labeled accordingly and integrated as expected. The d peak exhibited a slightly larger value
than the expected integration of 4 and is attributed to overlapping with the pentaflurophenol
solvent peak. Mechanical strength and integrity often scale with molecular weight until a
maximum or plateau occurs at high molecular weight.** This relationship allows a quantitative
determination of molecular weight through the ability to obtain free-standing films.>>?’
Compression molding qualitatively showed melt transesterification produced polyesters of
substantial molecular weight as insolubility in safe organic solvents impeded the use of size
exclusion chromatography (SEC) for molecular weight characterization. Free-standing films
formed with some compositions and mechanical testing ensued. Increasing BD concentration
resulted in brittle films due to the melting temperatures of the SDE-BD segments being above
the highest temperature reached during the polymerization. Intuitively, the success of melt
transesterification depends on the polymer remaining in the melt and good mixing, therefore,

when the melting temperature is above the final temperature reached in polymerization, high

molecular weight is not always achieved.
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Scheme 3.1. Synthesis of poly(SDE-HD),-co-poly(SDE-BD), using melt transesterification
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Figure 3.2. 'H NMR confirms structure of poly(SDE-HD)
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To overcome the aforementioned downfall when preparing high melting polymers,

14,28,29 In SSP, polymers are

strategies such as solid-state polymerization (SSP) often follow.
ground into small uniform particles, placed into a setup identical or similar to the reaction setup,
and held at a temperature above the glass transition temperature (T,) but below the melting
temperature (Tr). The particles are then stirred and either wicked with N, or held under reduced
pressure for an extended period of time. Figure 3 shows the complex viscosity of poly(SDE-HD)
before and after SSP. Zero-shear viscosity scales with molecular weight, thus providing a

3031 Similarly, comparison of the

relative comparison of molecular weight between samples.
complex viscosity (n*|) obtained from frequency sweeps at the same low frequency of 0.1 Hz
and temperature (263 °C) offered an indication of SSP success via relative molecular weight
improvement. Before SS poly(SDE-HD) exhibited a complex viscosity of 12030 Pa's at 0.1 Hz
and after the value more than doubled to 25930 Pa-s, suggesting an increase in molecular weight
upon SSP. It is important to note the SSP procedure used for this example did not provide

uniform particle sizes, yet successfully demonstrated the capability to further enhance the

molecular weight of these polyesters despite high Ty,’s.
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Figure 3.3. Complex viscosity of poly(SDE-HD) obtained at 263 °C before and after SSP

3.4.2 Thermal Characterization and Liquid Crystallinity

Understanding the thermal limitations of these (co)polymers is of utmost importance
because the desired applications require diverse and potentially extreme temperatures. The TGA
curve for poly(SDE-HD), seen in Figure 4, depicts a one-step degradation profile with an onset
of weight loss at 384 °C. Copolyesters charged with 10, 25, 50, 75, 90, and 100 mol % BD also
exhibited one-step degradations and thermal stability of greater than 360 °C. DSC determined
the effect of (co)polymer composition on the thermal transitions. Figure 5 depicts the DSC trace
of poly(SDE-HD), which exhibited a T, of 253 °C and an isotropic temperature (T;) of 284 °C.

As the incorporation of BD increased, the Ty, depressed until the BD incorporation was greater
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than HD, resulting in higher Ty,’s and T;’s than the HD-rich analogs. Some compositions also
displayed a crystallization temperature (T.). The lower Ty, while maintaining similar Tis,
correlated to an increased mesophase stability ultimately lowering the required temperature for
melt processing. Table 1 summarizes the thermal transitions for the various (co)polyesters.

100 -
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0 100 200 300 400 500 600
Temperature (°C)

Figure 3.4. Thermal degradation profile of poly(SDE-HD)
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Figure 3.5. DSC trace of poly(SDE-HD) exhibiting both a melting and isotropic transition

Table 3.1. Thermal transitions of various stilbene-containing (co)polyesters. N.D. = not

detected

Mol % HD Ty, °C) T, (°C) T, (°C) T;(°C)

100 384 N.D 253 284
90 364 213 237 286
75 405 189 218 285
50 377 N.D 196 292
25 395 248 265 323
10 400 N.D 276 328
0 396 N.D 317 346
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To further investigate the effect of the alkyl spacer length on the thermal transitions and
liquid crystallinity, melt transesterification of SDE with 1,5-pentanediol (PD), 1,8-octanediol
(OD), and 1,10-decanediol (DD) generated polyesters containing an odd diol (PD) and longer
methylene spacers (OD and DD). As previously noted, poly(SDE-BD) showed an increased Ty,
and T; compared to poly(SDE-HD). Figure 6 shows the thermal transitions of SDE
homopolymers containing PD, OD, and DD. Poly(SDE-PD) exhibited a lower Ty, and T; than
both the BD and HD homopolymers. This is attributed to decreased crystallization and packing
because of the odd spacer length.”*> Both poly(SDE-OD) and poly(SDE-DD) displayed solely
Tms in the heating curves, implying a lack of a liquid crystalline morphology. Figure 6
displayed a common trend, the even-odd effect or stair-step relationship, between even and odd

> The shorter spacer, BD in this particular case,

spacers in liquid crystalline polymers.'”
exhibited the highest Ty, and T; of 317 °C and 346°C, respectively. Upon changing the diol to a
PD odd spacer evidence of both a Ty, and T; confirmed liquid crystallinity, however, the Ty,
(190 °C) and T; (263 °C) severely decreased in comparison to the BD-analog. Despite the longer
spacer of poly(SDE-HD), the T, and T; increased compared to poly(SDE-PD) since the
symmetry and regularity of an even number of methylene units pack together more efficiently
than an odd number. It is interesting to note even the long methylene spacers of poly(SDE-OD)

and poly(SDE-DD) maintained higher Ty’s than poly(SDE-PD), again highlighting the drastic

effect of even-odd spacing on crystallization and ultimately thermal transitions.
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Figure 3.6. The effect of alkyl spacer length on the thermal transitions and liquid crystallinity of
SDE-containing polyesters

3.4.3 Thermomechanical, Tensile, and Rheological Characterization

Dynamic mechanical analysis (DMA) afforded the moduli of the polyesters as a function
of temperature. Figure 7 displays the DMA and tan delta curves of poly(SDE-HD) and
poly(SDE-HD)gy-co-poly(SDE-BD);o. The polyesters both exhibited a small modulus drop at
~70 °C and maintained a glassy moduli until the onset of flow, 242 °C and 228 °C, for the
homopolymer and copolymer respectively. The dimensional stability achieved over the wide
temperature range is promising for these polyesters to function as protective coatings and

encasings in the weatherable conditions of space travel.
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Figure 3.7. DMA and tan delta curves for poly(SDE-HD) (solid line) and poly(SDE-HD)g¢-co-
poly(SDE-BD), (dotted line)

Tensile testing yielded another measure of polymer stiffness, the Young’s modulus.
Table 2 contains the tensile data for poly(SDE-HD), which exhibited a Young’s modulus of 890
+ 150 MPa, a stress at break of 30 + 8 MPa, and a strain at break of 4 + 2 %. Solvay’s
commercially produced liquid crystalline polymer Xydar® G-930 exhibits a tensile modulus of
15900 MPa, a tensile strength of 135 MPa and a tensile elongation at break of 1.6 % according to
the technical data sheet’® Many factors affect tensile properties such as film/material
preparation and history, molecular weight, and the test parameters. Additionally, an abundance
of variations exist between commercial products and lab-synthesized polymers. Two particularly
important parameters for mechanical testing include the difference in synthesis and processing
optimization and standardized testing. These differences could contribute to the lower Young’s

modulus and stress at break of poly(SDE-HD).

42



Table 3.2. Tensile data obtained for poly(SDE-HD)

Mol % HD  Avg. Stress at Break (MPa) Avg. Strain at Break (%) Avg. Young's Modulus (MPa)

100 30£8 4+2 890 £ 150

Shear thinning, a characteristic rheological property of liquid crystalline polyesters, is an
important measure to establish for predicting melt processability.’ Shear thinning materials
achieve lower viscosities as a function of shear rate, with liquid crystalline polymers often
thinning at both low and high shear rates, which enables the production of smaller parts and also
decreases the processing temperature these materials possessing characteristically high Ty,’s.
Melt rheology afforded the flow properties of poly(SDE-HD). Figure 8 depicts a frequency
sweep of poly(SDE-HD) performed at various temperatures in the mesophase. The negative
slope of the complex viscosity curve as a function of angular frequency, a dynamic shear

experiment, illustrated the expected shear thinning of this liquid crystalline polyester.
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Figure 3.8. Melt rheology of poly(SDE-HD) elucidating shear thinning

3.5 Conclusions

(SDE), 1,6-hexanediol (HD), and 1,4-butanediol (BD) for use in electronic and aerospace
applications. 'H NMR provided structural confirmation and the ability to melt press films
quantitatively indicated melt transesterification afforded high molecular weight polyesters.
Complex viscosity comparisons between a pre- and post-SSP polymer confirmed SSP as a
successful route for increasing molecular weight.
(co)polyesters demonstrated thermal stability of greater than 360 °C and liquid crystalline

morphologies, with Tp,’s ranging from 196 °C — 253 °C. Dynamic mechanical analysis afforded

We investigated (co)polyesters comprised of 4,4’-dimethyl-trans-stilbene dicarboxylate
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moduli ~1000 MPa and tensile testing resulted in a Young’s modulus of a similar magnitude.
Melt rheology elucidated the characteristic shear thinning expected of liquid crystalline
polyesters. An investigation of alkyl spacer length and composition reinforced the importance of
regularity and limited flexibility necessary to maintain a distinct liquid crystalline morphology.
The library of compositions and material properties from the various characterization techniques
provided structure-property-morphology relationships for future implementation to target
specific parameters for an application. Further studies include UV heat and aging of these
partially aromatic photocrosslinkable (co)polyesters alongside current commercial standards in
the electronic and aerospace industries to test the hypothesis of enhanced stability in UV-rich and

thermally diverse settings.
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Chapter 4: High-Performance Segmented Liquid Crystalline Copolyesters
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4.1 Abstract

The ability of a multiphase copolymer to exhibit both the physical properties of liquid
crystalline and elastomeric polymers enables a variety of emerging applications. Traditional
synthetic methods often require many steps to achieve such diversity in a copolymer. This work
describes the synthesis and characterization of biphenyl-containing segmented copolyesters in a
single-step. A fundamental investigation of the thermal and thermomechanical properties as a
function of methylene spacer length demonstrated a relationship between melting temperature
and even/odd spacer lengths. DSC and SAXS analysis revealed microphase-separation in these
randomly segmented copolyesters. The copolymers retained a liquid crystalline morphology
despite the incorporation of a flexible oligomeric polyether, and melting and isotropic
temperatures ranged from 77 °C to 167 °C and 117 °C to 217 °C, respectively. WAXD provided
further insight into the effect of the soft segment on the highly crystalline nature of the
segmented copolyesters. Thermomechanical analysis and tensile testing elucidated the effect of
hard segment content and structure. Plateau moduli ranged from ca. 5 — 150 MPa, and

increasing from 50 to 75 wt. % HS doubled tensile strain. This synergy will enable superior
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fabrication and processing of intricate electronic devices that require high thermal properties and

mechanical durability.

4.2 Introduction

Over the past three decades, liquid crystalline (LC) polyesters have undergone extensive
research due to their ability to either maintain anisotropy over a temperature range above the
crystalline melting temperature (thermotropic) or induce anisotropy with the addition of solvent
(Iyotropic).' For thermotropic LC polymers, this unique feature arises from rigidity present in
the polymer backbone and/or pendant to the main polymer chain from symmetric rigid sequences
classified as mesogens."™ According to earlier theories, mesogens must possess a length to
diameter ratio of at least 4 to provide the inherent stiffness necessary to result in a LC
morphology.! Despite the characteristic high melting temperature, LC polyesters are often melt
processable with enhanced shear thinning, resulting from anisotropy that reduces the viscosity of
the melt at typical processing temperatures.*® This feature renders LC polyesters excellent
candidates for a variety of commercial applications, including but not limited to protective
coatings, displays, electronic devices, composites, substrates, and flame-resistant structures.***

Aside from commercial development, research on LC polyesters also flourishes in

academic laboratories.”!!

Hu et al.” investigated the effect of modifying poly(diethylene glycol
4,4’-bibenzoate), a known LC polyester, with kinked isophthalate units as a means to study
oxygen transport. Positron annihilation lifetime spectroscopy (PALS) aided in understanding the
relationship between crystallinity, fractional free volume, and the oxygen barrier. Also utilizing

the rigid chemical structure of 4,4’-biphenyldicarboxylate (BB), Lin and coworkers'®

copolymerized melt stable sugars (isosorbide and isomannide) with aliphatic diols to produce
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thermotropic LC polyesters. These copolyesters exhibited melting temperatures reaching 268 °C,
and both polarized optical microscopy (POM) and atomic force microscopy (AFM) displayed a
chiral liquid crystalline morphology.

Many high performance LC polyesters are typically comprised of a wholly aromatic
backbone, which maximizes stiffness but often results in polymers that degrade prior to
melting.'> As rigidity is key when attempting to synthesize a LC polyester, many researchers
studied copolymerizing mesogens with various methylene spacers and the resulting effect on the
LC morphology and physical properties.*"> For example, Roviello et al.">'* polymerized 4,4’-
dihydroxy-alpha-methylstilbene with methylene spacers ranging in length from 6 to 12 carbons.
As methylene spacer length increased, the melting temperature of the polymers decreased, with
the symmetric, even numbered spacers exhibiting higher melting temperatures than the odd
numbered spacers. These novel lower melting LC polyesters allowed for extensive
characterization of physical properties and LC morphology, providing crucial insight into

structure-property relationships of LC polyesters.*"

These homopolymers are sometimes
referred to as “segmented” LC polyesters, in reference to the polymerization of hard, mesogenic
monomers with methylene spacers, which provide flexibility to the polymer backbone.

A more common definition of the term segmented copolymer is a copolymer that
contains both hard and soft segments, often randomly copolymerizing preformed functional
oligomers with various monomers."”> The potential advantages of engineering liquid crystallinity
into a block or segmented copolymer are numerous, thus the synthesis of these structures remain

2,7,16-20

of great interest. Convenient soft segments for the copolymerization of mesogenic

monomers to afford segmented copolyesters include commercially available oligosiloxanes and

81921 Transesterification, the reversible reaction of an ester and alcohol, is
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commonly employed to synthesize polyesters.”> The high temperature reaction of monomeric
dimethyl or diethyl esters and diols in an inert atmosphere efficiently removes the methanol or
ethanol byproduct, driving the reaction to the right, and a final vacuum step facilitates achieving
the necessary 99+ % conversion required for step-growth polymerization.

Thuillier et al.*' used the aforementioned one-pot melt transesterification procedure to
synthesize truly segmented mesogen-containing copolyesters. Rigid biphenyl and stilbene
diesters functioned as main-chain mesogens copolymerized with a flexible 5- or 6-carbon
methylene spacer and oligomeric poly(tetramethylene oxide) (PTMO) of 620 and 2030 g/mol in
varying weight percents. Structural characterization confirmed the integrity of the
polymerization, and thermal analysis elucidated the relationship between hard segment content
and methylene spacer length on the ability to maintain liquid crystallinity. Differential scanning
calorimetry (DSC) exhibited both melting and isotropic transitions, indicating a liquid crystalline
morphology, for segmented copolyesters containing biphenyl and pentanediol. Similarly,
biphenyl-hexanediol segmented copolyesters also displayed liquid crystalline behavior when the
hard segment content exceeded 55 weight (wt.) %. To further the understanding of the structure-
property relationships between both hard and soft segments, our current work includes
unprecedented shorter 4-carbon spacers and longer 8-carbon spacers. Additionally, we describe
a Pluronic® oligoether to construct the soft segment, resulting in a novel series of segmented
liquid crystalline copolyesters.

In this report, we describe the synthesis and characterization of high-performance
segmented (co)polyesters containing liquid crystalline hard segments and flexible polyether soft
segments.  Copolymerizing 4,4’-biphenyldicarboxylate (BB) with commercially available

methylene diol spacers ranging from 4 to 8 carbons to construct the hard segments and
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poly(tetramethylene oxide) (PTMO) and Pluronic® oligoethers as soft segments provided novel
segmented polyesters. This synthetic platform allowed for a fundamental investigation of
structure-property relationships as a function of chemical composition and relative weight ratios
of the various hard and soft segments. We investigated the ability of these segmented
copolyesters to maintain a liquid crystalline morphology and a broad range of composition

dependent thermal and thermomechanical properties.

4.3 Experimental

4.3.1 Materials

Dimethyl biphenyl-4,4’-dicarboxylate (BB), 1,4-butanediol (BD), 1,5-pentanediol (PD),
1,6-hexanediol (HD), 1,8-octanediol (OD), poly(tetramethylene oxide) (Terathane™) with a
number-average molecular weight (M,) ~2000 g/mol, and poly(propylene glycol)-block-
poly(ethylene glycol)-block-poly(propylene glycol) comprised of 50 wt. % PEG and an average
M, ~2000 g/mol (Pluronic® 10R5; P10R5,k) were purchased from Sigma Aldrich and used as
received. A catalyst containing 0.01 g/mL titanium tetraisopropoxide in 1-butanol was prepared

. . . 22
according to previous literature.

4.3.2 Analytical Methods

"H NMR spectroscopy was obtained using a 400 MHz Varian Tecmag Apollo or Agilent
U4-DD2 400 MHz in either a solvent mixture of pentafluorophenol and CDCI; or deuterated
trifluoroacetic acid (TFAq4) at ambient temperature. Thermal transitions were determined using a
TA Instruments Hi-Res thermogravimetric analyzer (TGA) 2950 or Q50 under an inert

atmosphere and a temperature ramp of 10 °C/min from 25 to 600 °C and either a TA Instruments
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Q1000 or Q2000 differential scanning calorimeter (DSC) heat/cool/heat method with a heating
ramp of 10 °C/min and a cooling rate of either 10 or 100 °C/min. Compression molding the
polymers between Teflon® sheets afforded free-standing polymer films, which were
subsequently used for thermomechanical and tensile analysis. Thermomechanical properties
were determined using a TA Instruments Q800 dynamic mechanical analyzer (DMA) at a
frequency of 1 Hz and a temperature ramp of 3 °C/min from 0 °C until flow. An Instron 4411
was used to perform tensile experiments at a crosshead speed of 0.5 mm/min and results are
reported as an average of five samples. Small angle X-ray scattering (SAXS) experiments were
performed using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped with a rotating anode
emitting X-ray with a wavelength of 0.154 nm (Cu Ka). The sample-to-detector distance was
1604 mm, and g-range was calibrated using a silver behenate standard. Two-dimensional SAXS
patterns were obtained using a fully integrated 2D multiwire, proportional counting, gas-filled
detector, with an exposure time of 1 h. All SAXS data was analyzed using the SAXSGUI
software package to obtain radially integrated SAXS intensity versus scattering vector q, where
q=(4mr/A)sin(0), O is one-half of the scattering angle and 4 is the wavelength of X-ray. SAXS
profiles were corrected for sample thickness and transmission. SAXS profiles were vertically
shifted to facilitate a comparison of the peak positions. Wide angle X-ray Diffraction (WAXD)
experiments were performed using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped with
a rotating anode emitting X-rays with a wavelength of 0.154 nm (Cu Ka). Scattering from a
silver behenate standard was used to calibrate the sample-to-detector distance. For WAXD, the
sample-to-detector distance was 80.0 mm. WAXD two-dimensional diffraction patterns were
obtained using an image plate, with an exposure time of 2 hours. All WAXD data were analyzed

using the SAXSGUI software package to obtain azimuthal averaged WAXD intensity versus 26
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profiles, where 0 is one half of the scattering angle. WAXD profiles were vertically shifted to

facilitate a comparison of the peak positions.

4.3.3 Polymer Synthesis

10,23
> For

All polymers were synthesized using a similar melt transesterification procedure.
the various compositions the charged weight percent SS ranged from 24-25 %, 52-54 %, and 64-
66 % referred to as 25, 50, and 65 wt. % throughout. For example, in preparation of poly(BB-
HD)47-ran-poly(BB-P10R52k)s3, where the subscript corresponds to the weight percent of each
segment charged and is further referred to as the 50 wt. % SS composition, 4.16 g of BB, 2.18 g
of HD, 5.01 g of P10R52k, and 40 ppm (0.04 mL) of titanium tetraisopropoxide catalyst were
added to a dry 100-mL round-bottomed flask equipped with a nitrogen inlet, mechanical stirrer,
and distillation apparatus. A slight excess of HD was charged relative to BB in the above
reaction, 1.00 mol eq BB to 1.43 mol eq HD, to compensate for potential premature low molar
mass monomer distillation. High molecular weight copolymers were produced despite an initial
offset stoichiometry since the excess was removed in the high temperature vacuum step at the
end of the polymerization. The reaction was purged with nitrogen and degassed three times to
ensure complete removal of oxygen prior to the start of the reaction. The round-bottomed flask
was then lowered into a metal bath at 190 °C and allowed to proceed with a nitrogen purge and
stirring for 2 h. The reaction temperature was then raised to 220 °C for another 2 h, followed by
an increase to 275 °C for 0.5 h. With stirring maintained, vacuum was then applied at 275 °C

and the reaction was complete after 2 h. The round-bottomed flask was broken to retrieve the

resulting solid opaque polymer which was used without further purification.
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4.4 Results and Discussion

4.4.1 Synthesis and Structural Confirmation

Main chain mesogen-containing polymers are often plagued with insolubility as the
symmetry and rigidity in the polymer backbone result in a high level of crystallinity.® These
physical characteristics pose a challenge for synthesizing high molecular weight polymers. Melt
transesterification allows for the successful synthesis of these polyester systems due to the
absence of solvent and promptly affords polyesters without any required purification steps.
Scheme 1 depicts the synthesis of poly(BB-HD)-ran-poly(BB-P10R5:k),, where biphenyl is the
mesogen, HD is the methylene spacer for the hard segment, and P10R5k is the soft segment (SS)
oligoether; denoted BBeP10RS, (mesogenmethylenc spacer lengthSSapproximate wi. % ss).  While
maintaining the same polymerization procedure, various methylene spacers and oligoethers
provided a myriad of segmented polyesters; BB4PTMO,, BBsPTMO,, BBsPTMO,, BBsPTMO.
This route easily allowed for tailoring polymer composition based on the weight ratio of reagents,

while the methanol byproduct and excess reagents distilled from the reactor under vacuum.
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Scheme 4.1. Synthesis of poly(BB-HD).-ran-poly(BB-P10R5,k), (BBsP10RS, series) using
melt transesterification
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Previous literature reported solubility of biphenyl-containing liquid crystalline polyesters

in trifluoroacetic acid (TFA) if quenched upon immediate removal from the melt to avoid the
highly crystalline morphology.” For the BBsP10RS, series, compositions with high soft
segment content (65 and 50 wt. %) dissolved in TFA without quenching, allowing structural
confirmation using 'H NMR spectroscopy. Figure 1 shows the 'H NMR spectra and
corresponding assignments for BBgP10RSso. Other series dissolved in a mixture of CDCl; and
pentafluorophenol without quenching. To quantitatively assess the composition of the soluble
BBsP10RS5, segmented copolymers, we evaluated the ratios of the integration of resonances g
and c (Figure 1), which correspond to peaks specific to the soft segment and hard segment. A
value of 0.10 for BBcP10R5¢5 and 0.17 for BBsP10R 55 corresponded well with the expected 15
wt. % difference in soft segment monomer feed between the two samples. GPC analysis and
intrinsic viscosity measurements were not achieved due to limited solubility, but all BBsP10RS5,
products formed films upon compression molding which is often indicative of high molecular

weight polymers.”*%°
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Figure 4.1. 'H NMR spectra of BBsP10R 55
4.4.2 Thermal and Morphological Characterization

Thermotropic main chain liquid crystalline polyesters generally demonstrate excellent
thermal stability, often possessing melting temperatures that exceed the polymer degradation
temperature.'> In contrast, low molecular weight polyether oligomers display limited thermal
stability; the temperature for the onset of degradation for P10RS (M, ~2000 g/mol) is 228 °C.
Upon copolymerization of the polyether oligomer, the resulting segmented polyesters possessed
Tq values similar to the liquid crystalline homopolymer, BB¢. Figure 2 depicts the thermal
degradation profiles for the BB¢P10RS, series. 2K P10RS oligoether and BBsP10RS4s both

revealed a slight two-step degradation, which converts to a smooth, one step degradation profile
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for BBsP10R5s9, BBsP10RS5,s, and BBs. Various BB,PTMO, compositions displayed one-step
degradations that were less dependent on soft segment content, and the onset of degradation
temperatures for the BB4PTMO, and BBsPTMO, were near 400 °C, whereas the BBsPTMO,

and BBsPTMO, degraded closer to 360 °C.
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Figure 4.2. Thermal degradation profiles of BBsP10RS, with soft segment (SS) and hard
segment (HS) homopolymer controls showing increased thermal stability with increasing HS
content

The melting temperature (Tm) of a polymer directly correlates to the ability and
propensity of the polymer chains to pack, thus a characteristic relationship between even and odd
methylene spacers results in higher and lower Ty’s respectively.”” Longer methylene spacers
also exhibit lower Ty,’s relative to the shorter even/odd spacers. This relationship between Ty,

and methylene spacer length was evident in the BB,PTMO, segmented copolymers, as shown in
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Figure 3. Comparing the various methylene spacers at 75 wt. % HS, a 115 °C decrease occurred
between the 4 and 5 methylene spacer, following a 36 °C increase to the 6 methylene spacer, and
finally a 30 °C decrease for the 8 methylene spacer. Despite the drastic decrease in Ty, from the
4 to 8 methylene spacer, the Ty, for the 8 methylene spacer remained higher than the 5 methylene
(odd) spacer; further demonstrating the packing ability of even and odd methylene units in the

polymer chains.
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Figure 4.3. The effect of methylene spacer length on the HS melting temperature of the
BB,PTMO, series at varying weight percent HS

The incorporation of a flexible oligomeric unit into the various segmented copolymers
inherently affords a segmented copolymer microstructure similar to the microstructure of a
thermoplastic elastomer.”” A microphase-separated morphology often results from physical

crosslinks and provides thermoplastic elastomers the tensile strength and elongation for many
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applications. Segmented polyurethanes, a class of thermoplastic elastomers, commonly require a
two-step synthesis to ensure a block copolymer with more control over the specific block lengths,

2829 1n contrast, all

and under most reaction conditions, each urethane bond is irreversible.
reactants under the high temperature procedure in this one-pot polymerization process readily
undergo transesterification, thus we assume the length of each polyester segment is random. The
transition temperatures obtained from the DSC thermograms provided insight into the bulk
morphology of the materials.’® In a microphase-separated network, each segment or block
maintains the thermal transitions of the respective homopolymer as opposed to intermediate
transitions arising from a phase-mixed morphology. The independence of the transition
temperatures from weight % HS for the BB,PTMO series depicted in Figure 3 as well as in

Figure 4 for the BB,10R5, series suggests a microphase-separated morphology for these

randomly segmented copolyesters.
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Figure 4.4. DSC analysis of BBP10RS5, series showing independent thermal transitions for the

hard and soft segments suggesting a microphase-separated morphology
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Figure 4.5. SAXS profiles for BBEP10RS, series (vertically shifted) which coupled with DSC
further supports a microphase-separated morphology

Small angle X-ray scattering (SAXS) was used to gain insight into the nanometer scale
morphology’' of these polymers. Scattering maxima resulting from ordered domains allows for
an estimation of characteristic dimensions using the equation d = (2r)/q where d corresponds to
the Bragg spacing and q is the scattering vector at the peak maximum. SAXS analysis was
performed on compression molded films of the BBs homopolymer and BBsP10RS5, series at
25 °C. The scattering profiles, depicted in Figure S exhibit a peak for each composition and
diffuse scattering for the segmented copolyesters at lower q values. Table 1 contains the
maximum q values for each peak and corresponding Bragg spacing. The calculated Bragg

spacing values correlated well with previously reported BB¢ homopolymer lamellar spacing
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values of 225 — 294 A > The consistent spacing between BBy and BB6P10RS, series
suggested the scattering peak corresponds to the hard segment and further confirmed the
microphase-separated morphology of these segmented copolyesters.

Table 4.1. Scattering vector maxima and calculated Bragg spacing from the SAXS profiles of
the BBcP10RS, series

Weight % HS q (nm) d (nm)
35 0.18 34
50 0.18 35
75 0.19 34
100 0.19 33

DSC is a common technique employed to determine if a polymer possesses a liquid
crystalline morphology; both the Ty, and isotropic temperature (T;) present an endotherm. Other
characterization techniques such as polarized optical microscopy (POM), used to visually depict
the LC texture, and wide-angle x-ray diffraction (WAXD) often couple with DSC to further
confirm and characterize the anisotropic morphology.”  Figure 4 overlays the DSC
thermograms for the BB;10RS5, series, where the hard segment homopolymer control is BB, (100

wt. % HS) and the independence of the thermal transitions for the hard and soft segments suggest

1.34 1.33

a microphase-separated morphology. Preston et al.” and Watanabe et al.” extensively studied
and characterized the LC morphology of BB, using DSC, SAXS and WAXD. The literature
describes three classes of liquid crystalline textures which depend on the molecular ordering of
the rigid rods; nematic, smectic, and cholesteric." BB, displayed a smectic A texture, indicating

a higher level of ordering than most LC polymers.*” In the present study BB, exhibited three
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transitions; a crystallization temperature, melting temperature, and isotropic temperature
corresponding to a LC morphology as expected. All traces shown in Figure 4 are from the
second heating cycle in the DSC and the unresolved exothermic peaks for the T, and T, of BB,
are most likely a result of the quench cooling procedure (100 °C/min) used.

A LC morphology was a key material property to preserve in the hard segment of the
segmented copolyesters as the anisotropy induces shear thinning and allows for injection
molding of intricate parts.*® As mentioned above, BB exhibited a small mesophase or
processing window under the experimental conditions, and furthermore, an isotropic exotherm
was not discernable in any of the second heat DSC traces of the segmented copolyesters.
Polymer crystallization requires both time and a specific temperature(s) window, thus thermal
transitions observed from DSC depend on both the heating and cooling rates.”> Since the quench
cooling procedure could constrain crystallization, we examined the first heating and cooling
cycle of BBs. BBg exhibited resolved T, and T; transitions in the first heat and cooling DSC
thermograms (Figure 11), corresponding closely with previous literature values (187 °C and
218 °C for the Ty, and Tj, respectively) of a slow cooled (10 °C/min) BBs homopolymer.*

Each segmented copolyester in the BBcP10RS, series lacked evidence of an isotropic
transition in the second heat DSC curves visible in Figure 4. To determine if the quench cooling
procedure hindered crystallization as observed for BBs, we examined the cooling curves and
detected both a Ty, and T; for all compositions in the BBgP10RSy series. Figure 6 overlays the
quench cooling curves for the BBsP10RS, series, and Table 2 reports the specific transition
values. The two exothermic peaks indicated the copolyesters retain the desired LC morphology
within the hard segment. The isotropic temperature exhibits a molecular weight dependence, yet

more importantly, depends on rigidity and molecular ordering.**°
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defects in the polymer chain can either decrease the mesophase or eradicate the LC morphology
altogether.” For the BBsP10RS, series, T; decreased with increasing soft segment content from
217 °C for BB down to 171 °C for BB6P10R5¢s. Although the thermal transitions provided
evidence of a microphase-separated morphology, the specific length and distribution of the hard
and soft polyester segments remain unknown. Therefore, the decrease in T; with increasing soft
segment could result from smaller hard segments (molecular weight effect) and/or the flexible
soft segments acting as large defects. As expected from the second heat curves in Figure 4, the
melting transitions remained similar for BBsP10R5,5 and BBsP10R5sy and decreased slightly

with an increase in SS.

Relative Heat Flow (W/g) (Exo Down)
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‘ l
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v v
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Figure 4.6. Quench cooling curves revealing a Ty, and T; for the complete BBcP10RS5, series

65



Table 4.2. Thermal transitions from the quench cooling traces for the liquid crystalline

BBsP10RS5, series

Weight % HS T, (°C) T, (°C)
35 124 171
50 142 181
75 167 198
100 163 217

Second heat DSC thermograms of the BB,PTMOj series with even methylene spacers (4,
6, and 8 units) displayed independent Ty,’s for the SS and HS, close to the expected values of the
specific homopolymers, and indicated a microphase-separated morphology as discussed above
and shown in Figure 3. Similar to the BB,P10RS5, series, Tr, peaks broadened with lower wt. %
HS content for the BBePTMOy, and BBsPTMOy series. The BBsPTMO,s, however, displayed a
HS exotherm with a large peak and shoulder providing a T, and T; of 180 °C and 194 °C,
respectively; this data corresponded well with previously reported results and was indicative of a
microphase-separated liquid crystalline morphology.”’ Figure 12 displays the quench cooling
and second heat DSC traces for BBsPTMO,s. Previous literature noted the BBaPTMOy, series
displayed a LC morphology above 55 wt. % HS, however, did not provide specific transition
temperatures.”’ Takahashi and Nagata®’ reported similar results for BBsPTMOy copolyesters,
showing above 66 wt. % HS retained liquid crystallinity and values obtained from DSC cooling
curves. Similar to the BBsP10RS5, series described earlier, second heat thermograms for the
BBsPTMOy series lacked evidence of isotropic transitions, however, the cooling curves exhibited

both a Ty, and T; characteristic of a LC material.
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Table 4.3. Melting and isotropic transitions determined from DSC quench cooling curves for

various liquid crystalline BB,PTMO, segmented copolyesters (“shoulder)

Methylene Spacer Weight % HS T, (°C) T, (°C)
Length (# C)

4 35 248 279
4 50 249 285
4 75 237 285
5 75 77 168
6 35 113 165
6 50 143 180
6 75 149 196
6 100 163 217
8 35 104 117
8 50 116 136
8 75 138 157

Table 3 summarizes the LC transition temperatures obtained from the quench cooling
thermograms of BB4PTMOy series, BBsPTMO,s, and both the BB(PTMO, and BBgPTMO,
series. The BB,PTMOj series exhibited similar trends as described above for the BBsP10RS,
series; both T; and T,, decreased with increasing soft segment content. These values indicated
the copolymers maintain a LC morphology within the hard segment despite approximately 65
wt. % of the segmented copolyester is comprised of the non-nematogenic soft segment. Limited
literature on liquid crystalline polymers containing methylene spacer lengths of 4 or less exists,

as the extremely high transition temperatures are often too close to or above the degradation
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temperature.” DSC analysis of the BB4PTMOy series displayed high Ty,’s near 300 °C on the
second heat and over the experimental temperature range (Tmax = 325 °C) BB4PTMO;5 exhibited

a Ti =312 °C. The higher SS compositions only displayed a T; upon cooling as tabulated above.

4 35 wt. % HS 50 wt. % HS

75 wt. % HS =100 wt. % HS
1.2 - ____A_J_JJ\-M/

I(a.u.)

0.2 1

0 T T T T T 1
0 10 20 30 40 50 60

20 (deg)

Figure 4.7. WAXD profiles of the BBsP10RS, series highlighting the highly crystalline hard
segment and appearance of polymorphs upon soft segment incorporation

Wide angle X-ray diffraction (WAXD) probes the crystalline structure of materials on a

smaller scale than SAXS and is capable of providing exact crystal lattices and polymer chain

¥ WAXD utilizes the Bragg equation, d = (271)/q, to determine crystal size and length

lengths.
scales. WAXD was performed on compression molded films of the BBsP10RS, series and the
overlaid curves, shifted vertically for ease of comparison, are displayed in Figure 7. The lack of
an amorphous halo for the BBs homopolymer (100 wt. % HS) indicated a highly crystalline

37,39

material, congruent with previous literature. An amorphous halo appeared upon
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incorporation of the soft segment and increased with increasing flexible content. The segmented
copolyesters maintained many peaks similar or identical to BB¢, as visible in Figure 7.
Supplemental information Table 5-8 contains all peak positions and calculated Bragg spacing for
each polymer in the BB¢PI10RS, series. Interestingly, increasing the soft segment also
introduced structure not observed in the homopolymer. These new peaks are attributed to soft
segment induced polymorphs and shows a distinct difference from WAXD profiles Takahashi

and Nagata®’ reported for BBPTMO segmented copolyesters with varying wt. % soft segment.

4.4.3 Thermomechanical Characterization and Tensile Testing

Many applications require materials with mechanical durability throughout the working
temperature range. To compare the effect of methylene spacer length and HS content, Figure 8a
depicts the DMA curves of BB¢PTMOs);, BBsPTMOs;, BBaPTMO,s, and BBsPTMO,s. The
general shape of the DMA trace reveals the PTMO SS glass transition temperature (T,), melting
temperature, followed by a rubbery plateau and ultimately flow. The overlay of these curves
highlights the profound effect of flexibility on thermomechanical performance. All samples
began with a similar storage modulus that dropped after SS melting to a plateau modulus
dependent on SS content.  This small synthetic alteration provides easily tunable
thermomechanical properties based on a desired or specified working temperature. Solely
focusing on the four compositions in Figure 8a, from 40 °C to 100 °C the achievable storage

moduli range from ca. 10 MPa to 500 MPa.
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Figure 4.8. Overlaid DMA curves for BBcPTMOs),, BBsPTMOs;, BBsPTMO,s, and
BBsPTMO>s (a) and thermomechanical analysis of the BBgP10RS, series (b)

The mechanical advantages of these segmented copolyesters are two-fold, as both the SS
and HS affect different thermal and thermomechanical regions. As described above, the
combination of SS content and HS structure impacted the plateau modulus providing tunable
thermomechanical properties. However, the HS also controlled the upper working temperature,
or flow region, of the material. For example, BB{PTMOs, and BBsPTMO,s exhibited similar
flow temperatures with BBPTMOs, containing half as much HS as BBsPTMO,s. A difference
in plateau moduli of almost half an order-of-magnitude for these two copolyesters further
demonstrated the advantages and capabilities of tunable transitions for applications with specific
material property guidelines.

Figure 8b shows the thermomechanical analysis of the BB(P10RSy series. Unlike the
BB,PTMO, series, the BBcP10RS, series first goes through a T,, followed by a crystallization
indicated with a slight increase in storage modulus, melting temperature, plateau modulus, and
terminal flow. The transition temperatures corresponding to the SS correlated well with the DSC
transitions observed for the 2K P10RS5 oligoether (Table 4). As expected, a similar trend

occurred with the BBsP10RS5, series as with the BB,PTMO, segmented copolyesters; both the
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plateau modulus and flow temperature increased with increasing HS content. The ability of a
material to recover from a stress or deformation, known as hysteresis, is a key attribute of

. . 41
clastomeric materials.*"

To probe the ability of these segmented copolyesters to recover from
thermomechanical deformation, a DMA experiment was performed on BBgP10RS5,s where
heating stopped at 100 °C (prior to the flow temperature), the sample cooled back to -100 °C,
and re-heated under the same conditions until flow. Figure 9a depicts the first heat and cooling
curves. After heating to 100 °C, BBcP10RS5,s returned to the initial storage modulus.
Furthermore, the second heat DMA trace overlaid the first heating curve almost perfectly and is

shown in Figure 9b. These results demonstrated the thermomechanical hysteresis and

mechanical integrity of these materials, which will allow for use in a broad range of potential

applications.
b
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Figure 4.9. First heat and cooling DMA curves (a) and overlaid first heat, cool, and second heat

traces (b) showing thermomechanical hysteresis of BBsP10R52s
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Figure 4.10. Representative tensile curves for BBcP10R 55y and BBsP10RS5;5
Tensile testing of both BBsP10R5s) and BBcP10RS5,5 further probed the effect of HS

10

composition on mechanical properties and ductility. Figure 10 displays representative tensile

curves for each composition. The average Young’s modulus, calculated from the initial slope of

the stress vs strain curve, is 19 £ 1 MPa for BB¢P10R550 and 107 + 12 MPa for BBsP10R55s.

This demonstrated the large impact of HS content on the overall strength of the copolyesters.

BB¢P10RS5,5 exhibited a higher stress at break than BBsP10R 550 however, incorporating only 25

wt. % more SS, the strain at break doubled from 3.9 + 0.4 % for BBsP10R5,5 to 8.2 + 1.5 % for

BB¢P10RSs.
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4.5 Conclusions

Melt transesterification afforded liquid crystalline segmented copolyesters containing
various HS methylene spacer lengths and either PTMO or P10R5 SS oligoethers. 'H NMR,
TGA, DSC, SAXS, WAXD, DMA, and tensile testing provided structural determination, thermal,
morphological, and thermomechanical analysis.  Varying both copolymer structure and
composition allowed for an investigation of the effect of HS methylene spacer length on thermal
and thermomechanical properties, as well as exploring the ability of these randomly segmented
polyesters to obtain a LC morphology. The effect of methylene spacer length on thermal
properties followed the established even/odd trend; a higher T, resulted from the shorter
methylene spacer. For example, BB4PTMO,s HS exhibited a T, of 298 °C while the
BBgPTMO,s HS T, was 186 °C. Thermomechanical analysis demonstrated the same trend,
showing increasing plateau moduli with increasing HS content and a similar depressed
temperature range for polyesters containing longer methylene spacers. Further characterization
of the tensile properties of the novel BB¢P10RSy series revealed the effect of HS composition,
with an average Young’s modulus for BBsP10RS5;5s of 107 + 12 MPa compared to the 19 + 1
MPa for BBsP10R559 and a near doubling of the strain at break. Some key attributes of these
segmented copolyesters include the microphase-separated morphology determined from both
DSC and SAXS and liquid crystalline morphology retained in the hard segment. The
straightforward one-pot synthesis and ease of varying comonomers resulted in a broad range of
high-performance segmented (co)polyesters with tunable morphology, thermal, and
thermomechanical properties capable of impacting a variety of electronic devices and aerospace

materials.
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Figure 4.11. First heat and quench cooling cycle DSC thermogram of BB homopolymer
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Figure 4.12. The quench cooling and second heat DSC curve for the liquid crystalline
BBsPTMO;s exhibiting a Ty, and T; for the hard segment and Ty, for the soft segment

Table 4.4. Thermal transitions from DSC for the neat 2K P10RS5 SS oligomer

SS T, (°C) T, (°C) T, (°O)

Pluronic® -64 -25 17
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Table 4.5. BBsP10R5¢s WAXD peaks and corresponding Bragg spacing

35 wt. % HS

q(A) 20 (deg) d(A)
0.9 12.5 7.1
1.1 16.0 5.5
1.3 18.8 4.7
1.4 20.5 43
1.7 23.8 3.7
1.8 253 3.5
1.9 26.5 3.4
2.1 30.0 3.0
2.3 32.6 2.7
2.5 35.1 2.6
2.6 37.7 2.4
2.9 42.1 2.1
3.0 43.4 2.1
3.2 45.5 2.0
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Table 4.6. BBsP10R5590 WAXD peaks and corresponding Bragg spacing

50 wt. % HS

q(A) 20 (deg) d (&)
0.8 113 7.8
0.9 12.6 7.0
1.1 16.1 5.5
1.3 18.7 4.7
1.4 19.6 45
1.4 20.4 4.4
1.5 21.8 4.1
1.7 23.7 3.8
1.8 25.2 3.5
1.9 26.4 3.4
2.0 28.1 32
2.1 29.8 3.0
2.3 32.7 2.7
2.5 353 2.5
3.0 432 2.1
3.3 47.7 1.9
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Table 4.7. BBsP10R5,5 WAXD peaks and corresponding Bragg spacing

75 wt. % HS

q(A) 20 (deg) d (A)
0.8 11.4 7.8
1.4 19.6 45
1.5 21.9 4.1
1.6 22.7 3.9
1.8 25.1 3.5
2.0 28.2 32
2.1 29.5 3.0
3.0 435 2.1
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Table 4.8. BB WAXD peaks and corresponding Bragg spacing

100 wt. % HS

q(A) 20 (deg) d(A)
0.7 9.6 9.2
0.7 10.3 8.6
0.8 11.3 7.8
1.0 14.4 6.2
1.1 15.1 5.8
1.2 16.5 5.4
1.3 17.7 5.0
1.4 19.4 4.6
1.4 20.5 43
1.6 21.9 4.1
1.6 22.3 4.0
1.6 22.9 3.9
1.8 24.8 3.6
1.9 26.3 3.4
2.0 27.9 3.2
2.0 28.9 3.1
2.2 30.8 2.9
3.1 43.9 2.1
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Chapter S: Free Radical Polymerization of Caffeine-Containing Methacrylate
Monomers

(Manuscript Just Accepted for Publication in the Journal of Polymer Science Part A: Polymer
Chemistry)

Ashley M. Nelson, Sean T. Hemp, Jessica Chau, and Timothy E. Long

Department of Chemistry, Macromolecules and Interfaces Institute
Virginia Tech, Blacksubrg, VA 24061-0212

5.1 Abstract

The incorporation of acrylic functionality into caffeine enables the preparation of a vast
array of novel thermoplastics and thermosets. A two-step derivatization provided a novel
caffeine-containing methacrylate monomer capable of free radical polymerization. Copolymers
of 2-ethylhexyl methacrylate and caffeine methacrylate (CMA) allowed for a systematic study of
the effect of covalently bound caffeine on polymer properties. 'H NMR and UV-vis
spectroscopy confirmed caffeine incorporation at 5 and 13 mol %, and SEC revealed the
formation of high molecular weight (co)polymers (> 40,000 g/mol). CMA incorporation
resulted in a multi-step degradation profile with initial mass loss closely correlating to caffeine
content.  Differential scanning calorimetry, rheological, and thermomechanical analysis
demonstrated that relatively low levels of CMA increased the glass transition temperature,

resulting in higher moduli and elucidating the benefits of incorporating caffeine into polymers.
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5.2 Introduction

Nature plays an inspirational role in polymer science, providing designs and templates for
complex functions and properties as well as offering an abundance of renewable resources.'”
Research dealing with the incorporation of renewable or bio-based compounds into polymeric
materials surged as environmental concerns and efforts towards sustainability increased.””
Consideration of the effect of synthetic materials on the environment is pervasive in both
academic and industrial laboratories.”” One means to achieve the goals of green chemistry
includes the synthesis of functional materials solely comprised of bioderived compounds, e.g.,
poly(lactic acid).® Alternatively, introducing small amounts of renewable compounds into a
polymeric material offers a route to achieve increased sustainability while either attempting to
maintain the original material properties or further tuning properties.” Monomers derived from
corn feedstock, particularly sugar-based alcohols and acids such as 1,4:3,6-dianhydrohexitols
and succinic acid found great success as they readily possess functional groups for derivatization
and polymerization.'*"

Caffeine, a well-known stimulant present in coffee and chocolate, belongs to a class of

1415 Other xanthine derivatives with a similar chemical

molecules referred to as xanthines.
structure include theophylline and theobromine, depicted in Figure 1 below. Encapsulation,

delivery, molecularly imprinted polymers (MIPs), and the effect on oxygen permeability of

16-21 1 20

polyesters represent recent research topics for caffeine. For example, Bowyer et a
synthesized caffeine and theophylline MIPs using both microwave and thermally induced
polymerization. The polymerization technique affected the rebinding affinity; microwave MIPs

exhibited higher dissociation constants than the thermally induced MIPs. Caffeine nearly

doubled the oxygen barrier as an additive in 500-mL poly(ethylene terephthalate) bottles.'®
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Oxygen transmission rates decreased from 0.046 cc/pkg/day for a bottle without caffeine to
0.0306 cc/pkg/day and 0.0261 cc/pkg/day with only 3 and 5 weight percent caffeine
incorporation respectively. The patent invokes an antiplasticization effect of caffeine, however,

the origin of this dramatic increase in gas barrier has remained unexplored.
O H O
- , H /
N N N N
A A
A

Caffeine Theophylline Theobromine

Figure 5.1. Chemical structures of caffeine (with atoms numbered for reference), theophylline,
and theobromine

Natural polymers, chemicals, and chemical processes exhibit a high level of structural
complexity, bestowing intricate functions and properties.””> Many strive toward mimicking
natural design when synthesizing polymers, such as the ability of a gecko to walk on walls, the
color-changing capabilities of a chameleon, and our own biological code — deoxyribonucleic acid
(DNA).?*  Polymerizable functional groups or reactive sites are essential for chemical
derivatization and polymerization. Unlike adenine, caffeine does not contain a readily reactive
functional group such as an amine. This aromatic heterocycle, which contains hydrogen bond
accepting carbonyls, non-covalently interacts with receptors and remains unaltered chemically.*

In the early 1970’s, Salomon and coworkers”

reported the ability to incorporate hydroxyl
functionality at the 8-position of caffeine, adenine, adenosine, guanosine, and 2’-deoxyguanosine.

Figure 2 depicts the chemical similarity between adenosine, caffeine, and the nucleobase

adenine. More recently, Alami et al.*’ alkenylated at the 8-position of caffeine with a Pd/Cu
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catalyzed coupling reaction. Upon careful analysis of the literature, caffeine is present in many
publications; however, derivatizing and covalently incorporating caffeine into a copolymer

remains unexplored.

NH,
N N

</ | / 223 o N

HO A / 7N
0 0~ N~ N
| NH2
OH OH
Adenosine Caffeine Adenine

Figure 5.2. Chemical structures of adenosine, caffeine, and adenine (with atoms numbered for

reference)

In this manuscript, we describe for the first time the synthesis, polymerization, and
physical characterization of caffeine-containing copolymers. A novel caffeine methacrylate
(CMA) monomer, which is available from a photoreaction to introduce an alcohol and
subsequent reaction with methacryloyl chloride, readily underwent free radical copolymerization
with 2-ethylhexyl methacrylate (EHMA). Poly(EHMA) served as a control, and incorporation of
various amounts of CMA allowed for an investigation of the effect of caffeine on acrylic
copolymer properties. 'H NMR spectroscopy confirmed CMA incorporation, and CMA altered
the thermal, thermomechanical, rheological, and UV-vis absorbance properties. = These
copolymers demonstrate the capability and feasibility of incorporating the renewable resource
caffeine into acrylic polymers and elucidate the influence of the heterocyclic structure on

polymer properties.
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5.3 Experimental

5.3.1 Materials

Caffeine (99 %), methacryloyl chloride (MAC; 97 %), Luperox” DI (di-tert-butyl
peroxide, DBP; 98 %), and dioxane (spectrophotometric grade, 99+ %) were obtained from
Sigma Aldrich and used as received. Triethylamine (TEA; Sigma Aldrich; > 99 %) was distilled
from calcium hydride prior to use. 2-ethylhexyl methacrylate (EHMA; Sigma Aldrich; 98 %)
was eluted through an aluminum oxide column to remove inhibitor prior to use. 4,4’-Azobis(4-
cyanopentanoic acid) (V-501; Sigma Aldrich; > 98 %) was recrystallized from ethanol prior to
use. Chloroform (CHCls), methanol (MeOH), isopropanol (IPA), and tetrahydrofuran (THF;
stabilized with 0.025 % BHT) were purchased from Spectrum Chemicals and used as received.
Ethanol (EtOH) was obtained from Decon Laboratories, Inc and used as received. Dry
dichloromethane (DCM) was obtained upon treatment with a Innovative Technology Puresolve

solvent system.

5.3.2 Analytical Methods

"H NMR spectroscopy was performed on a Varian Inova or Agilent U4-DD2 400 MHz
spectrometer with samples prepared in deuterated chloroform (CDCls) or deuterated dimethyl
sulfoxide (DMSQgs). Dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS at
25 °C provided the hydrodynamic diameter of the copolymers in THF. The (co)polymer
solutions were filtered through a 0.45 pm PTFE syringe filter prior to analysis and the results are
an average of 3 runs. Size exclusion chromatography (SEC) was performed in THF on a Waters

515 HPLC pump equipped with a Waters 717plus autosampler. Samples were analyzed at a
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concentration of 1 mg/mL in THF through a series of three Polymer Laboratories PLgel 5 um
MIXED-C columns at a flow rate of 1 mL/min and results obtained using a Waters 2414
refractive index (RI) detector and Wyatt Technology Corporation Mini-dawn MALLS detector.
Absolute molecular weight data was obtained using the dn/dc value for poly(EHMA) in THF
determined offline with a Wyatt Technology Optilab® T-rEX refractive index detector. Thermal
transitions of the (co)polymers were obtained using a TA Instruments Q50 TGA and TA
Instruments Q1000 DSC affording degradation temperatures (T,) and glass transition
temperatures (T,) respectively. A heating rate of 10 °C/min was used for the TGA and a
heat/cool/heat method of 10 °C/min from room temperature to 100 °C, 10 °C/min from 100 °C
to -80 °C, and 10 °C/min from -80 °C to 100 °C was used for the DSC and thermograms

reported from the second heating, ensuring all samples had identical thermal history.

5.3.2.1 Photoreactions

Photoreactions were conducted in an Ace Glass photochemical safety cabinet using a
24.4475 cm 450 W ultraviolet (UV) immersion lamp connected to a 120 V, 60 Hz, 450 W UV
power supply. The UV immersion lamp was placed inside a water-cooled condenser which fit

inside a Pyrex® apparatus equipped with a N, inlet and outlet.

5.3.2.2 Thermomechanical Analysis

Dynamic mechanical analysis (DMA) was performed on a TA Instruments Q800 DMA in
tension mode conducted at a frequency of 1 Hz. Samples were equilibrated at -50 °C, held for 5

min, and then heated at a rate of 3 °C/min until flow. Polymer films were solution-cast from
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CHCI; onto a Mylar sheet, maintained at 20 °C overnight, placed in a vacuum oven at ca. 50 °C

for at least 7.5 h, and finally vacuum was closed and the film remained at 50 °C for at least 22 h.

5.3.2.3 Ultraviolet-Visible Spectroscopy

A Ocean Optics Inc. USB 2000 spectrometer coupled to a CUV sample holder providing
a 1 cm pathlength enabled ultraviolet-visible (UV-Vis) spectroscopy. An Analytical Inst.
Systems Model DT 1000CE UV light source provided a wavelength range of 190 — 850 nm. All
solutions were prepared in dioxane and measurements occurred in a quartz cuvette. 10 M
caffeine control solutions and 2.6(10”) M caffeine-containing copolymer solutions (normalized

to caffeine content) were suitable for quantitative absorbance measurements.

5.3.2.4 Melt Rheology

A TA Instruments Discovery HR-2 hybrid rheometer equipped with an environmental
test chamber (ETC) provided time-temperature superposition (TTSP) melt rheology data. The
measurements were performed using an 8 mm parallel plate steel geometry. An amplitude
sweep was conducted first to ensure frequency measurements were performed at a strain within
the viscoelastic regime of the material, and master curves were shifted to a reference temperature

(Trer) of 30 °C. Complex viscosity data was also reported for all samples at 30 °C.

5.3.2.5 Synthesis of hydroxyl functionalized caffeine

The procedure involved an adaptation of a previously reported procedure’” and the
MeOH, EtOH, and IPA caffeine derivatives were all prepared in a similar manner. The
photoreactions were conducted in the setup described above. For example, the synthesis of the
MeOH derivative, 8-(hydroxymethyl)-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione, follows.
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10.0 g of caffeine, 87 mL of reverse osmosis (RO) water, and 350 mL of MeOH were added to
the photoreactor glassware with a magnetic stir bar. 25 mL of DBP was then added to the
reaction and a 15 min N, purge with stirring was allowed prior to UV irradiation. Upon
irradiation, aliquots were extracted to monitor the progress of the reaction. Excess reagents were
removed using a rotary evaporator and the crude mixture was dried in a vacuum oven (~50
mmHg) at ca. 90 °C overnight. The crude reaction mixture was used in the subsequent acid
chloride reaction; however, isolation of the compound was possible using silica gel
chromatography. The crude reaction mixture was dissolved in 1:1 CHCl;:MeOH, loaded onto
the column and eluted with a 9:1 CHCl;:MeOH solvent mixture. Prior to running the column,
thin layer chromatography (TLC) was performed to ensure good separation. Using the
aforementioned solvent system, caffeine exhibited an R, value of 0.46 and the product exhibited
an R; value of 0.23. After collecting the product from the column, a rotary evaporator removed
the solvent and the product was dried in a vacuum oven at ca. 40 °C. The isolated product (93 %
pure via NMR) was a white solid. HRMS: caled for C,H,,N,0;, 224.09; found, 224.09. 'H
NMR (400 MHz, DMSO-d,, 9): 3.90 (s, 3H, -N-CH,), 3.39 (s, 3H, -N-CH,), 3.20 (s, 3H, -N-
CH,),4.57 (d,2H, -CH,-),5.64 (t, 1H, -OH).

8-(1-hydroxyethyl)-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione (EtOH derivative).
HRMS: calcd for C,,H,,N,O;, 238.11; found, 238.05. 'H NMR (400 MHz, CDCl,, 8): 3.95 (s,
3H, -N-CH,), 349 (s, 3H, -N-CH,), 3.33 (s, 3H, -N-CH;), 4.94 (q, 1H, -CH-), 1.58 (d, 3H, -CH;-
), 2.85 (br, -OH).

8-(2-hydroxypropan-2-yl)-1,3,7-trimethyl-3,7-dihydro- 1 H-purine-2 ,6-dione (IPA
derivative, crude). '"H NMR (400 MHz, CDCl,, 8): 4.10 (s, 3H, -N-CH,), 3.43 (s, 3H, -N-CH,),

3.27 (s, 3H, -N-CH,), 1.62 (s, 6H, -(CH,),), 2.72 (br, -OH).
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5.3.2.6 Synthesis of caffeine methacrylate

Methacrylates were synthesized from both the MeOH and EtOH caffeine derivatives.
Starting from the MeOH caffeine derivative, the following procedure describes the synthesis of
(1,3,7-trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1 H-purin-8-yl)methyl methacrylate (CMA). Dry
DCM was added to the crude hydroxyl functionalized caffeine reaction mixture. The dissolved
mixture in DCM was cannulated into a dry round-bottomed flask equipped with a magnetic stir
bar. Using dry syringe techniques, TEA (0.1 mol equivalent excess compared to MAC) was
added to the reaction and the contents were stirred in an ice bath. MAC was added to the
reaction and the reaction was allowed to proceed, slowly warming up to room temperature with
stirring overnight. A rotary evaporator removed excess reagents. Conventional free-radical
polymerization was performed on the crude reaction mixture; however, dissolving the crude
mixture in 20:1 CHCIl3:MeOH and eluting with 2:1 CHCls:acetone on a silica gel column
allowed for CMA isolation. After collecting the appropriate fractions from the column, rotary
evaporation removed the solvent and the product was dried in a vacuum oven at 50 °C overnight.
HRMS: caled for Ci3H;¢N4Os, 292.12; found, 292.12. 'H NMR (400 MHz, CDCl;, 9): 4.03 (s,
3H, -N-CHs), 3.57 (s, 3H, -N-CH3), 3.40 (s, 3H, -N-CHs3), 5.27 (s, 2H, -CH>-), 6.16 (s, 1H, -H),
5.65 (t, 1H, -H), 1.95 (s, 3H, -C-CHj3).

1-(1,3,7-trimethyl-2,6-dioxo0-2,3,6,7-tetrahydro-1 H-purin-8-yl)ethyl methacrylate (from
EtOH caffeine derivative). HRMS: calcd for C14H;§N4O4, 306.13; found, 306.13. "H NMR (400
MHz, CDCls, 6): 4.01 (s, 3H, -N-CH3), 3.56 (s, 3H, -N-CH3), 3.38 (s, 3H, -N-CHj3), 6.02 (q, 1H,

-CH-), 1.73 (d, 3H, -C-CH3), 6.15 (t, 1H, -H), 5.63 (t, 1H, -H), 1.94 (t, 3H, -C-CHj3).
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5.3.2.7 Free radical copolymerization of (1,3,7-trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-
purin-8-yl)methyl methacrylate (CMA)

Conventional free radical polymerization afforded poly(ethylhexyl methacrylate)
(poly(EHMA)) and caffeine-containing copolymers. All polymerizations were conducted in
dioxane at 10 % solids using 4,4'-azobis(4-cyanopentanoic acid) (V-501) as the free radical
initiator (0.67 mol % for EHMA and 1.0 mol % for the copolymerizations). The reagents were
added to a single-neck, round-bottomed, flask equipped with a magnetic stir bar, sparged with an
inert gas, and then allowed to react for approximately 24 h at 70 °C. Polymers were isolated
upon precipitation into MeOH for poly(EHMA) and poly(EHMAys-co-CMAs), 80:20
MeOH:H,O0 for poly(EHMAg7-co-CMA 3); all products were filtered and dried in vacuo at 50 °C

overnight.

5.4 Results and Discussions

5.4.1 Synthesis and Copolymerization of Caffeine-containing Methacrylate

Caffeine lacks functional groups capable of undergoing polymerization, thus chemical
modification was necessary to achieve a caffeine-based monomer. Previous literature reported
the methodology to introduce hydroxyl functionality at the 8-position of a variety of purine
derivatives using a peroxide-initiated photoreaction between the purine and alcohol.”” This
reaction served as a first step, placing the reactive hydroxyl group on caffeine allowing for
further derivatization to a methacrylate. Scheme 1 depicts the photoreaction and conditions used
to synthesize the methanol caffeine derivative. The bond created in the photoreaction forms at

the carbon directly adjacent to the hydroxyl group, therefore, different alcohols (methanol,
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ethanol, and isopropanol) afforded caffeine with a primary, secondary, and tertiary hydroxyl,
respectively.

Scheme 5.1.  Synthesis of hydroxyl-functionalized caffeine using a peroxide-initiated

photoreaction

o Q@
~ N, CH,OH, DBP,H,0 ~ N OH
N 3 > > +42 N
Q\)Hi ) >20mm 200N, ) o
O ITI N ') [\lj N

Figure 3 depicts the chemical structures and caffeine conversion as a function of
exposure time for the three hydroxyl-functionalized caffeine derivatives. Caffeine conversion
plateaued at 30 % for each reaction despite the stability difference between the three carbon
radical intermediates (1° < 2° < 3°). Murgida et al.*® studied the photoreaction of caffeine,
theophylline, and theobromine (Figure 1) initiated with benzophenone. The proposed
mechanism included a caffeine radical intermediate formed upon reaction of caffeine with the
alcohol-based radical. The final product, hydroxyl-functionalized caffeine, ultimately formed
from coupling of the radical intermediate of caffeine with either the alcohol-based radical or the
benzophenone radical. Two routes prohibit the necessary caffeine radical intermediate: (1)
combination of two alcohol-based radicals, and (2) combination of the photoinitiator radical with
an alcohol-based radical. The molar excess of alcohol to both caffeine and peroxide in our
reaction (173:1:6 respectively for the MeOH derivative) favors alcohol-based radical
combination/termination, presumably eliminating the effect of radical stability on caffeine

intermediate formation, resulting in similar conversion for each reaction.
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Figure 5.3. Photoreaction kinetics of caffeine with various alcohols as a function of time,
determined using 'H NMR spectroscopy, with primary (methanol), secondary (ethanol), and

tertiary (isopropanol) radicals showing the independence of radical intermediate stability

Placing the hydroxyl group on caffeine provided a reactive chemical site for further
derivitization to a polymerizable methacrylate. A commonly employed reaction with
methacryloyl chloride (MAC), as depicted in Scheme 2, provided a caffeine methacrylate
(CMA) monomer.”'”* This second and final reaction in the monomer synthesis succeeded on the
crude photoreaction mixtures, eliminating challenging isolation and purification steps. Figure
13 displays the '"H NMR spectrum for CMA. 2-ethylhexyl methacrylate (EHMA), which is a
well-studied monomer providing a low glass transition temperature (Ty), served as a comonomer

33-35

to observe the influence of caffeine on thermomechanical properties. Conventional free
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radical copolymerization in dioxane of commercially available EHMA, CMA, and V-501 as a
radical initiator, as represented in Scheme 3, generated copolymers containing covalently bound
caffeine. Varying feed ratios of CMA to EHMA afforded a series of caffeine-containing
copolymers.

Scheme 5.2. Synthesis of caffeine methacrylate (CMA) monomer
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Scheme 5.3. Synthesis of caffeine-containing copolymers using conventional free radical

polymerization
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5.4.2 Structural Confirmation and Molecular Weight Analysis of Poly(EHMA -co-

CMA,)

Copolymerization proceeded on crude CMA to expedite synthesis and eliminate unnecessary
solvent and waste from workup procedures. This strategy prevented a determination of an
accurate CMA feed ratio, therefore NMR after polymer purification provided actual mol % CMA
incorporation. Figure 4 depicts the "H NMR spectra of poly(EHMAos-co-CMAs). The region
below 2 ppm corresponds to the backbone peaks and pendant alkyls on EHMA; however,

integration of the distinct resonances for the three methyl groups on caffeine and the methylene
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adjacent to the ester for each monomer quantified mol % CMA. Purified control poly(EHMA)
and CMA copolymers containing 5 and 13 mol % CMA (using integrations from resonance a
and d in Figure 4) allowed for an investigation of the impact of CMA on polymeric properties.
Precipitation revealed an initial solubility difference; poly(EHMAg;-co-CMA3) required an

80:20 MeOH:H,0 mixture as opposed to 100 % MeOH for poly(EHMA) and poly(EHMAgs-co-

CMAS).

CDCl,

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure 5.4. Structural confirmation of poly(EHMAgs-co-CMAs) using 'H NMR spectroscopy

UV-Vis spectroscopy is a common analytical tool for evaluating conjugated molecules
and polymers.”’®’ Researchers utilized UV-Vis measurements to quantify and detect caffeine for
various applications including determining the concentration in coffee and investigating
mutagenic activity.”®*  Figure 5 displays the UV-Vis absorption spectra for caffeine,
poly(EHMAys-co-CMAs), and poly(EHMAg7-co-CMA3), confirming successful caffeine

incorporation. Neat caffeine exhibited a maximum wavelength (Ama) of 276 nm while
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poly(EHMAys-co-CMA5) and poly(EHMAg7-co-CMA 3) revealed similar elevated Amax values of
282 nm and 283 nm, respectively. Increased conjugation enhances the stability of the m* state,
which simultaneously decreases the energy required for the transition ultimately increasing the
wavelength of absorption.’®” Therefore, the additional t bond and resonance present in the

CMA-containing copolymers from the ester could account for the observed bathochromic shift.
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Figure 5.5. Normalized absorbance spectra for CMA-containing copolymers, including a
caffeine control in dioxane showing a distinct red shift when caffeine is bound to the polymer
backbone

Size exclusion chromatography (SEC) in THF provided absolute molecular weight
analysis of poly(EHMA), poly(EHMAys-co-CMA5), and poly(EHMAg7;-co-CMA ;). Figure 6

depicts the light scattering (LS) traces and Table 1 displays the corresponding weight-average
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molecular weight (My) and polydispersity index (PDI) for each copolymer. Offline
determination of the refractive index increment, dn/dc, for poly(EHMA) afforded absolute
molecular weight. Using the dn/dc value addressed the chemical dissimilarity between the
CMA-containing series and the polystyrene chromatography columns; however, it is important to
emphasize that the poly(EHMA) dn/dc generated the molecular weight data for all three
(co)polymers in the series. A separate determination of the dn/dc value for each copolymer

composition would minimize the effect of compositional differences on the results.

—vpoly(EHMA)

=== poly(EHMA5-co-CMA)
— poly(EHMAg,-co-CMA ;3)

T T A Y |‘|-|.u"l'1‘.' e

30

Time (min)

Figure 5.6. Light scattering SEC chromatograms of poly(EHMA) control and caffeine-
containing copolymers
The three LS traces in Figure 6 show poly(EHMA) eluting first corresponding to the

highest My, of 99.2 kg/mol (Table 1). Although lower, both poly(EHMAys-co-CMAs) and
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poly(EHMAjs7-co-CMA 3) exhibited suitable Mys for conventional free radical polymerization of
78.5 kg/mol and 40.1 kg/mol, respectively. A higher concentration of V-501 initiated the 5 and
13 mol % CMA copolymers compared to the poly(EHMA) control. Since polymerization rate
scales according to the square root of initiator concentration, the increased V-501 concentration
lowers the final attainable polymer molecular weight and presumably contributed to the observed
decreased M. Poly(EHMA) and poly(EHMAs-co-CMAs) displayed monomodal LS traces,
whereas poly(EHMAg;-co-CMA 3) contained a high molecular weight shoulder and slight low
molecular weight shoulder. This could originate from the isolation procedure and/or poor THF
dissolution during chromatography for this particular copolymer composition. Dynamic light
scattering (DLS) in THF of the (co)polymers showed monomodal hydrodynamic diameter
distributions (99.9 % of mean volume) of 12 + 5 nm, 9 + 3 nm, and 8 + 2 nm for poly(EHMA),
poly(EHMAys-co-CMAs5), and poly(EHMAg7-co-CMA3), respectively. These results provided
evidence for good solubility in THF to ensure reliable SEC data. In lieu of the high molecular
weight shoulder present in poly(EHMAg7;-co-CMA;3), DLS also specified hydrodynamic
diameter as a function of intensity. An aggregation peak near 100 nm increased with increasing
CMA content from 7 % for poly(EHMA) to 30 % and 49 % for poly(EHMAys-co-CMAs5s) and
poly(EHMAg7-co-CMA3), respectively. This aggregation could account for the observed
shoulder in the poly(EHMAg7-co-CMA3) SEC trace.  Figure 14 displays the hydrodynamic

diameters for the (co)polymers as a function of mean volume % (a) and mean intensity % (b).
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Table 5.1. Molecular weight and thermal degradation of caffeine-containing copolymers

Mol % CMA* Wt.% CMA M, (kg/mol)> PDI® Ty 0 O Wt Lossy; (%) Tygmaronset CC)©
0 0 99.2 213 269 N.D. N.D.

5 7 78.5 1.89 195 10 313

13 18 40.1 212 194 13 315

a: Calculated from 'H NMR

b: Absolute molecular weight data obtained from THF SEC at 40 °C using dn/dc = 0.088
c: TA Instruments Q50 thermogravimetric analyzer (TGA) heating at 10 °C/min

N.D. = not detected

5.4.3 Thermal, Thermomechanical, and Rheological Characterization of Caffeine-

containing Copolymers

Thermogravimetric analysis (TGA) provided weight loss as a function of temperature in a
N, atmosphere for the (co)polymer series. Poly(EHMA) displayed a one-step degradation
occurring at 228 °C while both poly(EHMAgs-co-CMAs) and poly(EHMAg7-co-CMA3)
displayed multi-step degradation profiles. Figure 7 depicts the decomposition curves and Table
1 specifies the degradation temperatures (T4) and corresponding % weight loss. CMA-
containing copolymers displayed an initial degradation lower than poly(EHMA), however, the
largest degradation step of the copolymers increased ~50 °C compared to poly(EHMA). The
final degradation temperature increased from 269 °C for poly(EHMA) to 313 °C and 315 °C for
poly(EHMAys-co-CMAs) and poly(EHMAg7;-co-CMA3), respectively.  Additionally, the

absence of early weight loss suggested the absence of volatile by-products.
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Figure 5.7. Two-step thermal degradation profile of caffeine-containing copolymers

Interestingly, the initial wt. loss in poly(EHMAgs-co-CMAs) and poly(EHMAg;-co-
CMA3) closely correlated to the loss of pendant caffeine. Beta hydrogen elimination is a
commonly reported degradation route for methacrylates with pendant side chains or groups.***
CMA, however, does not contain any beta hydrogens eliminating the common route as a possible
mechanism for caffeine loss. Fodor et al.* extensively researched the thermal decomposition of
poly(N-vinylimidazole) using pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS).
This highly sensitive analytical technique identified 10 different small molecule byproducts, one
of them being imidazole. Figure 8 depicts the proposed mechanism (left) constructed to support

imidazole as a decomposition product. As discussed above, the photoreaction in the first step of

CMA synthesis occurs through a radical intermediate at the same position on caffeine in which
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the proposed degradation mechanism occurs. With the propensity of caffeine to lose a hydrogen
at the same attachment point, the right side of Figure 8 proposes a mechanism of sidegroup
elimination and subsequent hydrogen abstraction to explain the observed caffeine loss.
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Figure 5.8. Proposed thermal degradation route of caffeine-containing copolymers resulting in
the loss of free caffeine. Adapted with permission.*

Differential scanning calorimetry (DSC) revealed a broad glass transition temperature for
poly(EHMA), poly(EHMAys-co-CMAs) and poly(EHMAg7;-co-CMA ;). Although difficult to
assign an exact value due to the breadth of the transition, the observed T, of poly(EHMA)
corresponded well with the literature value of ~-10 °C.>> Incorporating caffeine increased the T,
of the polymers, visible from the plateau of the step-wise T, shifting to the right for

poly(EHMAys-co-CMAs) and higher for poly(EHMAg;-co-CMA;3). The lack of any
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endothermic transitions indicated amorphous (co)polymers, and a single T, suggested random
copolymerization of the two methacrylates without microphase-separation. Placing hydrogen
bonding sites pendant to the polymer backbone, Zhang et al.*® observed highly-ordered lamellar
morphologies. Cheng and coworkers®’ also observed H-bonding driven self-assembly upon
synthesizing poly(acrylates) containing 7 mol % of an adenine-containing acrylate. Surprisingly,
polymerizing a thymine-containing acrylate in concentrations up to 30 mol % incorporation did
not exhibit any self-assembly. Caffeine does not hydrogen bond with itself, however, the

30 Tt is proposed that placing the caffeine pendant

aromatic structure is prone to m-r stacking.
group further from the backbone will increase mobility, enabling the aromatic groups to m-w

stack and potentially resulting in a distinct caffeine-rich phase. Additionally, increasing CMA

content will promote -7t stacking through a proximity effect.
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Figure 5.9. DSC shows broad T,’s for the copolymers, trending upward with increasing CMA
content

Time-temperature superposition (TTSP) melt rheology and dynamic mechanical analysis
(DMA) further investigated the effect of caffeine on thermal properties. Figure 10 displays the
master curves, obtained using a 30 °C reference temperature (Trr), for the (co)polymer series.
All polymers adhered to TTSP, which provided a broad range of rheological behavior over
angular frequencies of 10 to ~10* rad/s. The crossover of the storage (G”) and loss (G””) moduli
(G’ = G”) occurred in each material and shifted to lower frequencies with increasing CMA.>!
Modulus also increased with increasing caffeine content. Contrary to the SEC results discussed
previously where poly(EHMA) exhibited the highest M,, a shift of the crossover point to lower

frequencies often indicates higher molecular weight.> The shifted crossover point combined
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with the enhanced modulus suggested caffeine pendant groups increased chain stiffness.

Similarly complex viscosity, depicted in Figure 11, followed an increasing trend with CMA

incorporation. Complex viscosity often scales with molecular weight, thus these results further

supported that pendant caffeine functional groups largely influenced chain stiffness.
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Figure 5.10. Melt rheology exhibits higher moduli with increasing CMA content
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Figure 5.11. Complex viscosity of poly(EHMA) and caffeine-containing copolymers at 30 °C

All three (co)polymers formed films with solution casting from chloroform. Figure 12
shows the DMA curves of poly(EHMA) and poly(EHMAgs-co-CMAs) obtained from their
respective films. Poly(EHMAg;-co-CMA |3) formed a film, however, films were glassy at room
temperature, unlike the other two samples, and shattered while attempting to obtain a rectangular
piece for thermomechanical testing. The stiffer, glassy, nature of poly(EHMAg7-co-CMA3)
correlated well to TTSP and viscosity data, demonstrating the influence of the caffeine pendant
group on properties. Poly(EHMA) and poly(EHMAys-co-CMAs) exhibited DMA traces
expected of amorphous materials; beginning with a glassy modulus at low temperatures and
proceeding through a single transition (T,) leading to flow. As observed in DSC, poly(EHMAys-

co-CMAG;) exhibited a slightly higher T, than poly(EHMA), with a tan delta maximum occurring
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at 55 °C and 49 °C, respectively. Additionally, a higher storage modulus with CMA was

consistent.
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Figure 5.12. Thermomechanical analysis of 5 mol % CMA copolymer, showing an increased

and extended glassy modulus compared to poly(EHMA) control

5.5 Conclusions

The successful synthesis and polymerization of a novel caffeine-containing methacrylate
afforded copolymers containing covalently bound caffeine pendant groups. A free radical
induced photoreaction and acid chloride reaction generated CMA requiring minimal isolation
prior to polymerization. Using 2-ethylhexyl methacrylate as a comonomer, film-forming

polymers containing 0, 5, and 13 mol % CMA provided insight into the effect of caffeine on
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physical properties. Caffeine influenced both thermal stability and T,, showing a unique multi-
step thermal degradation profile similar to sidegroup elimination as observed for poly(/N-
vinylimidazole).* 'H NMR confirmed caffeine content, and UV-vis spectroscopy exhibited a
characteristic absorbance for caffeine, shifted to higher wavelengths attributed to the extra n
bond and resonance in CMA-containing copolymers. Finally, caffeine improved polymer
moduli suggesting the aromatic structure stiffened polymer chains. These novel materials
demonstrated the effect of the naturally-occurring caffeine structure on polymer properties,
including both thermal and thermomechanical influences. The higher T, and storage moduli of
low CMA contents (< 15 mol %) suggested that CMA could perform as a comonomer in acrylic
polymers to impart specific physical properties and increase sustainability. Furthermore, future
placement of caffeine further from the polymer backbone may encourage noncovalent m-m
stacking and expand the library of caffeine-containing polymers, promoting microphase-
separation for the synthesis of elastomers and broadening the understanding and potential of

caffeine in material applications.
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Figure 5.13. 'H NMR spectroscopy confirms structure of novel caffeine methacrylate
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Chapter 6: Synthesis of Novel Amorphous Copolyesters and Crosslinking
Additives from Plant-Based Monomers

Ashley M. Nelson, Keren Zhang, and Timothy E. Long

Department of Chemistry, Macromolecules and Interfaces Institute
Virginia Tech, Blacksubrg, VA 24061-0212

6.1 Abstract

Plant-based fatty acids are attractive aliphatic compounds for the synthesis of
biodegradable polymeric materials due to versatile chemical functionality. Starting from methyl
9-decenoate (9-DAME), two synthetic paths resulted in novel amorphous aliphatic polyesters
and a multifunctional branching/crosslinking agent. Hydration of 9-DAME afforded an isomeric
mixture of AB hydroxyester or AB hydroxyacid monomers which 'H NMR spectroscopy
revealed 28 % 7- and 8-hydroxy isomers. Soluble polyesters were synthesized via melt
transesterification and the low molar mass resolution of advanced polymer chromatography
(APC) followed molecular weight growth as a function of polymerization time. Thermal
analysis revealed amorphous copolyesters with T, ~-60 °C, identical to poly(e-caprolactone)
(PCL). These novel copolyesters have applications ranging from biomedical devices to high-
performance elastomers. Additionally, epoxidation of 9-DAME and then hydrolysis afforded an
ABB’-dihydroxyester monomer. Unequal alcohol reactivity prevented the direct formation of
hyperbranched polyesters, however, plant-based crosslinked polyesters resulted demonstrating
the feasibility of the ABB’-dihydroxyester as a biodegradable branching and/or crosslinking

additive.

112



6.2 Introduction

The importance and necessity of exploring the capabilities of bio-based resources in materials
science is increasingly prevalent and acknowledged in both scientific and political realms.'”
Research efforts span from the synthesis of renewable monomers and polymers to the
engineering of scale-up and industrial production.” Bio-based resources offer a plethora of
functional monomers; including but not limited to fatty acids, ethylene, sugar-based diols, and
lactic acid.*® Fermentation, dehydration, and extraction are some of the techniques which aid in
clean isolation of compounds from renewable resources.*’ The ability of bio-based compounds
to function as (co)monomers and additives accesses a variety of materials with tunable properties
and renewable content for a wide-range of applications.”"”

Sustainable polymers derived from bio-based feedstock’s remain a controversial topic
surrounding environmental implications.* Monomer synthesis, derivitization, polymerization
processes, and the ultimate fate of the materials often mimic current petroleum-based practices
resulting in environmentally unfriendly chemical usage and the inability to recycle or degrade.
Green chemistry standards provide a unique set of idealized criterion that, albeit difficult to
succeed in all areas, encourages environmental preservation and foresight when inventing new
materials and/or processes.'* Ester bonds are hydrolytically unstable, reverting back to an
alcohol and acid particularly in acidic and/or basic conditions."” Utilizing this instability as an
advantage, polyesters are biodegradable under structure-dependent conditions (time,
temperature, acidic, basic, enzymatic, etc.).m’17 Polyesters remain an attractive class of polymers
synthesized from renewable resources as they inherently possess at least two green principles,
bio-based monomers and degradability, and many bio-based compounds contain functionality

enabling polyester synthesis.'®*!
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Poly(lactic acid) (PLA), a commercially produced aliphatic polyester synthesized from
bio-derived lactic acid, or lactide, generates materials with tunable crystallinity.” Lactic acid is
chiral and the lactide dimer exists as D, L, or meso. Copolymerization of the different isomers
affords polyesters with glass transition temperatures (T,’s) around 60 °C and, unless amorphous,
melting temperatures (Ty,’s) ranging from 130 °C to 180 °C. Figure 1 depicts PLA (a) alongside
another commercially produced and prevalent polymer, polypropylene (PP) (b). With the
chemical similarity evident in the repeating units shown below, comparable material properties
result. PP processing dictates thermal properties which range from commercially available
amorphous displaying a T, = -10 °C to semi-crystalline isotactic PP with Ty, = 160 °C (values
obtained from Sigma Aldrich). Furthermore, Liu et al.'® synthesized long-chain aliphatic
polyesters from the renewable resource methyl w-hydroxytetradecanoic acid. Polycondensation
of the AB hydroxyacid monomer achieved high molecular weight semi-crystalline polyesters
with Ty’s around 100 °C and proposed performance and applications similar to polyethylene
(PE). These examples demonstrate the desirable properties of aliphatic polyesters, highlighting

opportunities for commercialization while maintaining the built-in degradation mechanism.

o Ay
: z
(a) (b)

Figure 6.1. Repeating units of PLA (a) and PP (b)

Monomers bearing functionality greater than 2 (f > 2) lead to hyperbranched and/or
crosslinked materials.”> These architectures often exhibit unique properties compared to the
corresponding linear analogs and are explored for various applications including additives and

coatings.”> Plant-based oils, or fatty acids in particular, foster the synthesis of three-dimensional
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architectures since many contain multiple alkenes which easily convert to epoxides.®**
Enzymatic epoxidation and polymerization afforded Uyama et al.>’ crosslinked polyester films
from fatty acids. The crosslinked films displayed promising biodegradability, showing ~50 %
degradation after a 50 d biochemical oxidation demand (BOD) test. Kim and Sharma®
epoxidized 5 different bio-based oils containing varying ratios of saturated and unsaturated fatty
acids. The resulting thermosets revealed elastic moduli ranging from 68 — 170 MPa.

Elevance Renewable Sciences Inc., a company dedicated to the use and engineering of
bio-based compounds, pioneered the isolation of methyl 9-decenoate (9-DAME) in high purity
and graciously teamed up with Virginia Tech in the exploration of novel polymers. Alkenes are
versatile functional groups lending to a variety of chemical transformations.”” Warwel et al*®
demonstrated this versatility specifically on plant-based monomers, including 9-DAME, and
focused on metathesis reactions and enzymatic epoxidation to generate polyesters, polyethers,
and small-molecule surfactants. In the present study, a formic acid hydration and epoxidation of
9-DAME provided two different routes to step-growth monomers. Hydration achieved an
isomeric mixture of AB monomers readily polymerized wusing high-temperature
polycondensation techniques. Hydrolysis of the terminal epoxide efficiently generated two
active sites, resulting in ABB’ hydroxyester monomer. The following manuscript describes the
synthesis of bio-derived monomers/additives, and the synthesis and characterization of the
resulting polyesters and crosslinked networks. These initial monomers and polyesters elucidate

9-DAME as a platform bio-based chemical for obtaining renewable polymers with desirable

properties.
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6.3 Experimental

6.3.1 Materials

Methyl 9-decenoate (9-DAME) was provided from Elevance Renewable Sciences, Inc.
(‘"H NMR in supporting information, Figure 10). Formic acid (FA; 97 %), potassium hydroxide
(KOH; 85 %), and potassium carbonate (K,COs3; 99 %; anhydrous) were obtained from Alfa
Aesar. Dibutyltin oxide (SnOBuy; 98 %), antimony(III) oxide (Sb2Os; 99 %; 5 micron powder),
meta-chloroperoxybenzoic acid (m- CPBA, <77%), sodium hydroxide solution (NaOH, 1.0 M in
water), sodium sulfite (NaSOs;, >98%), sodium bicarbonate (NaHCO3, >99.7), sodium chloride
(NaCl, >99%), and aluminum oxide (AL,Os;, activated basic Brockmann I) were obtained from
Sigma Aldrich. A titanium tetraisopropoxide catalyst solution (Ti(OiPr)s; 0.01 g Ti/mL) was
prepared in anhydrous 1-butanol (99.8 %; Sigma Aldrich) according to previous literature.*”
Hydrochloric acid (HCl) and isopropanol (IPA) were purchased from Spectrum Chemicals.
Dichloromethane (DCM) and was obtained from Fisher Scientific. All water used was purified

using a reverse osmosis process. All reagents were used as received.

6.3.2 Analytical Methods

Nuclear magnetic resonance (NMR) spectroscopy was performed on a Bruker Avance II
500 MHz NMR or Agilent U4-DD2 400 MHz NMR at ambient temperature in deuterated
chloroform (CDCIl3). A TA Instruments thermogravimetric analyzer (TGA) Q50 afforded
degradation profiles in a N, atmosphere at a heating rate of 10°C/min from room temperature to
600 °C. A TA Instruments differential scanning calorimeter (DSC) Q1000 provided thermal

transitions. All values reported are from the second heat in a heat/cool/heat procedure with a
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ramp of 10 °C/min to an upper temperature (ranging from 100 °C to 200 °C), quench cooled at
100 °C/min to a lower temperature (-80 °C to -100 °C), and heated again at a rate of 10 °C/min
to the same upper temperature. Relative molecular weights (relative to polystyrene (PS)
standards) were obtained from a Waters Acquity advanced polymer chromatography (APC)
refractive index detector using column set 450 A x 150 mm, 200 A x 150 mm, 45 A x 150 mm
in tetrahydrofuran stabilized with 0.025 wt. % BHT at a flow rate of | mL/min. An Agilent
6220A time-of-flight (TOF) liquid chromatography/mass spectrometry (LC/MS) run in 60/40
MeOH/H,0 (v/v) with 0.1 % formic acid at a flow rate of 0.4 mL/min and a 10 L/min nebulizer
provided accurate mass. A TSQ Quantum triple quadrupole LC-MS equipped with a Luna 5 um
C18 150 x 2.0 mm column and a mobile phase of acetonitrile (ACN)/H,O of 5/95 (v/v) with 0.1
% formic acid at a flow rate of 0.2 mL/min provides LC-MS results. The sample spectra is
obtained using the following procedure: in 10 min the mobile phase changes to 95/5 ACN/H,0,
holds for 5 min, and then in 1 min pumps back to 5/95 ACN/H,0 and equilibrates for another 5

min.

6.3.3 Monomer and Polymer Synthesis

6.3.3.1 Synthesis of AB Polyester Monomer

9-DAME (20 g) and formic acid (50 mL) were added to a 250 mL round bottomed flask
equipped with a magnetic stir bar and water condenser. The reaction setup was lowered into an
oil bath and allowed to reflux (~90 °C) with constant stirring for at least 24 h. The condenser
was then removed and the round-bottomed flask was equipped with a distillation apparatus to
facilitate the removal of excess formic acid via vacuum distillation. The temperature of the oil

bath was then lowered to approximately 60 °C and KOH in a mixture of water and IPA was
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added to the reaction and allowed to stir for a minimum of 3 h. The reaction mixture was pushed
through a basic alumina column and excess solvent removed using rotary evaporation. A
transparent yellow oil was obtained and dried in the vacuum oven overnight. '"H NMR was used
to determine monomer structure and the isomeric mixture. Formylate-ester product often
remained after the aforementioned workup and was determined based on the distinct 'H NMR
resonance of the aldehyde proton around 8 ppm. To deformylate, the oil was dissolved in IPA
and KOH in IPA/water was added to the reaction and allowed to stir at 60 °C. It was determined
that vigorous stirring aided in deformylation. The reaction mixture was neutralized using an
aqueous HCI solution. To reduce impurities, one batch of product was extracted into DCM
multiple times and the solvent removed using a rotary evaporator. To remove salt remaining in
the oil, the extracted batch of product was filtered through a 5 um membrane filter. Depending
on the monomer batch/purity, a silica or basic alumina flash column was performed. Finally, the
product was dried in the vacuum oven at c.a. 50 °C. The neutralization and isolation procedures
were repeated as needed to remove formate ester and obtain an isomeric mixture, generated from
1,2-hydride shifts, of the AB monomer. Workup conditions influenced the structure of the
obtained product(s) and are discussed in detail in the results and discussion section. One
monomer batch resulted in an isomeric mixture of AB hydroxyesters (LC/MS). AB
hydroxyesters: methyl 9-hydroxydecanoate, methyl 8-hydroxydecanoate, methyl 7-
hydroxydecanoate. LC/MS [M+H] = 203.04. Masses corresponding to formate ester, dimers,
and starting material were also observed. It is necessary to note TOF-MS observed 200.14
which would suggest a product with unsaturation, however, LC-MS and 'H NMR do not
corroborate these findings and we are assuming this is a result of an ionization or mobile-phase

interaction. The discussion section will further address these results.
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A different monomer batch provided an isomeric mixture of AB hydroxyacids and AB
hydroxyacid dimers of 7-hydroxydecanoic acid, 8-hydroxydecanoic acid, and 9-

hydroxydecanoic acid. LC/MS [M+H] = 189.11 and 359.27; TOF-MS = 358.27.

6.3.3.2 Synthesis of ABB’ Monomer

In the first step, m-CPBA (33 g, 0.14 mol) and DCM (200 mL) were added to a 500 mL
round-bottomed flask equipped with a magnetic stir bar. The reaction setup was placed into an
ice bath with constant stirring until m-CPBA dissolved. 9-DAME (20 g, 0.11 mol) was then
added into the solution and allowed to stir overnight. Vacuum filtration removed white
precipitate from the solution and rotary evaporation removed DCM. Additional white precipitate
was removed again through a vacuum filtration. The filtrate was washed with saturated NaSO;
solution twice, NaOH 1.0 M solution 3 times, NaHCOj; twice, and brine twice. Light yellow oil
was obtained and placed in a -20 °C freezer overnight. The oil was filtered through a 5 pm
membrane filter and dried in vacuo. The structure and purity of the 9,10-epoxydecanoate
intermediate were confirmed using NMR spectroscopy (Figure 11) and MS. [M+Na] =201.15.

In the second step, 9,10-epoxydecanoate (2.0 g, 10 mmol) was refluxed overnight with 40
mL water. The organic phase was then collected and dried in vacuo to obtain methyl 9,10-
dihydroxydecanoate (MDHD) as a white solid (2.0 g, >90% yield). [M+Na] =241.14. '"H NMR

is in supporting information, Figure 12.

6.3.3.3 Polyester Synthesis

All polyesters were synthesized using either melt transesterification or melt
polycondensation. Catalyst type and amount(s), specific reaction times, and temperatures varied

slightly and are specified in the body of the manuscript. As a representative example, the
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following describes the melt transesterification of the isomeric mixture of AB hydoxyester
monomer. 1 g of the isomeric mixture of AB hydroxyester was added to a dry 50 mL round-
bottomed flask. Approximately 600 ppm dibutyltin oxide (0.0013 g) was added to the reaction
and the round-bottomed flask was equipped with a mechanical stirrer and distillation apparatus
through a t-neck adapter, which also provided a N, inlet. The reaction setup was purged with N,
and evacuated at least 3 times to ensure complete oxygen removal. The reaction was then
lowered into a silicon oil bath heated to ca. 80 °C and allowed to react for approximately 2 h
with continuous stirring and N, purge. The temperature was increased to 120 °C for another 2 h,
then 170 °C and 200 °C each for 1 h. High vacuum (<0.15 mmHg) was then applied and the
reaction continued for another 2 h at 200 °C. Using the stir rod and/or a spatula, the resulting
transparent liquid polymer was removed from the round-bottomed flask and characterized

without any further workup or purification.

6.4 Results and Discussion

6.4.1 Synthesis and Polymerization of AB Plant-based Monomer

Methyl 9-decenoate (9-DAME), an oily liquid at room temperature, contains a methyl
ester and terminal alkene. Hydration is a common and facile route to add water across a double
bond, removing the unsaturation and introducing hydroxyl functionality.”” Scheme 1 displays
the formic acid hydration of 9-DAME to produce AB polyester monomers. In the acid catalyzed
hydration mechanism a carbocation forms on the more substituted (secondary) carbon. While
present, 1,2-hydride shifts moved the carbocation down the carbon chain giving rise to the

0

isomeric mixture of AB monomers depicted below.”” The second step in the reaction scheme,

the addition of potassium hydroxide (KOH), removed formate ester and occasionally hydrolyzed
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the ester to an acid. This reaction affords secondary alcohols as opposed to hydroboration
oxidation and ozonide hydrogenation and borohydride reduction which provide primary
alcohols.””?! Additionally, it is proposed the isomeric mixture of AB monomer combined with
the odd, non-symmetric, methylene spacer could prevent crystallization of the resulting
polyesters.”> As mentioned previously, o-hydroxyacids with 12 methylene units afforded
crystalline polyesters with T, = 100 °C and crystallization temperatures also reported for
poly(w-hydroxyacids) containing methylene spacers of 1 — 5, 9-12, 14, and 15."%*

Scheme 6.1. Synthesis of isomeric mixture of AB hydroxyester or hydroxyacid monomers for

step-growth polymerization
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As mentioned previously, 9-DAME is liquid at room temperature and the isomeric
mixture of AB monomers remained an oil, hindering purification. Throughout the reaction and
workup "H NMR monitored alkene and formate ester and solubility in organic solvents indicated
successful neutralization. Figure 2 depicts the 'H NMR spectra of a batch of AB hydroxyester
plant-based step-growth monomer. The primary methyl groups from the 7- and 8-hydroxy (8-
OH) isomers (c¢) appeared upfield relative to the 9-OH isomer, and the methine carbons also
shifted upfield (peak e compared to peak d). The different shifts enabled calculation of the ratio
of 7-OH and 8-OH (combined) to 9-OH monomer. The methylene adjacent to the ester carbonyl
shifted downfield compared to the other methylenes and to the same position for each isomer,

thus setting the integration to 2 revealed the isomeric ratio. In Figure 1, peak c¢ integrates to 0.82
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H. If 7-OH and 8-OH formed the entire batch, ¢ would integrate to 3 H. Therefore the ratio,
0.82 H/3 H, elucidates 27 % 7- and 8-OH AB monomer. Comparing the methine resonances,
peak e corroborated the percentage of 7- and 8-OH isomers with an integration of approximately
0.28 H, or ~28 %. This integration included two broad peaks, a much smaller peak at & = 0.07
which is proposed as either a separate peak from a distinct 7- or 8-OH isomer or potentially a
small amount of the 9-isomer hydroxyl proton, and an unidentified sharp peak on the side of one
of the broad peaks, both which could skew the isomer ratio if they correspond to a different
structure. Furthermore, the integration of resonance d corresponded to 68 % of the 9-OH isomer.
To summarize, approximately 68 % of AB hydroxyester monomer batch shown below contained
the hydroxyl group at the 9-position and the remaining ca. 28 % a combination of the 7-OH and

8-OH isomers.
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Figure 6.2. 'H NMR spectroscopy of isomeric mixture of AB hydroxyester monomer confirms
isomeric mixture and shows evidence of dimer

Looking closer at Figure 1, peaks downfield from the methyl ester instigated further
structural and purity analyses of the AB hydroxyester. A possible contaminant included
unreacted 9-DAME. 9-DAME starting material ('H NMR in Figure 11) exhibited alkene
resonances at 5.80 and 4.95 ppm in CDCls. Figure 3 exhibits an enlarged area of the 4.6 — 6
ppm region of the above 'H NMR spectra. The two resonances labeled g and h suggested a
small amount (~1 %) of unreacted 9-DAME and both TOF-MS and LC-MS confirmed the
presence of the starting material. LC-MS also revealed mass equal to dimers of the AB
hydroxyester. In a dimer, the proton of the methine adjacent to the ester should shift downfield
compared to the hydroxy methine groups. Figure 3 illustrates the AB hydroxyester dimer of the

9-OH isomer and the methine proton, labeled f, assigned to the '"H NMR resonance at ca. 5 ppm.
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The integration of 0.11 equates to approximately 11 % AB hydroxester dimer present. This
percentage combined with the previously discussed d and e integrations equal 107 %, not

accounting for overlapping potential impurity peaks or the hydroxyl proton mentioned above.

O OH

hd I I

— < —
Q Q -
o o o

6.05 595 585 575 565 555 545 535 525 515 505 495 4.85 4.75 4.6°
(ppm)

Figure 6.3. Zoomed in '"H NMR spectra reveals evidence of AB hydroxyester dimer (top) and
unreacted 9-DAME (bottom)
Not discernable in '"H NMR, LC-MS also revealed the hydroxyester batch of monomer

contained some formate ester product as well as other compounds, which remain unidentified.
TOF-MS results suggested a site of unsaturation in the AB hydroxyester monomer, inconsistent
with LC-MS. A site of unsaturation would not hinder the desired polymerization procedure,
however, the polyester products, discussed in further detail later, did not exhibit evidence of

unsaturation. Furthermore, workup of a different batch of monomer showed the ester hydrolyzed
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to an acid and MS also revealed dimerization of the AB-hydroxyacid. Melt polymerization is a
facile and common route to achieve high molecular weight polyesters pending the monomers can

1833 Melt transesterification and

withstand elevated temperatures for extended periods of time.
direct esterification, reactions between an alcohol and either ester or acid respectively, tolerate
initial offset stoichiometry and afford high molecular weight polyesters due to a vacuum step at
the end of the polymerization which essentially forces 1:1 stoichiometry.”> These high
temperature reactions feature additional benefits such as a lack of solvent and byproducts. The
application of vacuum drives esterification reactions to completion, efficiently removing the
methanol or water byproduct and distilling off excess monomer and/or impurities. For this
reason, the differing ester and acid functionalities and possible impurities in the plant-based AB

monomers were of little concern.

Scheme 6.2. Melt polymerization of bio-based AB monomers readily achieves polyesters,

eliminating solvents and excess purification
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Scheme 2 depicts the melt polymerization of the isomeric mixture of AB plant-based
monomers and expected repeating units. The resulting viscous polyesters readily dissolved in
chloroform (CHCIs) and tetrahydrofuran (THF). The conditions recorded above for the AB
hydroxyester incorporate various polymerizations conducted to aid in the understanding of the
rate and extent of reaction of the novel isomeric monomer mixture. Dibutyltin oxide (SnOBuy),
a catalyst for secondary alcohols, remained constant throughout the study while time and
temperature varied.''”* Figure 4 displays the '"H NMR and "C (inset) NMR for the 8 h
polymerization. Setting integration of the methylene adjacent to the ester to 2 facilitated
comparisons with the monomer (Figure 1). The diminished methyl ester peak, from an
integration of 2.47 H to 0.07 H, suggested polymerization proceeded yet not to 100 %
conversion. Peak ¢ remained unchanged, as expected, and the integration of a increased to near
1 H, confirming the growing methine resonance as observed from the monomer dimerization.
Additionally, note the (near) disappearance of the unidentified peaks in the monomer 'H NMR,
suggesting the vacuum step efficiently removed impurities, unless present as endgroups in too
low of a concentration to detect. Alkenes characteristically exhibit ?°C NMR resonances in the
80 - 140 ppm range, therefore, the lack of peaks in that region (Figure 4 inset) provided further

evidence that an unsaturated product (and resulting polyester) were not obtained.”’
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Figure 6.4. 'H NMR spectroscopy confirms bio-based polyester structure and shows expected
disappearance of methyl ester from monomer

Advanced polymer chromatography (APC) is a contemporary separation system from
Waters which provides molecular weight data in minutes, readily accommodates a variety of
solvents, and is capable of discerning low molecular weight species.”® This unprecedented low
molecular weight resolution enabled APC to monitor the transesterification reaction of the novel
plant-based AB hydroxyester. Figure 5 displays the APC chromatograms for the various
reaction aliquots described in Table 1 and the number-average molecular weight (M,), weight-
average molecular weight (My,), and polydispersity index (PDI) values, all relative to polystyrene
(PS) standards. The first 2 aliquots, taken after 2 h at 80 °C and an additional 2 h at 120 °C (4 h

total), eluted too close to the solvent front for good resolution, however, the remaining time
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points showed a steady increase in molecular weight with respect to time (and temperature).
Multiple sharp peaks in the 5 h chromatogram indicated varying low molecular weight species,
expected in the initial stages of melt transesterification.”> As the reaction proceeded, smoother
APC traces resulted and the molecular weight increased while the PDI approached the expected
value of 2 for step-growth polymerizations.’® After 8 h, 2 of those under reduced pressure, the
plant-based polyester reached an M,, of 10000 g/mol and PDI of 1.83. The 'H NMR results from
Figure 4 indicated methyl ester remained after 8 h. Suggested future work includes extending
this conversion study to longer times at the lower temperatures and correlating with '"H NMR to
monitor the disappearance of the methyl ester. Additionally, unreacted 9-DAME or other
monofunctional compounds in the monomer batch could act as endcapping agents, limiting

achievable molecular weight.*®

128



—5h
—6h
—6h+1hvac
—6h+2hvac

Relative Intensity

3 3.5 4 4.5 5
Time (min)

Figure 6.5. Advanced polymer chromatography (APC) provides excellent separation of low

molecular weight species, allowing for monitoring molecular weight as the reaction proceeds
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Table 6.1. Relative molecular weights of hydroxyester polymerization as a function of reaction

time

Temperature (°C) Polymerization Time (totalh) M, (g/mol)* M, (g/mol)® PDI?

80 2 N.D. N.D. N.D.
120 4 N.D. N.D. N.D.
170 5 1000 1700 1.59
200 6 3000 4500 1.52
200 6+ 1@ 0.15 mmHg 4800 7600 1.58
200 6+2 @ 0.15 mmHg 5500 10000 1.83

a: Molecular weights determined from THF APC; relative to PS standards
N.D. =not determined

Polymerization of the AB hydroxyacid, depicted in Scheme 2, proceeded in the absence
of catalyst and for substantially longer reaction times than the AB hydroxyester monomer.
Direct esterifications eliminate water as the reaction progresses. The higher boiling point of
water compared to the transesterification byproduct, MeOH, demands increased reaction time,
particularly in the absence of catalyst.”> Figure 6 overlays the '"H NMR spectra of the AB
hydroxyacid monomer (bottom) and resulting polyester (top). Similar to the AB hydroxyester
isomeric mixture, the primary methyl groups on the 7- and 8-OH isomers, labeled b in Figure 6,
shifted upfield compared to the secondary methyl group of the 9-OH isomer. Almost identical to
the AB hydroxyester monomer, peak b integrates to 0.83 when peak a is set to 2, resulting in
about 28 % 7- and 8-OH. The methine protons of the 7- and 8-hydroxyesters, peak d, also
shifted upfield relative to the 9-hydroxyester methine (e) and a similar, broad peak, appeared

next to d as noted in the AB hydroxyester 'H NMR discussion. The overlaid "H NMR spectra of
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the monomer and polyester clearly indicate monomer dimers, as observed in both LC-MS and
TOF-MS, via small peaks in the monomer around 4.8 ppm corresponding to the methine adjacent
to the acid which increases upon polymerization. Interestingly, the ratio of 7- and 8-OH isomer
present in the final polymerization based on the methyl resonance b decreased to 21 % (& = 0.64)
suggesting different reactivity between the isomers whereas the AB hydroxyester polymer did

not elucidate any difference in isomer reactivity.
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Figure 6.6. 'H NMR spectra of AB hydroxyacid monomer (bottom) exhibiting presence of

dimer and polymer (top) revealing the disappearance of the carboxylic acid upon polymerization
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6.4.2 Thermal Analysis of Plant-based Polyesters

Thermogravimetric analysis (TGA) provided weight loss as a function of temperature for
the plant-based AB monomers and resulting polyesters. Figure 7 shows the degradation profiles.
Both AB monomers started to lose mass at low temperatures, 139 °C for the AB hydroxyester
and 159 °C for the AB hydroxyacid. These temperatures aided in determining an appropriate
polymerization procedure and dictated the initial low temperature (80 °C) reaction steps to avoid
possible monomer degradation and/or sublimation. The resulting polyesters exhibited similar
degradation profiles with onset degradation temperatures (Tgonset) for the largest mass loss
around 320 °C. Slight mass loss occurred at lower temperatures for the polyesters generated
from the 9 and 12.5 h polymerizations, Tq4s% = 295 °C and 225 °C, respectively. The mass
seemed to originate near the monomer Tq4, implying degradation products since the vacuum step

should have removed any low molar mass compounds or unreacted monomer.
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Figure 6.7. Thermal degradation profiles of bio-based AB monomers and resulting polyesters
after different reaction procedures

Differential scanning calorimetry (DSC) of the AB hydroxyester monomer revealed a
crystallization temperature of -23 °C and a melting temperature of 18 °C, consistent with it being
a liquid at room temperature. Figure 8 displays the DSC thermograms for the bio-based
polyesters. A single glass transition temperature (T,) occurred for each composition near -60 °C.
The isomeric mixture of monomers introduced irregularity and crystallization did not occur on
the time-scale and temperature range of the experiment. Poly(e-caprolactone) (PCL), a
commercially produced and degradable aliphatic polyester exhibits a T, = -60 °C and a T, =
60 °C.**> PCL, synthesized through ring opening polymerization of e-caprolactone performs in a

variety of applications, mostly biological, including tissue engineering and drug delivery
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devices.”” The amorphous plant-based polyester offers ease of processability, potentially
enhanced degradation due to the absence of crystalline domains, and could perform as a
renewable substitute to PCL in biological applications desiring decomposition. Further
applications include incorporating the bio-based oligoesters into segmented polyurethanes to

serve as a low-T, soft segment for thermoplastic elastomers.™
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Figure 6.8. Isomeric mixture of bio-based monomers affords low T, amorphous copolyesters
6.4.3 Synthesis and Crosslinking of ABB’ Plant-based Monomer

Warwel et al.*® elegantly displayed the opportunities an alkene functional group offers in
the design and synthesis of polymers. Acyclic diene metathesis (ADMET) polymerization of

dialkenes, ring opening polymerization of epoxides generated from enzymes, and polymerizable
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unsaturated diesters obtained from methathesis reactions are some of the avenues explored.
Utilizing the alkene, Scheme 3 depicts the epoxidation of 9-DAME (a) and subsequent
hydrolysis (b) to afford an ABB’ dihydroxyester step-growth monomer (MDHD). Meta-
chloroperoxybenzoic acid (m-CPBA) efficiently converted the alkene to an epoxide (> 98 %
yield). In the event of scale-up or industrial production and to improve environmental
implications, a hydrogen peroxide/formic acid reaction, with or without an enzyme catalyst,
could reduce chlorinated solvents and byproducts.**® Refluxing in water generated the final
product with minimal workup. Figure 12 and Figure 13 in the supporting information present
the "H NMR spectra of the epoxide and MDHD, respectively.

Scheme 6.3. Two step synthesis of ABB’ hydroxyester step-growth monomer and/or
crosslinking additive. (a) Epoxidation of 9-DAME (b) Hydrolysis of epoxidized 9-DAME yields
MDHD
0]
(a) CI\©)J\O/OH
/\/\/\/\)OJ\ o PR 0 i
~ o~ S NGENG N GENG

DCM

o) o) 20 eq. H,O OH o

reflux overnight

Step-growth monomers containing functionality greater than 2 (f > 2) generate dendritic,
hyperbranched, branched, or crosslinked polymers.”>*** Specifically, the self-condensation of
AB; monomers containing a mixture of ester-forming functional groups often produces
hyperbranched polyesters, demonstrated with a variety of both aromatic and aliphatic

41,42

trifunctional monomers. The successful synthesis of hyperbranched structures using AB,
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22,40,43

monomers depends on equally reactive B groups. Unequal reactivity between functional

groups can induce crosslinking since the polymerization acts like a pseudo A, + B3 system,

where the concentration of Bj is crucial to avoid gelation.***

In an A, + Bj3 polymerization
gelation is avoided through the introduction of a monofunctional monomer.” Researchers
proved a ratio of monofunctional to trifunctional monomers greater than or equal to 3 produces
high molecular weight, gel-free, polymers.

MDHD is classified as an ABB’ monomer because it contains one primary and one
secondary hydroxyl group. Primary and secondary hydroxyls often transesterify at different
rates; the less encumbered primary group reacting faster.™ As discussed above, unequal
reactivity could hinder the ability to achieve hyperbranched polyesters from MDHD alone. Bao
and coworkers®' reported hyperbranched polyesters from a similar ABB’ monomer derived from
a thiolene click reaction between 10-DAME and I-thioglycerol. 9 different polymerization
procedures with varying catalyst type, reaction time, and reaction temperatures produced high

molecular weight hyperbranched polyesters. Based on this literature precedence, MDHD was

evaluated as a monomer for the synthesis of hyperbranched polyesters.
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Scheme 6.4. Melt transesterification of MDHD ABB’ monomer affords crosslinked networks
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Scheme 4 displays the melt transesterification of MDHD and proposed hyperbranched
polyester structure. Following similar transesterification procedures from the ABB’ monomer
discussed above (methyl 11-((2,3-dihydroxypropyl)thio)undecanoate), Table 1 shows 4 different
polymerization procedures employed using MDHD.*! In all instances, the MDHD-containing
polyesters gelled in the melt. Despite changing the catalyst, polymerization time, and vacuum
application, MDHD did not afford hyperbranched polyesters under the conditions evaluated.
The literature procedures used 0.5 g catalyst/0.1 mol monomer in each polymerization. For
MDHD, lower amounts of the highly active titanium tetraisopropoxide (Ti(OiPr)4) catalyst were
added, unsuccessfully, in an attempt to diminish the pseudo A, + Bj reaction.”” Common
Ti(Oi1Pr)4 catalyst amounts for transesterification are in the ppm range, much less than employed
for this synthesis, nonetheless, gelation as a result of the unequal reactivity of the two hydroxyl

functional groups was not unexpected.”>*** The reactivity and successful transesterification of
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MDHD to form crosslinked networks succeeded in demonstrating the ability of this monomer as

a bio-based degradable polyester branching and crosslinking additive.***"**

Table 6.2. Synthetic procedures and thermal analysis of ABB’ polyester crosslinked networks

Catalyst  Polymerization Time (total h)* T,s, (°C)> T (O T, (°C)

d,onset

Ti(OiPr),¢ 6+ 0.33 @ 0.15 mmHg 252 -- -34
Sb,O0¥  6+0.28 @ 0.15 mmHg 320 375 20
Ti(OiPr),, 9 319 364 218
Sb,0¢ 9 350 371 9

a: All polymerizations proceeded for 2 h @ 80 °C, 2 h @ 120 °C, and the remaining time at 170 °C
b: Data obtained from a TA Instruments TGA Q50, N, atmosphere, 10 °C/min heating

c: Data obtained from a TA Instruments DSC Q1000; values reported are from the second heat

d: ~1.4 % catalyst

e: 0.5 g catalyst/0.1 mol monomer

f: ~0.45 % catalyst

6.4.4 Thermal Characterization of Crosslinked Networks

Thermal analysis of the crosslinked polyesters revealed a multi-step degradation profile
with Tqs9 ranging from 252 °C — 350 °C. Figure 9 shows the TGA curves for MDHD and 4
polyester networks. The reaction conditions subjected upon MDHD were not optimized to
synthesize crosslinked polyesters with high gel fractions and exact gel fractions were not
determined. Oligomers not participating in the crosslinked network could cause the observed
initial mass loss and multiple degradation steps. DSC provided thermal transitions for the
polyester networks, visible in Figure 10. Low T,’s resulted and some networks exhibited a T,
however, exact thermal properties remain undetermined as potential oligomer contaminant could

plasticize and/or crystallize the unextracted polyester networks. These initial studies served as a
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proof-of-concept that MDHD, an ABB’ plant-based monomer, could successfully function as a

novel branching or crosslinking additive.
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Figure 6.9. Thermal degradation profiles of novel MDHD-based polyester networks
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Figure 6.10. Thermal analysis of bio-based polyester networks
6.5 Conclusions

The development of sustainable materials is a highly active and discussed research
area.”*"  9-DAME, a plant-based fatty acid containing a terminal alkene, proved as a
successful platform for novel bio-based polyesters and a multi-functional branching/crosslinking
additive. A formic acid hydration introduced secondary diol functionality while maintaining the
original ester, or acid upon hydrolysis, functionality. 1,2-hydride shifts produced an isomeric
mixture of the AB monomer and '"H NMR elucidated about 28 % 7- and 8-OH isomers. Melt
transesterification generated novel amorphous polyesters and APC monitored molecular weight

as a function of reaction time showing My, growth from 1700 to 10,000 g/mol. The isomeric
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mixture resulting in an irregular polymer structure was used to explain the lack of crystallinity
and the novel aliphatic polyesters exhibited T, = -60 °C, identical to commercially prevalent
PCL.*> These novel polyesters could serve as plant-based degradable substitutes for PCL,
provide a renewable, low-T,, soft segment in thermoplastic polyurethane elastomers, and even
impact emerging applications such as microstereolithography 3D printing after acrylic endgroup

. .. 373851
functionalization.’ %

Furthermore, a two-step synthesis transformed 9-DAME into an ABB’
monomer. Epoxidation of the alkene and subsequent hydrolysis generated a primary and
secondary alcohol functionality. The synthesis of hyperbranched polyesters was unsuccessful
and attributed to the unequal reactivity between primary and secondary hydroxyl groups. The
plant-based ABB’ monomer, MDHD, formed crosslinked polyester networks in the melt under

catalyzed transesterification conditions confirming reactivity and enabling use as a bio-based

degradable branching or crosslinking additive.
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Figure 6.11. 'H NMR spectroscopy of as-received 9-DAME
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Figure 6.12. 'H NMR spectroscopy of 9,10-epoxydecanoate
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Chapter 7: Synthesis, Properties and Applications of lon-Containing
Polyurethane Segmented Copolymers

(Published in Macromolecular Chemistry and Physics 2014, 215, 2161.)
Ashley M. Nelson and Timothy E. Long
Department of Chemistry, Macromolecules and Interfaces Institute

Virginia Tech, Blacksubrg, VA 24061-0212

7.1 Abstract

Despite the well-established foundation of polyurethane chemistry in both industry and
academia, research continues at a vigorous pace to refine synthetic processes and discover new
functional materials. Incorporating ionic groups into polymers is a synthetic parameter capable
of tailoring polymer properties and enabling emerging technologies. This review focuses on
recent efforts in the field of ion-containing segmented polyurethane copolymers. Multiple
synthetic strategies to incorporate both cationic and anionic sites, including a particular focus on
waterborne polyurethane dispersions and green synthetic methods are examined. Fundamental
structure-property relationships based on ionic structure, content, and placement are explored
and many applications, including biomedical products and polymer electrolytes for energy

devices are discussed.
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7.2 Introduction

Polyurethanes represent a very well-established class of step-growth polymers, and their
synthesis was described nearly 80 years ago."? The commercial impact of polyurethanes is
broad with uses ranging from foams and insulation to adhesives and encapsulants.** Due to
extensive research, a myriad of suitable monomers and synthetic strategies were developed to
enable polyurethanes to impact such diverse markets. One particularly advantageous feature is
the ability for polyurethanes to function as thermoplastic elastomers (TPEs).” A microphase
separated physical network forms upon introduction of a low glass transition temperature (7)
oligomer, often a polyether or polyester such as poly(ethylene glycol) (PEG) or
poly(tetramethylene oxide) (PTMO), to the polyurethane reaction. The hydrogen bonding,
depicted in Figure 1, between the urethane carbonyl oxygen and urethane hydrogen coupled
with crystallization construct the hard segment (HS) domains while the functionalized flexible
spacers comprise the soft segments (SS) in an alternating fashion. The microphase separated
morphology of segmented polyurethanes is the foundation for their versatility, with the ability to
further tune materials for a specific application with other synthetic parameters such as chemical
composition and molecular weight. Yilgor, Yurtsever, and Wilkes et al.”” extensively studied
various model segmented polyurethane systems to further understand the morphology and

factors influencing morphology on a fundamental structure-property level.
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Figure 7.1. Hydrogen bonding, shown with dashed lines, between the hydrogen and carbonyl
oxygen in urethane bonds.
Many comprehensive reviews and peer-reviewed journal articles focus on fundamental

' The influence of different

structure-property relationships of segmented polyurethanes.®”
synthetic methods and HS/SS composition (chemical composition and number-average
molecular weight (M,) of both the individual segments and final polyurethane) and the resultant
impact on the thermal, mechanical, elastomeric, and morphological properties have provided a
fundamental understanding of segmented polyurethane copolymers. Performance tunable
polymeric materials are desirable, as a keen understanding of the change in properties with
various compositional parameters facilitates the design of specific properties for the intended

12-14

application. The search continues for novel compositions with unique properties, and

technology-driven innovation affording new monomers, functionalized oligomers, and

morphological design rendering segmented polyurethanes the focus of many industrial and

academic research.'>!®

The introduction of ionic groups to polymers is a recurring theme and one of continued

19,20

interest; charge further tunes properties and expands potential applications. Water solubility

for coatings applications, deoxyribonucleic acid (DNA) binding for gene delivery, and ionic
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conductivity represent areas where ion incorporation has significantly impacted.”'* Segmented
polyurethanes offer exceptional versatility in their design as the ion type, location of the ionic
site (HS, SS, or both), and the charge content are variable. In fact, Jaudouin et al® published a
review in 2012 discussing a single family of charged polyurethanes, polyurethane ionomers.
Ionomers are a unique class of polymers containing a maximum of 15 mol % charge with
applications ranging from waterborne coatings to biomedical applications. The following review
focuses on very recent literature, highlighting new directions, elucidating structure-property
relationships, and exploring emerging applications of segmented ion-containing polyurethanes.
The various synthetic strategies to introduce charge are discussed in detail as well as the

influence of charge placement on polyurethane properties.

7.3 Synthesis of Ion-Containing Segmented Polyurethanes

A urethane bond forms when an alcohol reacts with an isocyanate.'”* This energetically
favored reaction between diols and diisocyanates drives the production of high molecular weight
polyurethanes. Segmented polyurethanes require a slightly altered synthetic strategy to afford
the desired blocky architecture. A telechelic functionalized oligomer serves as the SS. The end-
group functionality of the oligomer and accompanying comonomers determine the type of
segmented polyurethane, hence segmented polyurethanes occasionally contain an extra
descriptor such as poly(urethane-esters) or poly(urethane-ureas) when a diacid or diamine is
introduced, respectively.

Traditional segmented polyurethane synthesis proceeds through two popular routes, i.e.,

4

the one-shot and prepolymer methods."* Despite the synthetic route, the starting materials are

identical; a polyol, a diisocyanate, and a diol. The diol is often referred to as the chain extender,
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and the reaction of the diisocyanate with the diol forms the HS. As the name implies, the one-
shot method involves the addition of all the reagents at the same time and the resulting polymer
is immediately injection molded. The prepolymer, or two-shot, method requires first end-
capping the oligomer with isocyanate functionality and then adding the chain extender in a
subsequent step. Figure 2 illustrates the two-step prepolymer route to segmented polyurethanes,
distinguishing the SS and HS blocks comprised of the functionalized polyol, and diisocyanate
and diol chain extender, respectively. The prepolymer method provides superior control of the
polymer architecture because complete functionalization of the isocyanate-functionalized
oligomer is predetermined as opposed to the presence of competing reactions of the polyol and
diisocyanate, and diol and diisocyanate occurring simultaneously. For example, 1:1
stoichiometry of isocyanate-end-capped oligomer to chain extender would result in a small, well-

defined HS consisting of only one chain extender and two diisocyanate units.

VMM  —a

l
E E.\; i}'
Soft Segment  Hard Segment

® = hydroxyl A = |socyanate © = urethane bond
Figure 7.2. Prepolymer route to segmented polyurethanes.
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Expanding upon the aforementioned synthetic strategies, there are two popular

approaches to incorporate ionic sites into polyurethanes, i.e. using preformed charged monomers

25,26

or a post-polymerization modification reaction such as alkylation. In either route, the ionic

content will reside in either the HS or SS at varying levels simply depending on the monomer(s)
chosen and desired amounts.”’” The effect of charge placement and content on polymer
properties is discussed in detail in later sections of this review. The inherent versatility in
segmented polyurethane synthesis gives rise to a seemingly limitless array of possible

architectures with the required functionalities (diol, diisocyanate, polyol), including anionic,

28-32

cationic, and even zwitterionic monomers. For example, Scheme 1 shows the synthetic

route for a zwitterionic sulfobetaine diol.>!

Scheme 7.1. Synthesis of a zwitterionic diol.**"'

HO HO SO;
N+ Dso2 60 °C, 24 h
— o

HO HO

Incorporation of ionic groups exclusively in the HS involves the diisocyanate or chain
extender with charged sites or a functional group which becomes charged upon further reaction.
Figure 3 depicts a selection of monomers employed in the synthesis of ion-containing

segmented polyurethanes, where the charge solely resides in the HS.**%*%-*

Details pertaining
to the resultant polyurethanes are discussed in subsequent sections; however, this group of
monomers emphasizes the chemical and structural diversity of ion-containing polyurethanes.
This diversity facilitates the complex design of polyurethanes for targeted applications.

Compounds A, B, and E are cationic although differ in the specific ion type; phosphonium,

calcium, and imidazolium, respectively. The anionic monomers, C and D, also contain different
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ionic groups, sulfonate and carboxylate. Additionally, each monomer depicted contains a
different counterion. The counterion is often a result of the reagents used in the monomer

26-28,35

synthesis, but is tunable with a simple anion (or cation) exchange reaction. Wang and
coworkers” utilized compound D in the synthesis of ion-containing segmented polyurethanes
and upon cation exchange reactions, the investigators evaluated the effect of 9 different ionic

liquid (IL) countercations (including sodium, ammonium, imidazolium, and phosphonium ions)

on various polyurethane properties.

(A) (B)
HO/\k\OH
© F@/\ HO Oca® OH
Br _ > o o
C D
© o o (D)
S A
0~ “OH
S05®,,,
(E)
HO\__N @ N—_ "OH
@m

Figure 7.3. Some polyurethane monomers which place ionic groups in HS.?¢2%34

Commercially available oligomeric polyols are often used in the synthesis of segmented
polyurethanes as an easily accessible starting material with known M, and confirmed
difunctionality, which eliminate the needs for (multi-step) reactions and arduous
purification.”****®* Common oligomers include PEG, PTMO, poly(propylene glycol) (PPG), and

26,34,36,37

poly(caprolactone) (PCL). These oligomers are offered in multiple M,’s, which is

convenient for probing the effect of SS M, on polymer properties; however, most commercially
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available oligomers are neutral and lack necessary functionality for incorporating charged
species. As a result, the synthesis of segmented polyurethanes with charge specifically in the SS
requires novel oligomers. Despite the synthetic challenges, several ion-containing SSs exist as a
result of the efforts of many research groups.”’”'***  Ammonium, sulfonate, and carboxylate-
containing SSs were prepared, providing similar ionic variety as charged HS monomers. The
location and amount of ionic groups within the SS, and ultimately in the resulting segmented

polyurethane, depends on the synthesis of the SS. Kurt et al.***

synthesized alkyl bromide-
containing poly(oxetanes) which was amenable to a quantitative substitution reaction to afford
pendant ammonium groups. A transesterification reaction of PEG with dimethyl 5-
sulfoisophthalate sodium salt resulted in a sulfonated SS with only one ionic group per SS unit.*’
Figure 4 depicts the chemical structures of some commercially available (F, G, and I) and ion-

742% Throughout this review

containing SSs (H and J), showing the variation in ion placement.
many other ion-containing SSs, including the effect of ionic content and placement on polymer

properties will be discussed.
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Figure 7.4. Polyols used in the synthesis of segmented polyurethanes.
7.4 Ion-Containing Biobased Polyols and Waterborne Polyurethane Dispersions

There are numerous efforts to increase sustainability and limit the negative environmental

impact of chemical processes for materials synthesis.***®

This field, often referred to as green
chemistry, is prevalent in all aspects of polymer chemistry, including polyurethanes.*
According to Clark™, the ideal synthesis is atom efficient, simple, safe, only requires one-step,
does not waste any reagents, uses available materials, has a 100 % yield, and is environmentally
friendly. While fulfilling all of these items at once is challenging, small changes focused on one
or two points further advance the understanding, capabilities, and implementation of green
chemical processes. In relation to ion-containing segmented polyurethanes, the use of naturally

occurring SSs, waterborne polyurethanes, and the elimination of isocyanate-based synthetic

strategies is reviewed in more detail.
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The use of naturally occurring compounds as starting materials adheres to the principles
of green chemistry.”' Oleic acid, castor oil, soybean oil, and natural rubber were all converted to

functionalized polyols and subsequently used in the synthesis of ion-containing polyurethanes

39,40,52-56

for various applications. The chemical structures of castor oil and soybean oil contain a

39,53

glycerol core with functional groups along primarily hydrocarbon chains. Figure 5

illustrates the structural resemblance between glycerol and castor oil. Velayutham et al.*~

applied a similar design to obtain an oleic acid-containing polyol, reacting glycerol, phthalic
anhydride, and oleic acid in a two-step procedure. Linear step-growth polymerization requires
perfectly difunctional monomers and near 100 % conversion to obtain high molecular weight
polymers.* The introduction of multi-functional monomers (f >2), such as A,B or B; monomers
where A and B represent different functional groups, leads to branched, hyperbranched, or

4,57-59

crosslinked polymers. The polyols derived from oleic acid, soybean oil, and castor oil all

possess >>2, thus the one-shot method afforded crosslinked polyurethanes upon

. 39,40,45,52,53,60
curing.””TT T

HO

O
Glycerol Castor Oil

Figure 7.5. The chemical structures of glycerol and castor oil.

The oleic acid-containing oligomer represents the only polyol in the earlier literature with

inherent ionic content due to the presence of unreacted pendant carboxylic acid groups, where
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conductivity measurements confirmed ionization.”> Epoxidized soybean oil (ESBO) and castor
oil both contain reactive functional groups, epoxides and hydroxyl groups respectively, which

facilitate chemical modifications.>***>

For example, ring-opening the epoxide groups with an
azide and performing a “click” reaction with a tertiary amine-containing alkyne followed by
alkylation resulted in ammonium-containing multi-functional ESBO-based polyols.*
Alternatively, Yari et al.”® reacted the secondary diols in castor oil with a diisocyanate and
subsequently glycidol to form urethane bonds while introducing the epoxide group. After curing

the modified castor oil in the presence of an ammonium salt and amine chain extender, ion-

containing crosslinked polyurethanes with varying ionic content were obtained.

Another green approach to materials synthesis is the removal or replacement of

1,50

hazardous solvents and volatile organic compounds (VOCs). Waterborne polyurethanes, or

waterborne polyurethane dispersions (PUDs), are a widely investigated and represent an

LI5.61-63 pUyDg function as

industrially prevalent class of segmented ion-containing polyurethanes.
excellent adhesives and coatings, imparting the properties of a segmented polyurethane in an
easily applicable environmentally safe aqueous solution.! In the synthesis of PUDs, the basic
polyurethane chemistry remains unchanged; the reactions between the polyol, diisocyanate, and
chain extender formulate the high molecular weight segmented structure. The significant

difference lies with the process when the polyurethane is water soluble or dispersible, and the

means to achieve water solubility/dispersibility.

PUD synthesis combines principles from both traditional segmented polyurethanes and

4

emulsion polymerization."® The nature of the monomers (hydrophobic, hydrophilic, ionic)
poly ydrop

dictate the synthetic procedure required to obtain the desired segmented aqueous-based
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polyurethane. ~ Szycher' describes in detail four common synthetic processes for PUDs.
Commonalities include a prepolymer formation step, which is similar to the traditional
diisocyanates prepolymer method described earlier.'* Herein, we will focus on the specifics of
the solution, also termed the acetone process, since the majority of PUDs discussed in this
review were synthesized accordingly. Scheme 2 illustrates the solution process for the synthesis
of a fluorescent dye-containing PUD.® In the first step, tolylene-2,4-diisocyanate (TDI), PPG,
and 2,2-bis(hydroxymethyl)propionic acid (DMPA) react to form an isocyanate end-capped
prepolymer containing a pendant carboxylic acid. The SS and HS (labeled) repeating units are
comprised of PPG and TDI, and TDI and DMPA, respectively. Subsequent addition of
triethylamine (TEA) deprotonates the carboxylic acid, introducing pendant ammonium
carboxylate groups, which aid in the formation of a stable aqueous dispersion. Stoichiometric
control throughout the polymerization process enables tunable charge content, and PUDs are

54,66 . .
»” This process is also termed the “acetone process”, as

often reported in weight percent solids.
the addition of solvent reduces the viscosity of the PUD and is easily removed after
polymerization." In Scheme 2 the fluorescent dye ACN (1 mol TDI:0.14 mol ACN) was added

after the addition of acetone.®
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Scheme 7.2. PUD synthesis via the solution process.
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Ionic groups facilitate water-compatibility and are easily incorporated through

deprotonation, alkylation, or a preformed charged monomer; most PUDs are ion-containing

segmented systems.>?**>%" " The diversity of potential ionic groups is identical to the
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traditional ion-containing segmented polyurethanes as summarized in the previous section. The
fluorescent PUD described above is classified as an anionic PUD due to the carboxylic acid-

containing starting monomer.”> DMPA and 2,2-bis(hydroxymethyl)butyric acid (DMBA) are

38,41,44,54,56,62-75

common diols that afford anionic PUDs. Garrison et al.” synthesized cationic

PUDs containing methoxylated soybean oil through the alkylation of N-methyldiethanolamine
(MDEA) with acetic acid, providing ammonium cations in the backbone with carboxylate
counterions. Although not the focus of this review, uncharged hydrophilic monomers afford

neutral PUDs.!

Isocyanates are classified as hazardous compounds and require precautionary measures to
maintain not only safe surroundings, but also to avoid any adverse exposure.””® Isocyanates
readily react with moisture in the air to produce carbon dioxide.' This gas-forming reaction in a
closed container can potentially lead to over-pressurization, which is dangerous whether it occurs

on a laboratory or industrial scale. From a biological standpoint, isocyanate vapors are known to

1,49,76

cause respiratory issues and in general, isocyanates are toxic. Finally, the synthesis of small

molecule isocyanates often involves the toxic reagent, phosgene.””’ From a green chemistry

perspective, an environmentally and biologically friendly replacement for isocyanates in
polyurethane remains as an active research area.”>™
Isocyanate-free strategies for the preparation of polyurethanes remains an active field of

49,81

study. Cyclic carbonate ring-opening is an attractive alternative to isocyanates for the

80,81

synthesis of polyurethanes. The reaction of an amine with a cyclic or linear carbonate yields

1

the desired urethane linkage.*' Unlike the phosgene-based isocyanate synthesis, the reaction of

an epoxide with carbon dioxide in the presence of a catalyst forms a 5-membered cyclic
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carbonate with tunable pendant functionalities based on the initial epoxide.*® The process
typically employs a functionalized epoxide, and Scheme 3 displays the formation of a cyclic
carbonate and the products of the ring-opening reaction with a primary amine.”” Note the
reaction produces a pair of constitutional isomers each containing a pendant hydroxyl
functionality. Similarly, the polymerization of a difunctional cyclic carbonate and diamine
affords linear polyurethanes bearing pendant primary and secondary hydroxyl groups.* Rokicki
et al.*’ elegantly coupled the ring-opening of ethylene carbonate with a diamine and further
transesterification with a diol to produce polyurethanes with pendant hydroxyl groups. Adapting
this synthetic strategy to include an oligomeric polyol rather than a low molar mass diol enables
segmented poly(hydroxy-urethanes), however, the HS only consists of two urethane linkages.™
Many challenges remain for the synthesis of segmented polyurethanes without using isocyanates,
and the absence of significant literature describing ion-containing segmented polyurethanes from
carbonates challenges polymer chemists to continue the search for environmentally friendly

chemical processes.

Scheme 7.3. Isocyanate-free route to the S-membered cyclic carbonate and the subsequent ring

opening reaction with a primary amine, revealing the hydroxy-urethane chemistry.*
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7.5 Effect of Ion-Incorporation on Segmented Polyurethane Properties

The ability to tune the charge content in ion-containing segmented polyurethane
copolymers arises from the synthetic design. The stoichiometric ratio of charged to uncharged

monomers or the extent of post-polymerization charge incorporation reactions (i.e. alkylation or
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deprotonation) allows for the systematic variation of ionic content and elucidates structure-
property relationships. As previously mentioned, ionic groups in PUDs often provide the
hydrophilicity necessary to obtain a stable aqueous dispersion. Varying the amount of DMPA in
0.5 weight percent increments, Lei et al.”® synthesized PUDs with ionic content ranging from 3 —
5 weight % and investigated the influence on dispersion and adhesive properties. Dynamic light
scattering (DLS) provided a measurement of the hydrodynamic dimension and zeta potential of
the segmented polyurethane particles in solution. Both the observed hydrodynamic diameter and
zeta potentials decreased with increasing charge, with sizes ranging from 80.8 — 146.7 nm for the
5 and 3 weight % DMPA content. The larger particles also exhibited a shorter shelf-life,
indicating a less stable dispersion. Polyurethane dispersions containing an identical diisocyanate
and DMPA but different polyol (PCLyx versus poly(butylene adipate)s;k, where the subscripted
value corresponds to the approximate M,) showed a similar dependence on hydrodynamic
diameter with varying ionic content.” Hydrodynamic diameters of 76 nm and 159 nm were
obtained for 4 and 6 weight % DMPA content, respectively. These results suggest that the ionic
content plays a more significant role in nanoparticle formation than the chemical structure of the
SS. Surface characterization of PCL-based segmented polyurethane films exhibited increased
surface tension, interfacial tension, and contact angle values with increasing ionic content.®® Peel
testing revealed an increase in peel strength from 3 — 4 weight % DMPA, and then a gradual
decrease upon 4 — 5 % incorporation. The synergy between surface tension, surface wetting, and

the resulting effect on adhesion was used to explain the differences in peel strength.

Saetung et al.”® synthesized PUDs from natural rubber polyols, varying both the ionic

content and M,, of the polyol precursor. DLS revealed a similar trend of decreasing nanoparticle
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size with increasing ionic content and dispersion stability. Differential scanning calorimetry
(DSC) probed the thermal properties of the PUD films and revealed 7,’s remained constant
through a range of charge content (1.6 — 7.5 weight % DMPA). However, keeping the ionic
content constant (4.2 weight %) and decreasing the M, of the polyol from 2000 g/mol to 1000
g/mol increased the 7, from -60 °C to -53 °C, respectively. Alternatively, an increase in polyol
M; from 2000 g/mol to 4000 g/mol only slightly depressed the 7, from -60 °C to -63 °C. These
results suggest the ionic content in PUDs more significantly impact the dispersion properties
than the physical properties of the dry films.**® Caki¢ and coworkers® varied the ionic content
in polycarbonate-based PUDs and examined the influence of charge on the thermal and
thermomechanical properties, and morphology of the resulting dry polyurethane films. In
contrast to the constant 7,’s observed throughout a range of different charge contents with the
natural rubber based PUDs, the polycarbonate-based PUDs exhibited an increase in 7, with
increasing ionic content.”*®® As the ionic content increased from 4.5 to 7.5 to 10 weight %
(PUD1, PUD2, and PUD3 respectively) from DMPA incorporation, the 7, increased ~9 °C per
increment. Figure 6 depicts the storage modulus (G’) versus temperature curves for the
polycarbonate-based PUDs. The increased storage modulus with increasing ionic content is
attributed to the physical crosslinks formed from ionic aggregation. Increasing the amount of
DMPA also, inherently, increases the length of the HS in the overall segmented polyurethane,
thus the increased storage modulus observed with increasing ionic content is a function of both
higher HS content and ionic interactions. The disparate results between the natural rubber-based
PUDs and polycarbonate-based PUDs emphasize the abundance of tunable synthetic parameters
(monomers, M,’s, % solids) and film preparation techniques, affording a broad range of

attainable material properties.’®®
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Figure 7.6. Modulus as a function of temperature for polycarbonate-based PUD films with
varying ionic content. Reproduced with permission from ref.*

Gao et al.”’ synthesized a series of ion-containing polyurethanes strategically placing
sulfonate groups in only the HS and only the SS to allow for a fundamental study of the effect of
ion-placement on polyurethane properties. lonic compounds C and J (from Figure 3 and 4)
provided the charge in the HS and SS, respectively. The thermal, thermomechanical, and tensile
properties, hydrogen-bonding, and morphology were investigated. DSC revealed the 7,’s of the
ion-containing polyurethanes increased as compared to the neutral control; and the ionic groups
in the HS further increased the 7, compared to when the ionic groups resided solely in the SS.
These results suggested stronger electrostatic interactions when the ions were located in the less
mobile HS. Table 1 summarizes the thermal transitions of the segmented polyurethane
copolymers. Atomic force microscopy (AFM) and small angle X-ray scattering (SAXS) probed

the surface and bulk morphology respectively of the segmented polyurethanes. Coupled with
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wide-angle X-ray diffraction (WAXD) for characterizing crystallinity and variable temperature
Fourier transform infrared (FTIR) spectroscopy to observe the hydrogen-bonding (H-bonding), a
microphase-separated morphology was confirmed for the neutral polyurethane, as well as when
the ionic groups resided in the SS. When the charge was in the HS, however, a phase-mixed

morphology resulted.

Table 7.1. Thermal transitions of segmented polyurethanes with sulfonate groups in the hard

and soft segments. Reproduced with permission from ref.*’

Location of Ionic Groups T, (°C) T, (°C)

HS -5 110
SS -26 --
Neutral -52 34,107

Sophisticated synthetic design enabled Lee et al.** to synthesize PUDs containing ionic
groups only in the SS, only in the HS, or only on the chain ends, while maintaining overall
structural similarity. In PUDs with identical percent solids, weight percent HS, and SS/HS
monomers, the smallest hydrodynamic diameter and zeta-potential was observed with terminal
ions and the largest with ions in the HS.** As revealed in the PUDs discussed above, an increase
in ionic content gives rise to smaller particles which form more stable dispersions.”***® In this
case, the ionic content is the same for each PUD, and the results from this study show the impact
of chain/ionic mobility on particle formation.®> In regards to the viscosity and zeta potential of
the PUDs, the opposite trend occurred. A viscosity of 24 cP was reported for the charge in the
HS and 69 cP for the terminal position. Swelling the films in water revealed the PUD containing

ions in the HS achieved the highest percent swelling with the ions in the SS and at the chain ends

165



displaying results similar to one another. In the same laboratory, Jung et al.** synthesized photo-
curable PUDs with ions placed at the chain ends or in the HS and observed similar results as a

function of ion placement.

Continuing our survey of some fundamental structure-property relationships of ion-
containing segmented polyurethane copolymers, Zhang et al.*® synthesized a novel phosphonium
diol with varying alkyl chain lengths. Using the phosphonium diol as a chain extender in the
traditional prepolymer method and systematically varying the HS to SS ratio, a series of
phosphonium-containing segmented polyurethanes with ethyl (compound A in Figure 3) or
butyl pendant alkyl chains resulted. A thorough investigation of polyurethane properties as a
function of both HS content, correlating to ionic content, and alkyl chain length ensued. The
alkyl spacer length dramatically affected the tensile properties of the segmented polyurethanes.
Figure 7 shows the stress versus strain curves for the 75 weight percent HS polyurethanes with
the triethyl and tributyl phosphonium cations (TEP and TBP respectively). The ion-containing
segmented polyurethanes displayed increased strain at break compared to the neutral control, and
yielded Young’s moduli of 10.0 £ 0.5 MPa, 21.0 = 5.6 MPa, and 134 + 16 MPa for the
uncharged, TEP, and TBP polyurethanes respectively. Uniquely, these polyurethanes were water
dispersible and bound DNA with the longer, butyl chain. Other research groups also explored

the effect of alkyl chain length on polyurethane properties.*”~°

Through an alkylation reaction of
MDEA with alkyl bromides varying in chain lengths from 4 — 18 carbons, Wynne et al.*’
synthesized a library of ammonium diols. Subsequent reaction of the ammonium diols with a

commercially available tri-functional isocyanate endcapped oligomer afforded polyurethane

networks. The thermal, thermomechanical, and antibacterial properties of the networks as a
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function of alkyl chain length was examined. Both the octyl and octadecyl systems showed

promise as antibacterial coatings.
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Figure 7.7. Tensile curves of the uncharged, TEP and TBP polyurethanes with 75 weight
percent HS content. Reproduced with permission from ref.*®

The research of Ramesh and Nair broadens the field of ion-containing polyurethanes to

. : . . 343785
include the divalent calcium cation.***”

Utilizing commercially available calcium -lactate
hydrate (compound B in Figure 3), PTMO, and hexamethylene diisocyanate (HDI) in the one-
shot polymerization process, segmented calcium-containing polyurethanes were achieved.*
Compared to a neutral control, dynamic mechanical analysis (DMA) displayed a higher storage
modulus and 7, for the calcium-containing polyurethane. The ion-containing polyurethane
outperformed the control in all areas of tensile testing (tensile strength, modulus, toughness, and
elongation at break) and blood compatibility experiments with the calcium-containing segmented

polyurethanes displayed encouraging results. In a similar study that substituted the calcium salt

of p-hydroxybenzoic acid as the ion-containing chain extender, the amount of ionic content was
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varied and the resulting effect on the thermal, thermomechanical, and tensile properties of the

. .. : 85
ion-containing polyurethanes was discussed.

7.6 Applications of Ion-Containing Segmented Polyurethanes

The impact of ion-containing segmented polyurethanes spans various fields as a direct
result of the chemical and structural diversity affording a multitude of performance tunable

334470 Biomedical applications, polymer electrolytes, and the coatings industry

polymer systems.
are just some of the areas benefitting from the advancement of these materials. Highlighting
some technology-driven research combines the various synthetic techniques and importance of
understanding  structure-property relationships in the design of functional segmented

polyurethanes. In the following section, some recent research in relation to the three

aforementioned subjects is described.

The biocompatible nature of ion-containing segmented polyurethanes stimulates
abundant research aimed at various biomedical applications including biodegradable scaffolds,
antimicrobicides, blood compatibilizers, and there potential use in drug delivery

2331335570868 Bisdegradability is an important feature when designing scaffolds as

systems.
their function is to aid in regeneration, not remain as permanent replacements.”’ A common
route to biodegradable segmented polyurethanes is the use of a biodegradable polyol, such as
PCL, in the SS.”"**! De Oliveira et al.”’ synthesized PUDs containing biodegradable PCL in
the SS and DMPA as the ionic moiety to achieve dispersion. Mixing the PUDs with bioactive
glass nanoparticles in a poly(vinyl alcohol) (PVA) solution and either drying or freeze drying

afforded films and foams, respectively. Figure 8 depicts the PUD and resulting film and foam

composites. A scanning electron microscopy (SEM) image of the foam composite containing
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10 % of the nanoparticle elucidates the porous structure achieved with the freeze-drying process.
To confirm biocompatibility of the polyurethane/nanoparticle/PVA composites, cells were
subjected to the decomposition products. After 24 h, an acceptable percentage of cells remained.
Additionally, to assess the ability of the composites to function as tissue scaffolds, an in vitro

study revealed hydroxyapatite remained on the surface after soaking in a biological medium.

These results indicate potential for in vivo success.

Figure 7.8. The PUD (a), representative film (b) and foam (c) of the PUD/PVA/glass
nanoparticle composites, and SEM image of the foam containing 10 % bioactive glass
nanoparticle. Adapted with permission from ref.”

Antimicrobial surfaces and materials function in one of two ways, as bacteria repellents
or bacteria killers.”” Often, cationic polymers are effective at killing bacteria upon contact. Most
bacteria carry a negative charge; electrostatic interactions between the bacteria and positively
charged polymer result in bacterial cell rupture and ultimately cell death. Garrison and
coworkers™ synthesized ammonium-containing segmented PUDs using methoxylated soybean
oil, as described in an earlier section. PUDs with differing ionic content and identical hydroxyl

number, equal hydroxyl number and charge ratio, and an anionic control (using DMPA) were
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prepared to elucidate the effect of charge on antimicrobial performance. In general, PUDs with
higher ammonium content displayed improved antibacterial properties, however, the PUD with
the lowest hydroxyl number, corresponding to the lowest ammonium content and least
crosslinked material, outperformed the other PUDs prepared with the same charge ratio. This
result demonstrated the significance of polymer mobility on antibacterial properties. Ultraviolet-
visible (UV-Vis) spectroscopy confirmed the hypothesis of bacterial cell death through rupturing
of the cell wall. The antimicrobial properties of castor oil based crosslinked ammonium-
containing polyurethane membranes were also investigated.”” The membrane containing the
largest amount of ionic content exhibited superior antibacterial properties. Cytotoxicity studies
revealed an increase in ionic content correlated to increased cytotoxicity. Thoroughly washing
the crosslinked materials and replicating the experiment showed all of the membranes, despite
ionic content, were not cytotoxic. It was determined that the washing step removed unreacted,

excess small molecule ammonium salt which is known to cause cell death.”

Unless the direct aim of a device is to inhibit blood flow, it is important for materials
introduced into the body to function in the presence of blood and avoid causing unnecessary
complications.”* After publishing successful results showing increased blood compatibility of
PCL polymerized using a zwitterionic sulfobetaine initiator, taking advantage of the diol

functionality Cao and coworkers’ "'

synthesized zwitterionic segmented polyurethanes. Scheme
1 depicts the synthetic route to the novel sulfobetaine diol which converted to a polyol after ring-
opening PCL off each hydroxyl group. Chain extension of the polyol with HDI afforded

biodegradable zwitterionic polyurethanes with a very small HS content. The zwitterionic

polyurethanes exhibited lower protein adsorption for hydrated samples compared to a neutral
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MDEA-containing control polyurethane. Figure 9 models the observed effect of molecular
weight and ionic content on the charge migration after soaking in water and the subsequent effect
on protein adsorption for the zwitterion-containing polyurethanes. The results of clotting time
and hemolysis studies were also in the range of acceptable values, indicating blood compatibility.
Li et al.® functionalized the endgroups of traditional segmented polyurethanes with a
zwitterionic phospholipid. All compositions showed a drastic decrease (greater than 90 %) in
protein adsorption, corresponding to increased blood compatibility, in relation to the
unfunctionalized neutral segmented polyurethane copolymer. The structure of the zwitterionic
phospholipid (inset) and protein adsorption results are displayed in Figure 10, where the
zwitterionic-endcapped segmented polyurethanes are denoted FPCPU-T, FPCPU-P, and FPCPU-

H corresponding to PTMO, PPG, and polycarbonate SSs. PEU represents the nonionic control.
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Figure 7.9. A model demonstrating the rearrangement of zwitterion-containing polyurethanes
with different M,’s in water, based on contact angle analysis, and the resultant effect on protein

adsorption. Adapted with permission from ref.’'
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Figure 7.10. The chemical structure of the zwitterionic phospholipid endcapping agent and
protein adsorption results for zwitterionic-containing segmented polyurethanes with various SS
polyol components. Adapted with permission from ref.*

Utilizing electrostatic interactions of ion-containing segmented polyurethanes, Feng et
al.***” employed layer-by-layer (LBL) assembly to produce films and investigated their ability to
adsorb and release model compounds as a direct correlation to potential drug delivery
applications. Two different LBL materials were fabricated with alternating layers of cationic
polyurethane and poly(acrylic acid) (PAA) or anionic polyurethane and poly(allylamine
hydrochloride) (PAH). Dyes, methylene blue (MB) and methylene orange (MO), were the
model drug for each system, respectively, and chosen for ease of quantification. A systematic
investigation on the effect of the number of layers, charge of the exposed layer, solution pH, and
salt content on the loading and release properties of the anionic polyurethane/PAH multilayer
films ensued.*”” Cationic charge on the top layer increased loading efficiency, however, exposing

the anionic polyurethane improved release. Loading increased with decreasing pH and
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increasing salt concentration. Both the cationic polyurethane/PAA and anionic
polyurethane/PAH films showed reversible adsorption and release of the respective dyes for
more than 10 cycles. These results suggest potential success for multilayer films constructed

with ion-containing polyurethanes in the area of drug delivery.**

The development and improvement of polymer electrolytes, specifically for use in
lithium ion batteries, is an extremely active area of research.”” As mentioned throughout this
review, ion-containing segmented polyurethanes possess desirable material properties, including
thermal and thermomechanical stability, and tensile strength. The ability to tune these properties
with structural diversity and ionic content render them excellent candidates for the range of

100,101 . 102 .
’ Liu and coworkers "~ synthesized

material needs in the field of polymer electrolytes.
cationic segmented polyurethanes with varying alkyl chain lengths achieved via post-
polymerization alkylation reactions of MDEA and bromoalkanes. Mixing lithium perchlorate
(LiClO4) and the ammonium-containing segmented polyurethanes in different ratios afforded a
series of polymer electrolytes containing Li salt in different weight ratios for each alkyl chain
length (2, 8, and 14 carbons). Independent of alkyl chain length, as salt content increased both
the degradation temperature (Tq) and 7, decreased. 50 weight % Li salt in the cationic
segmented polyurethane with an octyl chain displayed the highest room temperature conductivity

of 1.07 x 10* S/cm. A trend of increasing ionic conductivity with increasing Li salt was

observed for all cationic segmented polyurethanes.

Ionic conductivity depends on both the concentration and mobility of ions, thus solid salts
in polymer matrices with 7,’s above room temperature reach a conductivity plateau.'” ILs, by

definition, are salts with melting temperatures (Tw’s) below 100 °C.'™ Incorporating ILs
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possessing Tr’s near or below room temperature in polymer electrolytes increases ionic mobility,
pushing past the conductivity barrier and introducing a new class of polymer electrolytes.'”
Utilizing an imidazolium diol (compound E in Figure 3), Gao et al.” synthesized a cationic
segmented polyurethane. Mixing I-ethyl-3-methylimidazolium ethyl sulfate (EMIm ES), a
liquid at room temperature, with the imidazolium-containing segmented polyurethane in varying
weight ratios and casting into Teflon® molds afforded IL-containing polymer electrolyte films.
Figure 11a depicts the DMA curves for the IL-containing polymer electrolyte films. As IL
content increased both the storage modulus and HS 7, decreased suggesting the IL disrupted the
hydrogen bonding in the HS yet did not interact with the SS in enough capacity to influence the
T,. A 106 MPa difference between the storage moduli of the 5 and 30 weight % IL samples at
40 °C shows the range of mechanical integrity, easily altered with simply increasing or
decreasing IL content. Ionic conductivity as a function of temperature and IL content, displayed
in Figure 11b, showed conductivity increased with increasing temperature and IL incorporation.
A proposed model of ionic interactions and potential IL placement was constructed, Figure 12,
to pictorially represent the influence of ion incorporation on polyurethane self-assembly and aid

in the explanation of enhanced material properties.
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Figure 7.11. DMA curves (a) and conductivity (b) of imidazolium-containing polyurethanes

with varying amounts of IL. Adapted with permission from ref.”
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Figure 7.12. Cartoon showing proposed ionic aggregation and IL intercalation providing

enhanced thermomechanical strength and ionic conductivity. Reproduced with permission from

ref.>?

Coatings are a dominant application for ion-containing waterborne PUDs, with structure-
dependent built-in functionalities designed for various applications including hydrophobicity, oil

. . . . 15,38,44,71,105
repelling, adhesive strength, and corrosion resistance.'>***"119 Ag

described above in relation
to blood compatibility, placing functional groups on the end of ion-containing polyurethanes can
significantly impact polymer properties.*”® Similarly, placing photoactive groups on the end of
waterborne PUDs efficiently provides UV-curable PUDs.*""”>"> 2-Hydroxyethyl acrylate (HEA)
and 2-hydroxyethyl methacrylate (HEMA) are two commonly employed photoactive molecules,

which readily react with isocyanate end-groups to produce a urethane bond and upon addition of

a photoinitiator and UV-light afford UV-crosslinked films from PUDs. Scheme 4 shows the
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reaction of HEMA with an isocyanate group and the resulting photocurable acrylate-

functionalized product.

Scheme 7.4. Functionalization reaction of isocyanate-endcapped polyurethanes with UV-active

HEMA.

NCO Q .

Employing the aforementioned HEMA-endcapping strategy, Dong et al’> prepared UV
crosslinked anionic polyurethanes. The reaction of DMBA with PPG afforded the ion-
containing SS and the addition of pyromellitic dianhydride (PMDA) into the synthesis resulted in
anionic imide-containing photocurable PUDs. Increasing PMDA content correlated to an
increase in Ty, Shore A hardness, and tensile strength. Hwang and Kim’* also synthesized a
series of photocrosslinkable anionic waterborne PUDs using the HEMA-endcapping strategy
which, after curing, exhibited tunable surface energies and tensile properties. The ionic content
was incorporated into the HS using DMPA, and a polycarbonate polyol dominated the SS,
however, small amounts of hydroxyl-terminated perfluoropolyether (PFPE) (0.1, 0.25, 0.5, and 1
mol %) were added to the polyurethane synthesis. Results of contact angle analysis, X-ray
photoelectron spectroscopy, and tensile testing demonstrated a broad range of both surface and
mechanical properties achievable from photocrosslinked ion-containing polyurethane films
incorporating small amounts of a fluorinated polyol. Both of the discussed PUD systems
illustrate the recurring theme of structural diversity and tunability inherently present in the

design, synthesis, and resulting properties of ion-containing segmented polyurethane copolymers.
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7.7 Conclusions

The synthesis, structure-property relationships, and broader impact of ion-containing
segmented polyurethanes on various fields of study has been discussed. Focusing on recent
literature, an overview of the synthetic methods affording ion-containing polyurethane
copolymers, including waterborne PUDs, green efforts, and the multiple avenues to successful
incorporation of ionic content (anionic, cationic, and zwitterionic) into polyurethanes was
provided. Using both novel and commercially available charge-containing diols and polyols or
post-polymerization reactions to afford ionic groups, an array of ion-containing segmented
polyurethanes with performance tunable properties have been prepared globally in both
academic and industrial laboratories. The material properties and ease of synthesis result in a
class of polymers with applications spanning multiple platforms, a few of which were discussed
in detail. The incorporation of biodegradability into already biocompatible systems allows ion-
containing polyurethanes to play an important role in many biomedical applications, including
regenerative medicine and antimicrobials. Excellent film and coating properties combined with
engineering conductive membranes affords polymer electrolytes and endgroup functionalization
has provided photocrosslinkable coatings form waterborne PUDs. The field of ion-containing
polyurethanes is abundant, versatile, and will continue to flourish and develop with the creativity

and innovation of today’s scientists.
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8.1 Abstract

The inherent biocompatible and biodegradable nature of polyesters renders them
excellent candidates for a variety of biological applications. Incorporating ionic groups further
expands the potential impact, encompassing charge-dependent functions such as
deoxyribonucleic acid (DNA) binding, antibacterial properties, and pH responsiveness. Catalyst-
free polycondensation of a bromomethyl imidazolium-containing (BrMelm) diol with
neopentylglycol (NPG) and adipic acid (AA) afforded a series of novel charged copolyesters
with pendant imidazolium sites. Varying ionic content impacted thermal properties and offered a
wide-range, -41 °C to 40 °C, of composition-dependent glass transition temperatures (Tgs). In
spite of the melt and thermal stability, ionic concentrations =15 mol % dispersed in water,
initiating their evaluation as non-viral gene delivery vectors. A gel shift assay confirmed the
novel cationic copolyesters successfully bound DNA at an N/P ratio of 4 for 50 and 75 mol %
charged copolyesters (P(NAso-co-ImAsp) and P(NAjs-co-ImA7s)) and 5 for 100 mol % Im

(PImA). Polyplexes exhibited insignificant cytotoxicity at high concentrations (200 ug/mL) and
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a Luciferase transfection assay revealed the ionic (co)polyesters transfected DNA significantly
better than controls. Furthermore, electrospinning PImA with poly(ethylene oxide) (PEO) at an
80:20 ratio of PImA:PEO produced fibers for additional antimicrobial coatings and/or adhesive
applications.  The successful transfection of these novel (co)polyesters inspired future
imidazolium-containing polyester design based on structure-property-function relationships for

improved transfection and understanding.

8.2 Introduction

Polyesters span many different markets ranging from high-performance materials to low
glass transition temperature (T,) adhesives.'” Biodegradability, resulting from hydrolytically
unstable ester bonds, and biocompatibility are two additional benefits of a polyester backbone,
which make them excellent candidates for biological applications.”’ Step-growth and ring-
opening polymerization methods generate polyesters, utilizing mainly diacids or diesters and
diols or cyclic lactone monomers, respectively.® Focusing solely on step-growth
transesterification (diester and diol) and condensation (diacid and diol) reactions, an array of
well-studied difunctional monomers provide vast structural diversity, enabling chemists the
ability to design polyesters with specific functions and properties.”® The development of novel
monomers poses a synthetic challenge, however, as successful linear step-growth polymerization
demands monomers of high purity (>99 %) and perfect difunctionality (f=2).

Similar to polyesters, charged, or ion-containing polymers enable structural and
material diversity in a variety of applications including conductive materials, water purification

9-12

membranes, antibacterial coatings, and non-viral gene delivery. The ability to impact such

different fields stems from the manipulation and/or placement of the ionic groups into
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1% The polymer structure, type of ion, amount of ion, and desired end-use all

polymers.
influence the resulting polymer properties. Introduction of ionic groups occurs through
polymerization of an ion-containing monomer or post-polymerization reactions. Each method
imparts control of ion concentration, which many systematic studies revealed crucial as small
changes in ionic content can greatly alter material properties.'>™"’

Ion-containing polyesters continue as a highly researched topic with seemingly limitless
possibilities as a result of different ionic groups yielding anionic and cationic backbones or
endgroups, all exhibiting structure and ion dependent counterion effects, electrostatic interactions,

. . .. 16,18-20
ionic conductivity, and more.

For example, utilizing commercially available sulfonated
dimethyl isophthalate, Zhang et al.'® synthesized polyester block copolymers containing pendant
sulfonate anions in the hard or soft segments. When placed in the soft segment, a microphase-
separated morphology resulted and tensile testing revealed elastomeric properties which the
authors attributed to electrostatic interactions. Another field of study ion-containing polymers,
specifically cationic polymers, play a critical role in is non-viral gene delivery.”’ This involves
complexation of positively charged polymers, often phosphonium or ammonium cations, with
the negatively charged backbone of deoxyribonucleic acid (DNA) or ribonucleic acids (RNAs).
Ideally DNA or RNAs coded with a specific function binds to a non-toxic polymer forming a
polyplex, which undergoes endocytosis and then releases the nucleic acid into the cell to perform
the programmed function.

Poly(ethylene imine) (PEI) is recognized as the current gold standard in non-viral gene
delivery; however, cytotoxicity prevents long-term stable transfection and creates a need for a

non-toxic transfection-efficient polymer.”>** The Long> research group compared ammonium

and phosphonium cations and the influence of alkyl chain length on successful transfection. A
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longer alkyl spacer enhanced transfection, and the phosphonium-containing polymers
outperformed the ammonium analogs. Well-defined diblock copolymers designed to both bind
DNA and stabilize the polyplexes showed the effect of molecular weight on transfection and
elucidated unexpected cell-line dependent results.® These systematic studies provided valuable
insight into understanding the effect of polymer structure and properties on the endocytotic
pathway and subsequent release. The biodegradable and biocompatible nature of polyesters
coupled with performance tunable properties and noncovalent interactions make cationic
polyesters promising non-viral gene delivery vehicles.”” Abundant research on biodegradable
nanoparticles comprised of mostly non-ionic poly(p,.-lactide-co-glycolide) (PLGA) polyesters,
and some development of cationic PLGA-derivatives, for non-viral delivery further supports
cationic polyesters as efficient and nontoxic polymeric vectors.”®*" Although limited research
exists, bio-inspired linear polymers poly(.-lysine), poly(p,.-lactide-co-4-hydroxy-i -proline), and
poly[a-(4-aminobutyl)- -glycolic acid] delivered promising results, confirming polyesters are

2231 Finally, Xu et al.* utilized self-biodegradation to design a

capable of efficient transfection.
novel poly(beta-amino ester) to enhance DNA release after endocytosis and observed
transfection efficacy greater than Jet PEL. Synthetic restrictions, alluded to previously, inhibit
the continual development of novel polyester compositions impeding the success and potential of
polyesters in this field of study.

The imidazole ring is a naturally occurring compound present in the amino acid histidine

. . . . 4
and forms an imidazolium cation upon alkylation.>

Exploration and use of this particular
ionic group traverses from biological (antibacterial, non-viral gene delivery) applications to

electroactive devices.'?**> Allen and coworkers'’ synthesized poly(1-vinylimidazole) and post-
Y poly y

polymerization reactions with alkyl bromides containing different alkyl spacer lengths and
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hydrogen-bonding groups allowed for a systematic study of the effect of ionic content and
noncovalent interactions on transfection. Increased ionic and hydroxyl functionality improved
transfection, yet >25 mol % charge negatively impacted toxicity. Currently, we are aware of
only one report of linear polyesters containing pendant imidazolium groups; a post-
polymerization click reaction allowed Mincheva et al.’® to graft imidazolium sidechains only
containing a maximum of 17 % ionic content and evaluated for increased carbon nanotube (CNT)
dispersion. In other imidazolium containing linear polyesters, the imidazolium group resides in

20,37 Furthermore,

the polymer backbone, decreasing accessibility for efficient DNA binding.
examining polyesters with pendant imidazolium groups as potential non-viral gene delivery
vehicles remains unexplored.™

Herewithin, we report the synthesis and characterization of novel copolyesters containing
pendant imidazolium groups. Catalyst-free high-temperature melt polycondensation of an
imidazolium diol, neopentylglycol, and adipic acid afforded a systematic series of charged
copolyesters demonstrating tunable thermal transitions and hydrophilicity. The imidazolium
group imparted water solubility above 30 weight % (wt. %) ionic content, allowing for the
evaluation as non-viral gene delivery vectors. Gel shift assays, toxicity studies, and transfection
experiments showed the influence of the polyesters on successful polyplex endocytosis and DNA
release. Additionally, electrospinning with poly(ethylene oxide) (PEO) afforded mats with
potential antibacterial activity. These novel imidazolium-containing copolyesters provide a

platform for new chemistries and materials capable of advancing non-viral gene delivery

technologies.
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8.3 Experimental

8.3.1 Materials

I-butylimidazole (Bulm, 98%), 1-methylimidazole (Melm, =99 %), neopentylglycol
(NPG, 99 %), dimethyl adipate (DMA, =99 %), and poly(ethylene oxide) (PEO, M, ~300,000
g/mol) were obtained from Sigma-Aldrich and used as received. Adipic acid (AA, =99.5 %) was
purchased from Fluka Analytical and used as received. Ethyl acetate (EtOAc, Fisher Scientific)
and methanol (MeOH, Spectrum Chemical), both HPLC grade, were used as received. 2-
(bromomethyl)-2-methyl-1,3-propanediol was prepared according to previous literature (‘H
NMR available in supplementary information, Figure 12).® A catalyst solution of 0.01 g
titanium tetraisopropoxide per 1 mL 1-butanol was prepared in accordance with previous

literature.>’

8.3.2 Analytical Methods

'"H nuclear magnetic resonance (NMR) spectroscopy was performed on an Agilent U4-
DD2 400 MHz spectrometer at room temperature in either deuterated chloroform (CDCls) or
deuterated water (D,0). A TA Instruments thermogravimetric analyzer (TGA) Q50 provided
weight loss as a function of temperature in a N, atmosphere at a 10 °C/min heating rate from
room temperature to 600 °C. Charged polyesters were dried in a vacuum oven prior to running.
For isothermal TGA, the sample was heated at a rate of 20 °C/min until the desired 180 °C and
weight loss monitored over 12 h at the elevated temperature. A TA Instruments differential
scanning calorimeter (DSC) Q1000 or Q2000 equipped with a refrigerated cooling system

afforded glass transition (Ty), melting (Tm), and crystallization (T.) temperatures. A
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heat/cool/heat cycle, ramping at a rate of 10 °C/min to an upper temperature ranging from 60 to
180 °C, cooling at either 50 or 100 °C/min to <-60 °C, and heated at a rate of 10 °C/min to the
same upper temperature used in the first heat, was performed on each sample and the values
reported from the second heat. All polyester DSC samples were dried in a vacuum oven at ca.
50 °C and ran immediately to avoid water uptake. A TA Instruments dynamic vapor sorption
analyzer (TGA-SA) Q5000SA provided water uptake as a function of relative humidity.
Samples were first dried in the instrument for either 2 h or until < 0.01 weight % change for 5
min and then equilibrated at ambient temperature (20 °C for noncharged control, 25 °C for 100
mol % Im) and 0 % relative humidity (RH). RH was increased in 5 % increments, samples were

held at each increment for either 2 h or < 0.01 weight % change for 10 min, up to 95 % RH.

8.3.3 Synthesis of Imidazolium-containing Diols

1-(3-hydroxy-2-(hydroxymethyl)-2-methylpropyl)-3-methyl-1 H-31*-imidazol-1-ium
bromide (bromomethyl imidazolium diol, BrMelm diol) and  3-butyl-1-(3-hydroxy-2-
(hydroxymethyl)-2-methylpropyl)-1H-3A"*imidazol-1-ium  (bromobutyl imidazolium diol,
BrBulm diol) were prepared and isolated in a similar manner. 2-(bromomethyl)-2-methyl-1,3-
propanediol (12.72, 1.0 mol eq) and Melm (5.85 mL, 1.05 mol eq) were added to a round-
bottomed flask equipped with a magnetic stir bar. After a 30 min N, purge, the round-bottomed
flask was lowered into a heated oil bath (~ 100 °C) and allowed to stir for >2 d to ensure
complete substitution. While still hot, MeOH was added to dilute the reaction and it was slowly
precipitated into EtOAc. After stirring overnight, the white crystals were filtered, subsequently
rinsed with cold EtOAc, and dried in a 50 °C vacuum oven. Whittington et al.*’ previously

reported the synthesis of this N-methyl derivative as a yellow oil, however, we obtained a white
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crystalline solid. '"H NMR (Figure 1), mass spectrometry (MS), TGA, and DSC confirmed the
structure and thermal properties. MS: caled, 185.13; found, 185.13. Tgonset = 307 °C. T, = -
22°C. Tc=90°C. T, =113 °C.

BrBulm diol was isolated as a yellow oil. 'H NMR available in supporting information,

Figure 13. MS: calcd, 227.18; found, 227.18. Tgenset = 271 °C. Ty =-38 °C.

8.3.4 Neutral Control Polyester Synthesis

Melt transesterification afforded the noncharged polyester control, poly(neopentylene
adipate) (PNA). Neopentylglycol (5.8366 g, 1.2 mol eq), dimethyl adipate (8.14 g, 1.0 mol eq),
and titanium tetraisopropoxide solution (0.06 mL, 40 ppm) were added to an oven dried 100 mL
round-bottomed flask. A mechanical stir rod, t-neck, and distillation apparatus were affixed to
the round-bottomed flask after the reagents were added and then the reaction was purged with N,
and vacuum three times to ensure an inert environment. During the purging process any
condensed or sublimed monomer was melted back into the reaction using a butane torch. With a
constant N, purge, the reaction was lowered into a molten metal bath heated to 170 °C and
allowed to react with stirring for 2 h. The temperature was then raised to 220 °C for an
additional 2 h and finally vacuum (0.15 mmHg) was pulled maintaining a temperature of 220 °C
for another 2 h. The reaction was removed from the heat and allowed to cool under a N,
atmosphere. The resulting polymer was removed from the round-bottomed flask and used

without further purification.

8.3.5 Imidazolium-Containing (Co)polyesters Synthesis

Catalyst-free melt polycondensation generated all imidazolium-containing (co)polyesters

in similar manner. A 1:1 molar ratio of diacid to total diol was used in each synthesis and
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BrMelm diol was dried in a vacuum oven overnight at 50 °C prior to use. The following
procedure describes the synthesis of the imidazolium homopolyester (100 mol % Im). BrMelm
diol (2.1208 g) and adipic acid (1.1690 g) were added to a dry 50 mL round-bottomed flask and
the reaction was setup and degassed as described earlier for the neutral control polyester. The
reaction was then lowered into a 130 °C silicon oil bath and allowed to react with stirring and a
N, purge for approximately 12 h. The temperature was increased to 200 °C for an additional 12
h and vacuum (0.15 mmHg) was then pulled for 6 h at 200 °C to complete the reaction. The

polyester was removed from the round-bottomed flask and used without any further purification.

8.3.6 Gel Electrophoresis

To prepare the 8-well agarose gels, agarose (600 mg, Bio-Rad) was dissolved in warm
reverse osmosis (RO) water (54 mL). TRIS acetate-EDTA (TAE) buffer solution (6 mL of 10X

concentrate, Sigma-Aldrich) was then added and once the mixture was B cooled SYBR® Green I

nucleic acid gel stain (6 uL, Sigma-Aldrich) was pipetted into the solution. The solution was
then poured into the gel tray, 8-well combs carefully placed and used to remove any bubbles,
covered, and allowed to harden. Polyplexes were formed in the following manner: in order,
DNA (1 uL of a 1 ug/uL solution of gWiz"™ High-Expression beta-galactosidase vector from
Aldevron), water, and polymer (a volume of 1 mg/mL solution to reach the desired
nitrogen/phosphate (N/P) ratios) were added to a micro-centrifuge tube to a total volume of 30
uL and mixed using a micropipette. After a 30 min incubation, loading buffer (30 wt. %
glycerol (99 %, Sigma-Aldrich) in water, 6 uL) was added to each polyplex and then pipetted
into the wells of the agarose gel. Gels were run horizontally in a 1X TAE buffer solution at 70 V

for 40 min using a Bio-Rad PowerPac Basic power supply. Images were taken using UVP’s

191



MultiDoc-It"™ Imaging System. Full DNA binding was obtained at an N/P ratio of 4 for 50 and

75 mol % Im and 5 for 100 mol % Im.

8.3.7 Polyplex Stability Study

Polyplexes were formed in a similar manner as described above for the fully bound N/P
ratios, however, volumes were adjusted to obtain 1 mL total. 100 uL aqueous polymer solution
(necessary uL. polymer for N/P ratio using 1uL DNA) was added to 100 uL aqueous DNA
solution (1uL gWiz™ beta-gal), vortexed, and then incubated for 30 min. 800 uL of water was
then added to the polyplex, the solution was vortexed, and then placed in a disposable cuvette for
dynamic light scattering (DLS) measurements. A Malvern Zetasizer Nano ZS measured
hydrodynamic diameter at 25 °C and the reported volume particle size distributions, including

standard deviation, are an average of 3 runs.

8.3.8 Cell Culture

HeLa cervical cancer cells were obtained from the American Type Culture Collection
(ATCC) and were cultured at 37 °C with 5% CO; in Dulbecco’s Modified Eagle Medium

DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin.
pp

8.3.9 Cytotoxicity Protocol

Prior to exposure to polyplex solutions, HeLa cells were lifted from the culture plate with
0.25 % Trypsin-EDTA and seeded into 96 well plates at a density of 5,000 cells/well. The cells
were allowed to attach and proliferate for 24 hours at 37 °C with 5% CO,. Cell media was
aspirated and cells were rinsed with phosphate buffered saline (PBS) prior to application of

polyplex solutions. Polyplex solutions were prepared by mixing DNA with polymer in water,
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allowing 30 minutes for polyplexes to form. Stock polyplex solution was then diluted in serum-
free DMEM to the desired concentration, applied to cells, and allowed to incubate for 2 h. After
incubation, polyplex solutions were removed, cells rinsed with PBS, and fresh media was applied.
HelLa cells were allowed to incubate with media for 24 hours, after which the CellTiter-Glo®
assay was performed according to manufacturer’s protocol. Briefly, existing media was removed,
cells were rinsed with PBS, and fresh media was applied to each well. After equilibrating to
room temperature, equal volume of CellTiter-Glo® reagent was added to each well, rocked
gently for 2 minutes, and allowed to equilibrate for 10 minutes. Luminescence was read using a
Promega GloMax 96 Microplate Luminometer. All measurements were normalized to positive
and negative controls on the same plate (n=5), and data is presented as an average + standard
deviation. Statistical analysis (ANOVA with Tukey’s HSD) was performed with JMP software

(p=0.05).

8.3.10 Transfection Assay

Prior to transfection, HeLa cells were lifted from the culture plate using 0.25 % Trypsin-
EDTA and seeded into 96 well plates at a density of 5,000 cells/well. Cells were allowed to
attach and proliferate for 24 hours at 37 °C with 5% CO,. Cell media was aspirated and cells
were rinsed with PBS before exposure to polyplex solutions consisting of polyester and gWiz-
Luc DNA at minimum N/P ratios for full binding. Superfect and Jet-PEI were prepared and
applied to cells according to manufacturer’s protocols. Polyplex solutions were formed in water,
diluted in Opti-MEM, and subsequently applied to cells with a final concentration of 1 pg
DNA/well. After 2 h incubation, polyplex solutions were removed, HeLa cells rinsed with PBS,

and fresh serum-containing media was added to each well. Cells were incubated at 37 °C with 5%
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CO, for 48 hours prior to performing a Promega luciferase assay according to manufacturer’s
protocol. Briefly, media was removed, cells washed with PBS, and cells were lysed with 1x
Reporter Lysis Buffer. Following one freeze-thaw cycle to ensure complete cell lysis, 100 pL of
Luciferase Assay Reagent was added to cell lysate and read using a Promega GloMax 96
Microplate Luminometer. Total protein was measured with the BCA protein assay and
absorbance was read using a SpectraMax M2 plate reader. All measurements were normalized
to total amount of protein in each sample, and data is presented as an average + standard

deviation.

8.3.11 Electrospinning

An electrically grounded Plexiglass® box served as an electrospinning chamber. A
Gamma High Voltage Research power supply and Spellman CZE1000R power supply were used
for the syringe tip and collection plate, respectively. A New-Era Pump Systems single syringe
pump allowed for constant solution dispensing. Images of electrospun fibers/mats were obtained

using a Jeol Neoscope JCM-5000 benchtop scanning electron microscope (SEM).

8.4 Results and Discussion

8.4.1 Synthesis of Imidazolium-containing (Co)polyesters

En route to novel cyclic carbonates, Mindemark and Bowden®® synthesized alkyl halide-

1.*' and Whittington et al.** recognized the

containing 1,3-propanediol intermediates. Zhang et a
potential for ion-containing primary diols and substitution reactions with trialkylphosphines and

I-methylimidazole, respectively, resulted in novel charged diols. Utilizing a slightly altered

reaction and workup procedure, we prepared the previously reported methyl and a novel butyl
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imidazolium diol derivatives. Scheme 1 depicts the substitution reaction of 2-(bromomethyl)-2-
methyl-1,3-propanediol, performed in bulk, with both 1-methylimidazole (Melm) and 1-
butylimidazole (Bulm) resulting in alkyl imidazolium diols with bromide counterions.
Precipitation into ethyl acetate (EtOAc) removed the slight excess of Melm and Bulm charged
and any impurities, resulting in highly pure BrMelm diol and BrBulm diol confirmed with mass
spectrometry (MS) and 'H NMR.

Scheme 8.1. Substitution reaction affords alkyl imidazolium diols
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-
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The 'H NMR spectra for BrMeIm diol and BrBulm diol are shown in Figure 1 and
Figure 13, respectively, exhibiting expected integrations and peaks labeled accordingly. The
ionic diols readily dissolved in D,0, explaining the absence of the hydroxyl proton resonances.
The desired high-temperature melt polycondensation polymerization method required high purity
and thermal stability, rendering these crucial properties for the successful synthesis of
imidazolium-containing (co)polyesters. Previously reported as a yellow oil without any
specified thermal transitions, our diol precipitated as a white crystalline solid with a glass
transition temperature (T,) of -22 °C, crystallization temperature (T.) of 90 °C, melting
temperature (Tp) of 113 °C, and an onset degradation temperature (Tyonse) of 307 °C.* The
113 °C Ty, of BrMelm diol exceeded the 100 °C limit for classification as an ionic liquid (IL),

however, the BrBulm diol only displayed a T, (-38 °C) throughout a temperature range of -60 °C
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to 180 °C.** The single T, suggested the longer butyl alkyl chain prohibited packing into a

crystalline lattice, designating BrBulm diol an IL.
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Figure 8.1. '"H NMR spectroscopy confirms structure of bromomethyl imidazolium diol

We employed two different step-growth polymerization strategies for the synthesis of the
noncharged control polyester poly(neopentylene adipate) and the imidazolium-containing
(co)polyesters. Both polymerization techniques proceeded in bulk and the minimal or lack of
catalyst allowed polymer isolation without any purification or workup. A titanium
tetraisopropoxide (Ti(OiPr)s) catalyzed melt transesterification, the reaction of a dimethylester
and diol with methanol (MeOH) elimination driving the reaction to high conversion, afforded the
neutral control polyester. Scheme 2 displays the synthetic procedure and polyester repeating

unit. The structural similarity of neopentylglycol (NPG) to the BrMelm and BrBulm diols and
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literature precedence suggesting sterics prevent transesterification both contributed to NPG as
the selected comonomer diol.* Beginning with a transesterification resistant diol allows for
further development to well-defined block copolyesters, improving the understanding of various
structure-property relationships and a possible need for the targeted biological applications.

Scheme 8.2. Synthesis of noncharged polyester, poly(neopentylene adipate) (PNA)

o 170 -220°C, 4 h o
2 hat0.15 mmHg M >
o -~ o o
-~ Mo/ * HO\></OH 40 ppm Ti(OiPr), I % A

Polycondensation, the reaction of a diacid and diol with water elimination driving the

reaction to the right, generated imidazolium-containing (co)polyesters. Multiple motives
contributed to polycondensation as the preferred method for the ion-containing (co)polyester
synthesis. A benefit of melt transesterification is the ability to charge a slight molar excess of
low boiling point monomers, contrary to usual step-growth reactions requiring exact 1:1
stoichiometry.® The high temperatures and high vacuum at the end of the reaction removes any
unreacted or small molecule byproducts, essentially forcing a 1:1 stoichiometry and reaching
high conversion. lonic monomers often possess exceedingly high boiling points, even under
reduced pressure.”” Therefore, any excess unreacted BrMeIm diol would remain in the polymer,
lower the achievable molecular weight, and act as a plasticizer. To avoid the contaminate, 1:1
stoichiometry is required and the reaction conditions must ensure the comonomers (NPG and
adipic acid (AA)) do not sublime or distill throughout the polymerization. Efficient water
elimination occurs slowly so often initial steps in polycondensations progress at relatively low
temperatures for extended periods of time and/or polymers are subsequently solid-stated..>®**

Extended low temperature initial reaction conditions proved ideal for polymerization of BrMelm

diol as they provided ample opportunity for the monomers to form dimers, trimers, etc and
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removed the possibility of monomer loss via distillation later in the reaction. Finally,
polycondensation proceeded in absence of any heavy metal catalyst to eliminate potential
cytotoxicity. Scheme 3 depicts the imidazolium-containing (co)polyester synthesis.

Scheme 8.3. Catalyst-free melt polycondensation affords imidazolium-containing (co)polyesters
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Charging different ratios of the BrMelm diol and NPG, maintaining 1:1 stoichiometry of
overall diol:diacid, afforded a series of imidazolium-containing (co)polyesters,
poly(neopentylene adipate)s-co-poly(BrMelm adipate), abbreviated P(NAy-co-ImA,) where x
and y are the respective charged mol % of the neutral and imidazolium repeating units
respectively. A total of 6 copolyesters with ionic content ranging from 10 — 75 mol % (12 — 88
wt. %), the imidazolium homopolyester (PImA), and the noncharged control (PNA) provided an
array of charge content and structural diversity for investigating structure-property relationships

with respect to ion concentration. lonic content of 15 mol % and greater achieved hydrophilic

water dispersible polyesters, enabling the exploration of biological applications. Figure 2
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depicts the '"H NMR spectra of PImA. Mnova NMR analysis software permitted a fixed
integration of 4.00 for the adipic acid protons labeled a (Figure 2) and the remaining integrations
correlated as expected. This confirmed all BrMelm diol successfully polymerized, as free diol
would increase integrations for the corresponding peaks. Interestingly, each hydrogen on the
imidazolium monomer (resonances ¢, d, e, f, g, and h in Figure 2) exhibited distinct peak
splitting, which equaled the expected value for full incorporation. We hypothesize the splitting
resulted from tacticity, or the arrangement of the imidazolium groups along the backbone

respective to neighboring protons.*

h &h b a Split peaks arise from tacticity
O 0" 3 5 on polymer backbone
f COBr o’x D.O
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Figure 8.2. 'H NMR spectroscopy confirms structure of melt stable imidazolium homopolyester,
PImA

Unfortunately, high temperature melt polymerization of the novel BrBulm diol proved

unsuccessful. Hofmann elimination is a common thermally induced degradation pathway for

46-48

ammonium cations containing beta-hydrogens. The butyl alkyl spacer of BrBulm diol,
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unlike the single methyl group of BrMelm diol, contains beta-hydrogens permitting the
aforementioned elimination reaction. Initial thermogravimetric analysis (TGA) of BrBulm diol
revealed a promising one-step degradation profile with Ty sy, = 232 °C and Tyenset = 271 °C. A
homogeneous melt prevailed throughout the first 12 h low temperature step in an attempted
polymerization, however, upon increasing the temperature to 200 °C an undesirable brown color
occurred and after 9 h the reaction no longer appeared homogeneous. An isothermal TGA of the
BrBulm diol monomer at 180 °C reflected the expected thermal instability, suffering a 15 % wt.
loss after 2 h. Figure 3 displays the isothermal TGA curve and proposed Hofmann elimination
mechanism of BrBulm diol. If all BrBulm diol underwent Hofmann elimination, complete 1-
butene loss equals 18 % wt., very close to the observed 16 % after 12 h. Additionally,
hydrobromic acid (HBr) byproduct could induce the observed brown coloring and would inhibit
the formation of ester bonds, further reinforcing Hofmann elimination’s detrimental effect on

BrBulm diol polymerization.
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Figure 8.3. 12 h TGA isotherm of BrBulm diol at 180 °C and proposed Hofmann elimination

arrow-moving mechanism (inset)

8.4.2 Thermal and Sorption Analysis of Imidazolium Polyesters

General acid-base chemistry explains the hydrophilic nature of ionic groups.*
Incorporating charged species into polymers provides multi-functional hydrophilic sites capable
of imparting or tuning water solubility and directing self-assembly, for example.’’>* As briefly
noted earlier, water dispersible imidazolium-containing (co)polyesters resulted with =15 mol %
charge. Thermogravimetric sorption analysis (TGA-SA) provided a direct comparison of the
hydrophilicity of the organic soluble noncharged control and water soluble PImA. Figure 4
depicts the water uptake, represented as percent weight gain, curves for the PNA and PImA

homopolyesters as a function of increasing relative humidity (RH). After ramping RH to 95 %,
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the noncharged control gained negligible weight (0.7 %) while PImA gained 41.2 wt. %. The
increased water uptake of PImA both demonstrated and quantified the effect of ionic content on

the amorphous polyester hydrophilicity.
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Figure 8.4. Water sorption analysis demonstrating increased hydrophilicity of PImA (red)
compared to PNA (blue)
Figure 5 shows the one-step TGA degradation profiles of PNA, P(NAso-co-ImAsy),

P(NA,s-co-ImA7s), and PImA. As observed and discussed above, the ion-containing polyesters
pick up water. Vacuum drying all charged polyesters at 50 °C prior to thermal analysis
diminished water influencing and prohibiting determination of an accurate Tq. All (co)polyesters
demonstrated good thermal stability, with Ty onsets > 300 °C well beyond the 200 °C and 220 °C
melt polymerization temperatures. The neutral control exhibited a slightly higher Tgonser Of

352 °C, whereas the imidazolium-containing (co)polyesters started to lose mass closer to 300 °C.
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Residual char systematically increased with increasing imidazolium content, a reflection of the

high degradation temperatures of ionic species, often shown in correlation with flame

retardancy.”>™*
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Figure 8.5. Degradation profiles of imidazolium-containing (co)polyesters and neutral control.
Char residue scales with imidazolium content.

Differential scanning calorimetry (DSC) revealed a single T, for each (co)polyester in the
series, indicating amorphous materials within experimental temperature and time restrictions. T,
increased with increasing ionic content, spanning a large 80 °C temperature range of -41 °C to
40 °C. Tunable thermal transitions, accessing T,’s both above and below room temperature,
elucidated an advantageous structure-property relationship of these novel ion-containing

copolyesters. One T, also implied an absence of microphase-separation; thus comparing
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experimental values to those obtained using the Fox equation provided an indication of the

36 With known homopolymer Ty’s, the Fox equation

randomness of the copolymerization.
(Equation (1)) predicts copolymer T,’s assuming a random copolymerization and phase mixing.
The Fox equation requires temperature units in Kelvin, T,; and Ty, are the T,’s of the
homopolymers, w; and w, correspond to the weight fractions of each homopolymer, and Ty, is
the predicted transition temperature for the copolymer of interest. Figure 6 displays the
observed T, for each copolyester as a function of wt. % Im and the predicted values from the Fox
equation. Good agreement with predicted T,’s occurred at high ionic content suggesting a

random copolymerization with efficient phase-mixing, however, the lower wt. % Im copolyesters

deviated from the calculated values exhibiting slightly lower T,’s than theoretically determined.

1 w1 Wy .
—=(—)+ (= Equation (1
T (rg,l (Tg,z q @
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increasing ionic content
8.4.3 Imidazolium (Co)polyesters as Non-viral Gene Delivery Vectors

With literature precedence supporting the inherent biocompatibility of polyesters and
efficient deoxyribonucleic acid (DNA) binding with imidazolium cations, we evaluated the
ability of these novel water soluble imidazolium-containing copolyesters as potential non-viral
gene delivery vectors.” 7 P(NAso-co-ImAsg), P(NAss-co-ImA7s), and PImA polyesters served
for initial studies since all three readily dissolved in water and previous literature shows
improved transfection efficiency with increased charge content.'” Electrophoretic gel shift
assays are efficient and expedient at revealing DNA binding capabilities since any free or
unbound DNA travels out of the loading well toward the positive electrode. The agarose gels

contained 8-wells, the first loaded only with DNA as a control and the others contained
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polyplexes prepared in water at different nitrogen/phosphorous (N/P) ratios. All copolyesters
partially bound DNA at an N/P ratio of 2 and fully bound at an N/P of 4 for P(NAso-co-ImAs)
and P(NAjs-co-ImA7s) and an N/P of 5 for PImA. Figure 7 depicts the gel shift assay results for
each (co)polyester. Comparing to relevant literature, Zhang et al.”’ synthesized poly(3-butyl-1-
vinylimidazolium ¢ -proline salt) (PV4-Pro) and reported full DNA binding at an N/P ratio of 3.2,
correlating well with the N/P of 4 and 5 observed for the imidazolium-containing (co)polyesters.
Previously reported poly(1-ethyl-3-vinylimidazolium bromide-co-1-vinylimidazole) copolymers
containing 25 mol % quaternization (PEVIM»s) did not bind until an N/P ratio of 10, however;
100 mol % ion content and the addition of a single hydrogen-bonding hydroxyl group (PHEVIM)
reduced the binding N/P ratio to 2."7 Different protocols, DNA, cell lines, charge density, and
other factors alluded to above limited any exact comparisons between current literature and the
binding of the novel imidazolium (co)polyesters, yet this initial experiment proved the
imidazolium-containing copolyesters successfully bound DNA at analogous N/P ratios.
Furthermore, the culmination of results highlights the sensitivity of efficient DNA binding to

overall polymer composition.
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P(NA,s-co-ImA ;)

Figure 8.7. DNA gel binding assay shows imidazolium-containing (co)polyesters completely
bind DNA at N/P ratios of 4 (P(NAso-co-ImAsp) and P(NAs-co-ImA7s)) and 5 (PImA)

Dynamic light scattering (DLS) measured polyplex (formed using the specified minimum
N/P ratios from gel binding studies) size and stability in solution over 24 h. Research stresses
the importance of small stable particles, suggesting smaller polyplexes facilitate endocytosis.*'®
Additionally, polyplexes must remain intact throughout cellular treatment and uptake. Figure 8

shows the results for each (co)polyester at 7 different time-points over a 24 h study, where the

zero time-point corresponds to the first measurement after a 30 min incubation allotted for
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polyplex formation. Polyplexes formed from all three (co)polyesters remained stable in salt-free
and serum-free water over 24 h with small hydrodynamic diameters (generally <100 nm). The
cytotoxicity and transfection protocols allowed a 2 h polyplex incubation period, prompting the
initial hourly recordings. These gentle conditions illustrated the strong electrostatic binding
between the imidazolium-containing (co)polyesters and DNA and absence of polyplex

aggregation or dissociation.
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Figure 8.8. Hydrodynamic diameter of polyplexes from dynamic light scattering showing
stability over 24 h in water

Cytotoxicity is arguably one of the most important parameters, as successful DNA
delivery and release is quickly negated if ultimately cell death occurs. Many reports

demonstrated the biocompatible nature of polyesters, however, biocompatibility does not
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guarantee negligible cytotoxicity and studies reported (excess) cationic charge decreased cell

6:17.23:39 HeLa cells, a human cervical cancer cell line, treated with polyplexes formed at

viability.
the indicated N/P ratios for the P(NAso-co-ImAsp), P(NAzs-co-ImA7s), and PImA polyester
vectors displayed insignificant toxicity with respect to control cells over a range of
concentrations reaching 200 ug/mL. Figure 9 displays the results from the CellTiter-Glo® assay.
Many samples exceeded 100 % cell viability, indicating cell growth in lieu of polyplex exposure.
Although not a direct comparison, the previously described PHEVIM polyplexes containing >25 %
ionic content triggered a cytotoxic response in African green monkey COS-7 cells at large N/P
ratios (=20)."" Acknowledging different protocols and cell lines can drastically affect results;
from a structure-property observation the imidazolium-containing copolyesters reinforced the
value of a polyester backbone, as even 100 mol % Im charge did not induce cytotoxicity.”
Zhang and coworkers’’ only reported cytotoxicity measurements of free PV4-Pro, which reduced

cell viability to ca. 80 % at concentrations =15 ug/mL, consistent with fully charged free-

PHEVIM."
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Figure 8.9. Cytotoxicity assay demonstrating insignificant toxicity in HeLa cells and confirming
biocompatibility of imidazolium-containing (co)polyesters (error bars are the standard deviation
from the average of n=5 samples)

A Luciferase assay determined quantitative transfection efficiency for P(NAsp-co-ImAsy),
P(NAjs-co-ImA7s), and PImA compared to untreated control cells and two commercial
benchmarks, Jet PEI® and Superfect®. The minimum amount of polyester (lowest N/P ratio)
required for full DNA binding, as specified above, formed the respective polyplexes and the
experiment proceeded in Opti-MEM. Figure 10 depicts the transfection results in relative light
units (RLU)/mg protein for each polymer vector and control cells. All three imidazolium-
containing (co)polyesters successfully transfected with significant improvement, about two
orders of magnitude, over untreated control cells. At these specific N/P ratios used the

copolymers underperformed compared to industry standards. Continuing the comparison to
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vinylimidazole polymers; in serum-containing media only ~0.5 % PV4-Pro transfected at N/P=4
which increased to around 7 % at an N/P=16."" These results suggest increasing the N/P ratio
providing excess cation would significantly improve transfection efficiency for P(NAso-co-
ImAsp), P(NA2s-co-ImA7s), and PImA. PEVIMjs required an N/P=10 before efficient DNA
binding and displayed transfection ca. 1.5 orders of magnitude greater than PImA in serum-free
media.'” Increasing the N/P ratio to 25 slightly enhanced transfection to ~10" RLU/mg protein
yet remained orders of magnitude below Superfect®. The pendant hydroxyl functionality of
PHEVIM achieved transfection close to Superfect® (within an order of magnitude) at low N/P
ratios in serum-free media, further demonstrating the incredible structural effects and sensitivity

of endocytosis and endosomal release.

211



1010

=
S 1071
~—
2
A 108 -
on
£ 107
=)
é 106 -
z 10°)]
s
= 104 ]
~—
=
20103
-
2 107
~—
< 10
[5) R
=7

1

‘A\ Y gect \(OP‘ 6\[’“\‘) ‘(\Pss&
oo et oot v _co o

?®M‘> Y@P»SQ
Treatment

Figure 8.10. Charged polyesters transfected significantly better than controls at low N/P ratios

in serum-free media

The transfection results combined with the cytotoxicity assay confirmed the novel melt-
stable imidazolium-containing (co)polyesters exhibited potential as non-toxic non-viral gene
delivery vectors. With excellent research studies and literature reporting various structure-
property relationships in regard to materials and transfection, we propose the following
explanations for the observed transfection and potential solutions demonstrating the platform
technology these charged copolyesters provide. The core-shell model of polyplex formation
suggests excess polycation decorates the polymer/DNA or RNA complex (core), decreasing
aggregation, increasing stability, and ultimately improving transfection.”’ Therefore, an N/P

ratio in excess of the minimum required for efficient DNA binding would promote the formation
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of a stabilized polyplex. The biocompatible nature of the imidazolium-containing (co)polyesters
would hopefully allow increased N/P ratios without sacrificing cell viability. Furthermore, block
copolymers designed with one block for stabilization and another to bind DNA/RNAs,
demonstrated excellent cell viability and transfection on par with Jet PEL.*® The versatile and
facile melt polycondensation synthetic strategy accommodates oligomeric diols affording
randomly segmented (co)polyesters.®”®' Copolymerization of BrMeIm diol with an oligomeric
poly(ethylene oxide) (PEO) diol and adipic acid offers a route to obtain imidazolium-containing
segmented copolyesters to investigate the influence of a randomly distributed stabilizing “block”
along the backbone on polyplex stability and transfection.

It is improbable all endosomal escape occurs through the same mechanism,
however, two of the most common theories cited include the proton sponge effect and

clectrostatic destabilization of the membrane.?>%*%

Astafieva and coworkers® reported
delivering Pluronic® P85 alongside poly(4-vinylpyridine-stat-N-ethyl-4-vinylpyridinium
bromide) (PEVP) increased transfection efficiency and reasoned the amphiphilic nature of the
Pluronic”® block copolymer mimicked the proton sponge effects attributed to PEI’s success.”’ As
mentioned above, melt polycondensation successfully affords segmented copolyesters using
functionalized oligomers, thus a Pluronic” diol offers another route to explore structure-property-
transfection relationships. Degradation of the imidazolium copolyesters in the endosome could
have introduced buffering capacity and thus invoke the proton sponge hypothesis as a potential
explanation for the observed transfection. In the future, copolymerization with a less
hydrolytically stable comonomer could further enhance degradation and increase transfection

efficiency. Finally, literature showed alkyl spacer length affects transfection efficiency; a butyl

alkyl spacer disrupted the endosomal membrane promoting escape and transfection whereas
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transfection did not occur with a shorter ethyl alkyl spacer.”> These results further highlight the
significance of the imidazolium-containing (co)polyester transfection with only a methyl group
and suggest either a different copolymerization strategy such as the low temperature solution
polymerization with an acid chloride to eliminate Hofmann degradation of BrBulm diol or

further monomer derivitization to remove beta-hydrogens.®

8.4.4 Electrospinning and Other Potential Applications

The imidazolium ionic group exhibits antimicrobial effects, both as a small molecule salt

34,67,68

and when covalently incorporated into materials. Due to the pendant imidazolium groups,

the novel (co)polyesters could function in applications desiring antimicrobial properties such as

wound healing bandages.*"

To further demonstrate the versatility and potential of the melt-
stable imidazolium-containing polyesters for various applications, electrospinning evaluated the
fiber forming capabilities of PImA. PImA formed fibers upon blending with high molecular
weight PEO, visible in Figure 11. Electrospinning is a sensitive technique with many variables
requiring optimization some of which include polymer concentration, voltages, and solvent.”"”>
The two scanning electron microscopy (SEM) images, depicted in Figure 11, demonstrate the
severe influence of parameters and optimization on effective fiber formation. The left image
revealed relatively uniform fibers achieved from a 30 wt. % solution of 70:30 PImA:PEO in
water. Alternatively, the image on the right shows although fiber size remained relatively
uniform, upon increasing to 80 % polyester and raising the overall solution concentration to 32
wt. %, an inconsistent fiber morphology resulted. Finally, the tunable thermal transitions of the

imidazolium-containing (co)polyester series and limitless comonomers for future material

development provides opportunities for an array of structure-property-morphology relationships
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as well as emerging applications including but not limited to pressure-sensitive adhesives,

biocompatible and biodegradable membranes, and ion-conducting polymers.

70:30 PImA:PEO 80:20 PImA:PEO
Concentration: 30 wt % in H,0O Concentration: 32 wt % in H,0

Figure 8.11. SEM images of electrospun fibers from blends of PImA and 300,000 g/mol
poly(ethylene oxide) for potential antimicrobial and adhesive applications. 18 mm collector

distance, left: +/-15 kV, right: +10 kV —15 kV
8.5 Conclusions

In this manuscript we described the synthesis, characterization, and non-viral gene
delivery potential of a novel series of imidazolium-containing (co)polyesters.  Melt
polycondensation of BrMelm diol with NPG and AA comonomers provided thermally stable
amorphous (co)polyesters with T,’s ranging from -41 °C to 40 °C. A newly synthesized BrBulm
diol unfortunately succumbed to Hofmann elimination, rendering melt polymerization
insufficient. "H NMR confirmed polyester structure and exhibited unique splitting attributed to
tacticity. Water dispersibility prevailed above 15 mol % ionic content (31 wt. %) and initiated
the evaluation of readily soluble P(NAso-co-ImAsp), P(NA2s-co-ImA7s), and PImA as potential

non-viral gene delivery vectors. Gel electrophoresis identified minimum N/P ratios of 4 for
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P(NAsop-co-ImAsp) and P(NAjs-co-ImA7s) and 5 for PImA completely bound DNA. A
cytotoxicity assay elucidated the expected biocompatible nature of the linear (co)polyesters
revealing insignificant polyplex cytotoxicity at all concentrations assessed. A Luciferase
transfection assay produced encouraging results as P(NAsp-co-ImAsp), P(NAzs-co-ImA7s), and
PImA transfected significantly better than untreated control cells. A discussion offered a
plethora of ideas with respect to improving the material design of these novel systems to increase
transfection efficiency in hopes of competing with the current industry standards, including
segmented copolyesters and ideal N/P ratio evaluations. Additionally, electrospinning with PEO
yielded imidazolium-containing polyester-based fibers for antimicrobial and adhesive
applications. This report successfully describes the first evaluation of imidazolium-containing
polyesters as potential non-viral gene delivery vectors with promise for future material

advancement.
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Figure 8.12. 'H NMR spectroscopy confirms structure of bromo-containing intermediate diol
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Figure 8.13. 'H NMR spectroscopy confirms structure of novel bromobutyl imidazolium diol
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Chapter 9: Overall Conclusions

Step-growth polymerization and the design of novel functional monomers enabled the
synthesis of polyesters for electronic, aerospace, and biological applications. Fundamental
structure-property-morphology relationships remained at the forefront and afforded tunable
properties resulting from a thorough understanding of systematic evaluations. Familiarity with
current literature guided projects for impactful, relevant, research including topics such as the
incorporation of renewable resources, novel ion-containing monomers, and the synthesis of high-
performance bisphenol-A (BPA) free polymeric materials.

A series of liquid crystalline copolyesters containing SDE exhibited promising
thermomechanical, rheological, and tensile properties for use as electronic encasings that would
ideally photocrosslink upon UV exposure and enhance mechanical properties over the lifetime of
a product. These copolymers could potentially overcome limitations of current commercial
electronic encasings plagued with degradative, property sacrificing, side-reactions in harsh UV
environments. Additionally, the incorporation of a flexible soft segment into high-performance
liquid crystalline copolyesters resulted to impart potential elasticity and investigate fundamental
structure-property-morphology relationships. 4,4’-biphenyl dicarboxylate (BDE) functioned as
the mesogen and polyether polyols, notably a blocky Pluronic® oligoether which resulted in
novel segmented copolyester compositions, constructed the flexible segment. Differential
scanning calorimetry and X-ray scattering confirmed microphase-separated morphologies and a
liquid crystalline morphology remained even with 65 weight % soft segment. The aliphatic-
containing hard segment dictated the thermal properties and a doubling of the tensile strain at

break, up to about 8 % with 50 weight % soft segment, occurred. The range of thermal,
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thermomechanical, and tensile properties combined with proposed UV stability made both the
segmented and non-segmented high-performance liquid crystalline (co)polyesters of interest to
the aerospace industry.

The design of novel step-growth monomers and polyesters for biological applications
centered around the transformation of a plant-based fatty acid into an AB monomer and a diol
containing pendant imidazolium functionality. Hydration of methyl 9-decenoate (9-DAME), a
plant-derived fatty acid gifted from Elevance Renewable Sciences Inc., achieved an isomeric
mixture of AB monomers. Melt polycondensation afforded amorphous aliphatic polyesters with
a glass transition temperature (T,) equal to -60 °C, the same as commercially prevalent poly(e-
caprolactone). These low-T, polyesters offer sustainability and degradability for applications
ranging from sutures to elastomers. Demonstrating the versatility of 9-DAME, epoxidation and
hydrolysis of the alkene produced an ABB’ monomer that gelled upon self-condensation and
could function as a degradable bio-based branching and/or crosslinking agent for polyesters and
polyurethanes.

Synthesis and polycondensation of a bromomethyl imidazolium diol with adipic acid
generated water dispersible melt-stable (co)polyesters. Precedence for successful nucleic acid
delivery with imidazolium-containing chain-growth polymers instigated gel binding and
cytotoxicity studies of the novel (co)polyesters. Polyesters containing 50, 75, and 100 mol %
ionic content bound deoxyribonucleic acid (DNA) at low charge ratios and the resulting
polyplexes did not induce cytotoxic affects. A quantitative transfection assay displayed
successful delivery and release of the nucleic acid to human cervical cancer cells (HeLa), with

room for improvement to reach the current industry standard, poly(ethyleneimine). These
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copolyesters also electrospun into fibers when blended with poly(ethylene oxide) and provided
tunable T,s, -41 ° to 40 °C, increasing with increasing ionic content.

Finally, continuing the use of renewable resources, a two-step monomer synthesis
afforded a novel caffeine-containing methacrylate (CMA). Free radical copolymerization with
2-ethylhexyl methacrylate (EHMA) generated the first polymeric materials to contain covalently
bound caffeine. High molecular weight, film-forming, amorphous copolymers permitted
thermomechanical and rheological analysis. Caffeine increased the modulus of the copolyesters,
even at low mol % incorporation, to the extent that at 13 mol % CMA the prepared film was too
glassy to withstand thermomechanical testing; markedly different from low T, poly(EHMA).

In summary, a fundamental, systematic approach to the design of polymers encouraged
exploring and evaluating results for a wide-range of applications; constantly catalyzing new

ideas and research directions for further development and impact.
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Chapter 10: Suggested Future Work

10.1 Segmented Liquid Crystalline Copolyesters

Combining a couple of the topics explored throughout this dissertation, Scheme 1 depicts
a synthetic route to obtain ion-containing segmented liquid crystalline copolyesters. Melt
transesterification of commercially available dimethyl 5-sulfoisophthalate sodium salt with
varying ratios of oligomeric polyol (poly(tetramethylene oxide) is depicted and other oligomers
such as Pluronics® could substitute) and methylene diol would readily achieve either ionomers (>
15 mol % ionic content) or charged segmented copolyesters. This polymerization would produce
4 different repeating units and instigate studies to understand which segment, hard or soft, the
ionic group preferentially resides. Additionally, a systematic study on the effect of ionic content
on the liquid crystalline morphology and other material properties, as well as the influence of
methylene spacer length and structure would provide an understanding of structure-property-
morphology relationships. The ionic content could result in segmented liquid crystalline
copolyesters which swell in water or self-assemble more readily due to electrostatic interactions.
Qin Lin’s previous work on non-segmented ion-containing liquid crystalline copolyesters would
provide good comparisons of polyester properties and the impact of incorporating the soft
segment." The synthetic scheme suggests the addition of sodium acetate (NaOAc) as described

in Kang et al.”
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Scheme 10.1. Synthesis of ion-containing segmented liquid crystalline copolyesters
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Continuing the exploration and modification of segmented liquid crystalline copolyesters,
Scheme 2 shows a route to obtain branched segmented liquid crystalline copolyesters. The
trifunctional oligomer, glycerol propoxylate (M, ~1500 g/mol), commercially available from
Sigma Aldrich, serves as the branching agent. Structure-property relationships of interest
include the effect of branching agent on maintaining a liquid crystalline morphology and the
influence on the thermal transitions. Additionally, synthesizing branched copolyesters could
help improve the solubility of these often insoluble materials while preserving the desirable
properties of liquid crystalline copolyesters such as high melting transitions and shear thinning to
ease processability. Figure 1 shows another commercially available trifunctional diblock polyol,

glycerol propoxylate-block-ethoxylate (M, ~4000 g/mol), to further probe the influence of the
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soft segment structure on resulting material properties as discussed on similar linear segmented
liquid crystalline copolyesters in Chapter 4.

Scheme 10.2. Copolymerizing with a trifunctional polyol to obtain branched segmented liquid

crystalline copolyesters
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Figure 10.1. Commercially available trifunctional diblock polyether
10.2 Incorporating Caffeine into Polyesters

The caffeine-containing methacrylate copolymers synthesized and characterized in

Chapter 5 did not display any evidence of pi-pi stacking or a microphase-separated morphology.
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We hypothesized the proximity of caffeine to the polymer backbone prevented any self-assembly
via non-covalent interactions. Scheme 3 reveals a synthetic route to synthesize caffeine
endcapped polyesters. Offsetting stoichiometry would allow the monofunctional commercially
available caffeine derivative, theophylline-7-acetic acid, to endcap polyesters. To facilitate
molecular motion and promote caffeine group association flexible comonomers, such as
diethylene glycol and adipic acid, would afford a material with a low glass transition temperature
(Ty). Initial experiments include investigating the ability of the caffeine endgroups to self-
assemble and characterizing the resulting morphologies using X-ray scattering and microscopy.
Varying polyester molecular weight and structure and determining the effect on caffeine
association would elucidate structure-property-morphology relationships for designing functional
materials. Exploring if the pi-pi stacking of caffeine endgroups could result in a supramolecular
polymer, similar to protein assembly, would broaden the scope of the project. Potential bio-
relevance as a result of inherent receptor binding could also be of interest. Scheme 4 displays
the synthesis of a caffeine containing diol using the caffeine photoreaction described in Chapter
5 and the bromomethyl diol from Chapter 8 to further expand the library of caffeine-containing
monomers. Melt polymerization of the caffeine diol could overcome the solubility challenges
from Chapter S, potentially achieving (co)polyesters with high caffeine content and further

examining the capability of the pendant caffeine to associate.
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Scheme 10.3. Proposed synthesis of caffeine endcapped oligoesters

OH
O //<O o)
0 ITJ N o}
170 - 220 °C
0.15 mmHg

Y
\' o

_N
O><N o T P
N /N O ™0 R SN N g
/ N;’ o) O 5 N\

Scheme 10.4. Substitution reaction to generate a caffeine diol
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10.3 Novel Step Growth Monomers

Hedrick and coworkers devised a versatile synthetic strategy for the synthesis of ester and
amide functionalized carbonates for ring-opening polymerization (ROP).> * The cyclic
carbonate, depicted in Scheme 5, contains an X and R group where X = nitrogen or oxygen and
R can accommodate many pendant groups, with a previous step requiring RXH. Utilizing the
readily reactive 6-membered cyclic carbonate, Scheme 5 proposes a room temperature (RT)

reaction with a diamine to afford hydroxyurethane diester or hydroxyurethane diamide step-
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growth monomers with functionality of 4 (f=4) for use as additives, branching agents, and/or
crosslinking agents. Previous research groups published the synthesis of sulfonated dimethyl
fumarate (step 1 in Scheme 6).° Furthermore, current unpublished work from Chainika Jangu,
a fellow colleague in the Long research group, demonstrated the success of steps 2 and 3 in
Scheme 6 on sodium 4-vinylbenzenesulfonate. Adopting these same strategies with the melt-
stable diester, dimethyl fumarate, enables the synthesis of a diester with a pendant
trifluorosulfonimide group. Alkylation of the nitrogen generates an ion-containing monomer for
use in the synthesis of conductive polyesters.

Scheme 10.5. Ring-opening functionalized cyclic carbonates to obtain multifunctional
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Scheme 10.6. 3-step synthesis to a trifluorosulfonimide-containing diester
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10.4 Further Improving the Impact and Breadth of the Imidazolium Diol

Chapter 8 provides an in-depth discussion of possible synthetic strategies to improve the
imidazolium-containing copolyesters as non-viral gene delivery vehicles. One strategy was to
mimic previously designed chain growth systems which integrated a stabilization block.’
Scheme 7 exhibits the synthesis of segmented imidazolium-containing copolyesters. Although
still a random copolyester, water soluble poly(ethylene glycol) (PEG) would ideally perform as a
stabilization block, decorating the outside of the polyplex and preventing aggregation in serum-
containing and serum-free media.” Improved stability would hopefully enhance transfection
through more polyplexes undergoing successful endocytosis and the stabilization block could
also help rupture the endosome for improved release of the nucleic acid. A Pluronic® oligoether
could also substitute as the soft segment, or stabilization block, and possibly invoke the reported

8,9

buffering effect similar to poly(ethylene imine) (PEI).”” Following a synthetic procedure from

110

Zhang et al.~ and substituting in the bromomethyl imidazolium diol, Scheme 8 shows the

strategy for obtaining water dispersible polyurethanes with the imidazolium pendant group.
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Evaluation of the ion-containing polyurethanes as potential non-viral gene delivery vectors and
other applications such as polymer electrolytes could ensue.'’

Scheme 10.7. Synthesis of segmented imidazolium-containing copolyesters for improved

transfection
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Scheme 10.8. Polyurethanes containing pendant imidazolium groups
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10.5 Photocrosslinkable Polyesters and Monomers for Additive Manufacturing

Our research group has recently taken an interest in additive manufacturing, specifically
printing using microstereolithography.'>  Copolymerization of the previously mentioned
sulfonated dimethyl fumarate with dimethyl fumarate and a diol could afford polyesters with
photocrosslinkable sites throughout the backbone.” Changing the diol comonomer is a facile
approach to influence material properties of both the low molecular weight oligomer and
resulting manufactured part. Photoactive comonomers are often copolymerized with photoactive
polymers to enhance crosslinking and introduce different chemical functionality/structure.
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Figure 2 illustrates two commercially available diacrylates, bisphenol A glycerolate (1
glycerol/phenol) diacrylate (a) and glycerol 1,3-diglycerolate diacrylate (b), with hydroxyl
functionality which could potentially enhance compatibleness with polyesters and/or act as a
handle for further derivitization.

Scheme 10.9. Proposed route to novel photocrosslinkable polyester ionomers
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Figure 10.2. Commercially available diacrylates
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