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ABSTRACT
As the global use of plastics continues to expand, the need to investigate alternate
feedstocks for high-performance polymers is increasing. Lignin is a promising feedstock due to
its widespread abundance and significant structural variety. In this work, a number of novel,
lignin-derived monomers are synthesized, and resultant polymers are fully characterized for
thermal, mechanical, and processing properties. First, a suite of nine polyester elastomers were
synthesized. Iterative structural permutations provided a significant array of tensile properties,
from brittle to exceptionally ductile thermoplastics. The effects of various structural features
were investigated using melt rheology to correlate to properties. It was also demonstrated that
these materials are easily chemically-recyclable in rapid timeframes. Building on this foundation,
two novel, biobased crosslinkers were polymerized with a ductile thermoplastic elastomer at
loadings between 0.25% and 5.0%. Significant improvement to tensile and cyclic tensile
properties were achieved, and comprehensive rheological analysis was conducted to analyze the
efficiency of crosslinking between the two additives. Two chemical-recycling experiments were
conducted, and it was found that the crosslinked elastomers degraded extremely rapidly under

basic conditions with excellent retention of monomer feed ratio. Finally, a novel, biobased



monomer was synthesized, and the polyester was fully characterized. Including two other
previously reported ester-based monomers, three polyesters and six poly(ester amide)s were
synthesized. The polymers were found to be remarkably thermally stable and exhibited a wide
array of mechanical properties, including one example that exhibited excellent elastomeric
recovery. This work ultimately describes the synthesis of many polyesters that encompass a very
wide array of thermal, mechanical, and rheological properties and offers significant contributions

toward characterization and applications of materials in this class.

INDEX WORDS: Semi-aromatic polyesters, lignin-derived polymers, structure-property
relationships, thermoplastic elastomers, crosslinked polyesters, chemical recycling, polymer

rheology, poly(ester amide)s, biobased polymers
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CHAPTER 1
INTRODUCTION

Petroleum-Based Plastics

Plastics are used in virtually every area of modern society and are ubiquitous, both as
valuable products and as undesirable environmental pollutants.!* As the scope of use of these
materials increases, so does the necessity to synthesize more plastics and other polymers. Nearly
all estimates suggest that the production and use of plastics will continually increase, roughly
proportional to the increase of population over the next 50 years.’ A concerning factor is the
feedstocks required for plastic production are nearly derived from petroleum sources. While
petroleum is currently an abundant and inexpensive resource, its use as transportation fuel,
chemical precursors, and other applications will eventually dwindle its supply.® As this occurs,
the cost of petroleum, and its resultant products, will increase. In anticipation of this, significant
work has been done to reduce the current reliance on petroleum as a feedstock for the most
abundant commodities, especially polymers. In the last decade, numerous advances have been
accomplished in the synthesis and development of polymers derived from sustainable resources
such as fermentation, plant-derived biomass, carbon dioxide-derived polymers, and many other
sources.”” These bioderived, or “biobased” polymers can offer competitive performance to
petroleum-based polymers, while offering a long-term solution to the anticipated challenges of

solely-petroleum based feedstocks.'% !!



Biobased Aliphatic Polyesters
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Figure 1.1: Common aliphatic polyesters including poly(4-hydroxybutyrate) (PHB), poly(lactic
acid) (PLA) and poly(butylene succinate) (PBS).

In recent years, many commercially viable biobased polymers have been introduced that
have properties suitable for use in a variety of industries. Polyhydroxyalkanoates (PHAs), a large
class of copolymers derived from fermentation products of engineered bacteria, have been
extensively investigated as alternatives to various petroleum-based polymers.!? Numerous
applications have been demonstrated in the single-use packaging sphere, with some commercial
success as well.!> * PHAs also have the advantage of being biodegradable in many
environments, including industrial composting, soil, and marine environments. However, the
relatively poor thermal stability of PHAs poses significant challenges to production, which has
been continually investigated by a multitude of groups and research efforts to overcome. !>

Poly (butylene dicarboxylate)s are available commercially with good thermal and
mechanical properties.!” However, although these products are completely biobased, they usually
degrade very slowly outside of industrial composting settings.?® 2! Considering that many
plastics end up in the environment (soil, marine, and others), and that the United States has very

little industrial composting infrastructure, this is considered a disadvantage of this class of

materials that should be considered.



Likely the most abundant biobased polyester in the commercial market today is
poly(lactic acid) (PLA). Derived from a variety of fermentation products, and especially from
those of corn products, PLA is available in a number of grades from several commercial
suppliers.?> 23 The various grades (based on the comonomer ratios of D-, L-, or meso-lactide) can
tune crystallinity, mechanical properties, and thermal properties. A significant number of single-
use commercial products have been produced from PLA including various food packaging items,
cutlery, beverage containers, and more. However, as with poly (butylene dicarboxylate)s, a
significant disadvantage exists with PLAs in that they are only compostable in industrial
conditions. Despite their ubiquity (and often ambiguous descriptions of composability), PLAs
require higher temperatures to initiate hydrolytic degradation. Only once a sufficiently low
molecular weight is achieved can PLAs begin to degrade through microbial action.?* Because of

this, most PLA items that are discarded into the environment will persist for many years.

Biobased Semi-Aromatic Polymers: PBAT
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Figure 1.2: Structure of poly(butylene adipipate-co-terephthalate).

The above polyesters represent some of the most common and most relevant aliphatic
polyesters available on the market today. However, it may be noted that there are relatively few
examples of biobased and biodegradable polyesters on the commercial market that contain

aromatic moieties. Likely the most commercially relevant example of a biobased aromatic



polyester is poly (butylene-adipate-co-terephthalate) (PBAT), which has a variety of trade names
such as Ecoflex, Ecoworld, Eastar-Bio, and others.?> PBAT contains adipic acid and butylene
glycol comonomers, which can be bioderived from fermentation and other processes.?® 2" The
polymer exhibits very good mechanical properties, excellent thermal stability for processing, and
can be used in a variety of applications.?® 2 Additionally, PBAT has the advantage of being
compostable in many different environments, including industrial composting, home
composting, and soil environments.?> However, despite the excellent performance of PBAT in
both application and end-of-life, it is only considered partially biobased. Adipic acid is generally
made through the oxidation of cyclohexanol, a petroleum byproduct. While some companies
have developed biobased adipic acid (namely Toray Industries, Inc.), most adipic acid comes
from petroleum sources as well. Most importantly, however, almost all TPA is currently made
from petroleum sources.

Significant effort has been undertaken to develop bio-derived TPA, namely through the
production of bio-based p-xylene (PX) which can undergo subsequent oxidation to yield bio-
TPA.*° Recent efforts have included utilizing the Amoco process using isobutanol and 5-
hydroxymethylfurfural to generate bio-PX, which can subsequently undergo oxidation to
generate bio-TPA.?! Other efforts incorporate the Diels-Alder reaction of 2,5-dimethylfuran and
ethylene, followed by subsequent dehydration to yield bio-PX.3! Although these processes show
significant promise, there is still little adoption of bio-TPA, and therefore the production of fully

biobased PBAT is extremely limited.



Biobased Semi-Aromatic Polymers: PEF
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Figure 1.3: Structure of poly(ethylene furan-2,5-dicarboxylate) (PEF).
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Other polymers of interest are poly-(alkyl)-2,5-furandicarboxylates such as
poly(ethylene)2,5-furandicarboxylate (PEF). PEF is touted as a drop-in replacement for PET in
terms of thermal and mechanical processing.*? Besides being completely biobased, PEF has
excellent mechanical properties that lend it well to be used in beverage bottle and food
packaging applications. Additionally, PEF has improved barrier properties in comparison to
PET, attributed to the heteroatom oxygen in the aromatic furan moiety.>* However., the cost-
competitive scale-up of PEF has proven to be a challenge. Primarily spearheaded by Avantium,
PEF production has been an ongoing development for several years. Although large-scale
production Avantium’s FDCA was promised in 2024, production and application is still only

accomplished in relatively small quantities.



Lignin as an Aromatic Feedstock

Figure 1.4: Generic structure of lignin

Because of the shortcomings in biobased aromatic polyesters available on the market
today, it was of interest in our group to pursue novel feedstocks of polyesters that can contain
aromatic moieties. When considering natural sources of aromatics, the first polymer that may be
considered is lignin, as it is the second-most abundant biopolymer except cellulose.** Found in
the cell walls of woody plants, most lignin is currently extracted as a waste product at paper
pulping plants and subsequently burned for energy recovery. *3-*7 With regards to polymeric
structure, lignin is a large, three-dimensional polymer network that is heavily branched with
significant irregularities present. 3® The primary repeat units are phenylpropanoid units, with the
most abundant segments being directly related to coumaryl alcohol, coniferyl alcohol, and

sinapyl alcohols. Although much research has already been conducted using lignin directly in



polymers, the biological source of the lignin biomass directly impacts the ratio of comonomers,
which can impact the properties of the resultant polymer blend. 3 3%-47

Because of the inconsistencies in virgin lignin biomass, * significant work has been done
to “crack” lignin into its monomers (called “monolignols™) via a number of depolymerization
strategies.**3! Potentially the most important of these strategies is hydrogenolysis, which uses a
number of catalysts to cleave C-O and C-C bonds present in the lignin biomass.*® 52 Another
critical step is the oxidative depolymerization of lignin, which can be accomplished using a

variety of techniques and abundant oxidizers, including oxygen.** 33

Alkaline hydrolysis
techniques are also critical to cleave the phenolic backbones of lignin, lending it to further be
depolymerized by other strategies such as those utilizing enzymes.*® 3* With the increasing

efforts toward more efficient depolymerization strategies of lignin, the use of monolignol-based

polymers is an attractive route to biobased semi-aromatic polyesters.

Objectives

In previous work, several semi-aromatic polyesters have been synthesized from lignin-
derived monomers.*->! This work seeks to expand upon this class of materials with various
contributions and polymeric enhancements. First, the complete synthesis of a large class of
biobased elastomers will be described. Complete characterization, including thermal,
mechanical, and rheological properties will be conducted and reported. Novel polyesters will be
compared for the structure-property relationships that can be attributed to iterative permutations
of polymeric structure.

In the second section, the improvement of elastomeric behavior of the novel polyester

poly-a-butylene-phloretate will be discussed using crosslinkers derived wholly from biobased



sources. Phloretic acid and erythritol dicarbonate will be utilized as completely bio-dervived
starting materials to make an AABB crosslinker that can easily be incorporated into the polyester
backbone. Likewise, a crosslinker based on 4,4’ dihydroxy truxillic acid will be described, which
is similarly derived entirely from molecules that can be sustainably sourced. Modifications to
rheological and mechanical properties will be described, as well as a method for very small scale
polycondensation reactions that can yield high molecular weight polyesters.

Finally, structure-property relationships of three lignin-derived polyesters, as well as their
copolymers with g-caprolactam and 11-amino undecanoic acid will be described.
Copolymerization of these esters with the biobased and potentially biobased aminoacids will
yield novel, semi-aromatic poly(ester amide)s that are designed to exhibit high mechanical

performance and exceptional thermal stability.
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Abstract

Semi-aromatic polyesters derived from petroleum are an important class of polymers that
encompass a wide variety of thermal and mechanical properties. Unfortunately, replacing the
aromatic component with cost-competitive bioderived monomers is an ongoing challenge. This
work describes the synthesis of nine different polyesters made from AB monomers that can be
derived from lignin, starting with phloretic, coumaric, and ferulic acids and similar derivatives.
The polyesters were synthesized at >50g scale and full characterization of the thermal, mechanical,
and rheological properties is included. The polymers exhibit excellent thermal stability, a T, range
of 16°C-65°C, tensile moduli ranging from 4.6 MPa to 1200 MPa, and elongation at break ranging
from 7.5% to greater than 3800%. To examine the effects of structural permutations among the
polymer series, TTS master curves were constructed for seven polyesters using melt rheology.
Properties such as packing length and characteristic ratio are described and compared amongst the
series. Finally, it is demonstrated that these polyesters are easily chemically recycled to monomer

in high yield.

Introduction

The global demand for plastics continues to increase, making the search for alternative
feedstocks more critical than ever.?* Traditionally derived from petroleum, plastics have seen an
increasing shift toward production using renewable resources like fermentation products,
vegetable oils, sugars, terpenes, lignocellulosics, and various waste products.”’ Although a
number of biobased aliphatic polyesters such as poly(hydroxyalkanoates)?, poly(lactic acid)’ and
poly(butylene dicarboxylate)s'? are commercially available, there are few commercially-available

polyesters containing biobased aromatic moieties. Two polymers of industrial interest are
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poly(butylene adipate-co-butylene terephthalate) (PBAT)!! and poly(ethylene furanoate) (PEF).!?
In the case of PBAT, the adipic acid and butylene glycol portions can be derived from
fermentation, albeit at a higher cost than the oil-derived monomer at current scales.!3-!> However,
the production of biobased terephthalic acid poses significant challenges and production is mainly
limited to the laboratory or pilot scale.!®!® Currently, biobased terephthalic acid is not used to
produce PBAT. Biobased 2,5-furandicarboxylic acid (FDCA) can be produced through
fermentation and other processes, enabling the production of fully biobased PEF, which is touted
as a drop-in replacement for poly(ethylene terephthalate).!” However, widespread adoption of PEF
has not yet occurred.

Another feedstock of particular interest is lignin — the most abundant source of natural
aromatics.?’ Currently, lignin is a byproduct of the paper industry that is burned for energy
recovery, with only about 0.2% being used for other purposes.?!"?* Lignin is a macromolecule
found in the secondary cell wall of woody biomass, with a high concentration of aromatics with
varying substitutions of pendant methoxy groups.?* The use of lignin in polymeric materials is
appealing due to its high strength, thermal stability, and its ability to provide a source of aromatic
feedstock with diverse chemical architectures.?!> 333 Extensive research has already been
conducted to incorporate lignin directly in polymer blends, functionalize lignin for compatibility
with polymer matrices, and directly polymerize oligomers of lignin.34-3

However, the biological origin of lignin directly influences its molecular structure, which
can lead to performance inconsistencies in composites and blends that use it as a direct
component.’” For this reason, significant efforts have been undertaken to efficiently crack lignin
into various “monolignols” and other small molecule byproducts via a number of depolymerization

strategies.’®4° These monolignols, once isolated, can be chemically modified through traditional
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methods and then used as precursors for small molecule and polymer synthesis.*!** Previous work
has demonstrated that polymers possessing a broad range of thermal and mechanical properties
can be synthesized from lignin-derived monomers.>#4? Slight changes to the monomer structure
have a dramatic influence on the overall properties of the resulting polymer.

This work focuses on modifications and variations of common monolignols: coumaric,
phloretic, and ferulic acids. Alkylation of the phenolic moiety was accomplished via the ring-
opening of cyclic carbonates, which can be synthesized from biobased sources with carbon dioxide
or through transcarbonation reactions.*”> *’ These reactions are carried out under neat conditions,
offering an advantage over traditional etherification reactions that require haloalcohols and organic
solvents. This synthetic strategy closely adheres to the principles of green chemistry by
maximizing the atom economy of reactions and minimizing waste,*® while simultaneously
accessing fully biobased monomers at 50-100g scale.

In previous work, we demonstrated that amorphous phloretate- and ferulate-based
polymers have a broad range of properties.* From this, structural analogues were envisioned that
could provide direct comparisons in terms of their thermal, mechanical, and rheological properties.
In this study, the synthesis and comprehensive characterization of nine polymers is presented, each
exhibiting various structural permutations designed to elucidate the effects of tacticity,
substituents, structural isomerism, and regioisomerism on their properties. Furthermore, it is
demonstrated that these polymers can be chemically recycled via base hydrolysis in rapid

timeframes.
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Materials and Methods

Materials:

Phloretic acid, ferulic acid, (E)-p-coumaric acid, propylene carbonate, potassium
carbonate, chloroform-d, and DMSO-d6 were purchased from Oakwood Chemical. Propionic
anhydride was purchased from ThermoFisher Scientific. Sodium propionate and ethylene
carbonate were purchased from Fisher Scientific. a-Butylene carbonate was purchased from
Ambeed, Inc. 10% palladium on carbon was purchased from Sigma Aldrich. All other reagents
and solvents were purchased from commercial suppliers and used as received without further

purification.

Synthesis of Monomers and Polymers:

Starting hydroxycarboxylic acids were either purchased from commercial suppliers or
synthesized. Subsequent protection via Fisher esterification and alkylation yielded nine monomers
of suitable purity that were polymerized in good to excellent yields by polycondensation. Detailed
synthetic procedures and characterization for each compound is included in the Supporting
Information.

Polyester synthesis was conducted in a 3-neck flask, with the volume being either 100 mL
or 200 mL depending on the amount of monomer used. Sb2O3; was added to the flask, at 1 mol %
relative to monomer, and 1000 ppm of 4-methoxyphenol to reduce undesired oxidation and
darkening of the polymer. After the addition of the monomer, catalyst, and antioxidant, the flask
was fitted with an internal thermocouple, a mechanical stirrer with an SP Bel-Art ® Safe-Lab

bearing, and a short-path distillation head. The entire contents were then evacuated to <100 mTorr
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and backfilled three times with dry nitrogen. Under a nitrogen atmosphere, the flask was heated
from 160 °C to 220 °C at a rate of 10 °C/h with a heating mantle while stirring at 250 rpm. Once
the final temperature was reached, vacuum was slowly applied to the flask over 15 minutes until
the pressure reached <200 mTorr. The stirring was reduced to 150 rpm and the vacuum was held
constant until the flask contents were too viscous to have efficient mixing. After this, the polymers
were removed from the flask under nitrogen onto silicone release paper and collected in

quantitative yields.

Molecular Weight and Structural Characterization:

"H NMR spectra were recorded at room temperature with a Bruker Avance Neo 600 MHz
instrument (USA) at a concentration of 10 mg/mL. Peak shifts in parts per million (ppm) were
reported relative to the signal of chloroform-d at 7.26 ppm or DMSO-d6 at 2.50 ppm. *C NMR
spectra were recorded at room temperature with a Bruker Avance I 400 MHz instrument (USA)
at a concentration of 10 mg/mL. Peak shifts in parts per million (ppm) were reported relative to
the signal of chloroform-d at 77.16 ppm or DMSO-d6 at 39.52 ppm.

Molecular weight and dispersity (D) analyses were conducted on a Malvern OMNISEC
RESOLVE gel permeation chromatography system (USA) with a refractometer detector. Samples
were dissolved in HPLC-grade chloroform at a concentration of 1 mg/mL and filtered through a
0.2 pm PTFE filter before injection. Viscotek® T-Series Columns (T3000, T4000, and T6000)
columns were regulated at 35 °C and were eluted with HPLC-grade chloroform at a rate of 1

mL/min. The resulting molecular weight data is reported relative to polystyrene standards.
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Thermal Characterization:

Differential scanning calorimetry (DSC) analysis was conducted on a Discovery DSC 250
(TA Instruments, USA) differential scanning calorimeter equipped with an RCS 90 cooling system
(TA Instruments, USA) under a 50 mL/min nitrogen purge. The samples (4—7 mg) were enclosed
in aluminum T-zero pans. Samples were first heated from —20 °C to 200 °C at 10 °C/min to erase
thermal history. Samples were subsequently cooled to —20 °C at 10 °C/min, followed by a second
heating step to 200 °C at 10 °C/min. DSC data was reported from the second heating curve unless
otherwise noted.

Thermal stability was quantified using thermogravimetric analysis (TGA) on a Discovery
TGA (TA Instruments, USA). Approximately 7-12 mg of sample was heated from room

temperature to 600 °C at 10 °C/min under a nitrogen atmosphere.

Injection Molding and Mechanical Characterization:

Melt extrusion was conducted using a Thermo-Fischer Haake Minilab II (USA) twin screw
extruder and samples were injection molded using a Thermo-Fischer Haake Minijet Pro (USA)
injection molding system. The polyesters were extruded at Ty + 100 °C and injection molded
following optimized conditions (Table S1) into ASTM D638 Type V tensile specimens with
magnesium stearate as a mold release agent.

Tensile performance of polyesters was evaluated using a Shimadzu AGS-X Universal
Testing Machine (USA). Samples were tested at 25.3 + 0.3 °C with a rate of 20 mm/min and data
reported is the statistical average of 3 specimens. Poly(a-butylene phloretate) specimens were
tested at 100 mm/min due to the high % elongation at break. All other polymers were tested at 20

mm/min using ASTM D638.% Note that not all samples broke within the required 5 min period.
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Gel Content Characterization:

The gel content of the polyesters was determined using Soxhlet extraction. Thimbles were
stored in a room with 50% humidity before being weighed. Polymer was added to the thimble, and
the final mass was recorded before subjecting to continuous extraction over 24 hours in
chloroform. The thimble was then dried for 24 hours at 60 °C under vacuum. The thimble was
allowed to equilibrate for 24 hours in the same room with a relative humidity of 50 % before the
final mass was analyzed. The insoluble catalyst was assumed to be uniformly distributed

throughout the polymer, and the theoretical catalyst mass was subtracted from the final calculation.

Rheological Characterization:

Rheological experiments were conducted on a TA Instruments Discovery Hybrid
Rheometer (USA) using a 25 mm parallel plate geometry with a 2100 pm trim gap and a 2000 pm
running gap. A series of frequency sweeps at 1% oscillatory strain were conducted at temperature
ranges from 120 °C — 25 °C with oscillation frequencies from 600 — 0.1 rads/s to construct
corresponding time-temperature superposition (TTS) master curves. These master curves were
used to investigate the entanglement molecular weight (M), packing length (p), and characteristic
ratio (Cx) each polyester. PEMC and PiPC were excluded from analysis due to the absence of a
crossover point.

Melt densities of the polymers were measured using a Tinius Olsen MP1200, with a load
weight of 2.16 kg, a travel distance of 6.35 cm, and a total of 3 captures for each polymer. The
analysis temperature was optimized according to the polymer viscosity in the melt. The melt
densities of PiPP, (R)-PiPP, and PiPHF were measured at 90 °C; o-PiPP and PEMP were measured

at 80 °C; PiPMP and PaBP were measured at 60 °C.
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Chemical Recycling to Monomer Study:

The polymer recyclability was demonstrated using (R)-PiPP. 75.0 g of (R)-PiPP (My, =
29.0 kDa, b: 1.4) was added to 750 mL of 2 M KOH in a solution of 2:1 water:ethanol ina 2 L
steel pressure vessel (Series 4350; Parr Instrument Company, USA). The mixture was heated to
150 °C for 60 minutes with stirring before being cooled to room temperature. The resulting
solution was filtered, cooled to 5 °C, and then acidified with 6 M HCI to pH = 2 resulting in a
white precipitate of (R)-isopropyl phloretate ((R)-iPP). The precipitate was filtered and dried in a
vacuum oven at 60 °C for 24 h to yield 70.1 g of a tan powder (80%). After this, 55 g of the
recycled (R)-iPP was added to a 100 mL 3-neck flask and the previously described synthesis was

followed to yield the polymer (My = 42.2 kDa, D: 1.5).

Results and Discussion

Monomer Synthesis

Each of the starting hydroxycarboxylic acids in this study were derived wholly from lignin
derived compounds or synthesized from precursors that can be extracted from lignin. In the case
of phloretic acid and (E)-p-coumaric acid, the starting materials were available from commercial
suppliers. The remaining four hydroxycarboxylic acids were accessed through high-yielding,
scalable transformations, such as the Perkins condensation, Fisher esterification, or palladium-
catalyzed hydrogenations, and were conducted at greater than 100 g scale. A summary of the

commercially available and synthesized starting carboxylic acids is shown in Figure 2.1.
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Figure 2.1: Commercially available (green) and synthesized (blue) hydroxycarboxylic acids used
in this study.

Hydroxycarboxylic acids were protected via Fisher esterification in excellent to
quantitative yields before being alkylated through the ring opening of cyclic carbonates (Scheme
2.1). Selected cyclic carbonates include biobased ethylene and propylene carbonates, alongside a-
butylene carbonate, which is currently petroleum-derived. This synthetic strategy closely adheres
to the principles of green chemistry, being highly atom-efficient while simultaneously avoiding

the use of hazardous solvents and alkyl halides that are commonly used in phenolic alkylations.
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Scheme 2.1: Synthesis of lignin-derived monomers using cyclic carbonates.

Polymer Synthesis:

Polymerization was conducted using melt-polycondensation with antimony trioxide
(Sb203) as a catalyst. SbOs is resistant to poisoning from water evolved over the course of the
reaction and has sufficient catalytic activity to produce polyesters with molecular weights high
enough to perform mechanical and rheological analysis.’® High temperatures and prolonged
reaction times can cause darkening of all polymers; therefore, 1000 ppm of MEHQ was added to
each reaction as an antioxidant.

Significant variations in reaction times were observed in the polymerization of different
monomers. It is well known that steric hinderance of substrates at or near the point of esterification
will reduce the rate at which the reaction occurs. Consequently, the reaction durations required to
produce high-viscosity polymer melts were extended up to 15 hours of in vacuo polycondensation.
This was specifically observed for poly(isopropyl methylphloretate) (PiPMC), which has sterically

bulky groups on both the alcohol and a-position of the carboxylic acid (Scheme 2.2).
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Scheme 2.2: General synthesis of the polyesters by antimony-catalyzed melt polycondensation.

Table 2.1: Summary of thermal and mechanical data obtained for the polyesters in this study,
including glass transition temperature ( Tg), onset of degradation ( Taos%), Young’s Modulus (E),
elongation at break (ep), and yield stress (oy). .

Polymer | Ty (°C) | Tass% (°C) | E (MPa) b (%) oy (MPa)

PiPP 25 360 436 +32 843+ 71 1.11+0.07
o-PiPP |27 360 864 + 302 400 + 45 7.18+0.78
(R)-PiPP | 25 328 644 + 230 355+ 36 1.80 £0.63
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PEMP |21 415 46+09 357+ 37 n.d.
PiPMP | 26 371 672 + 80 886+ 140 |0.63+0.17
PaBP 16 378 73+0.3 >3800%* 0.18+0.12
PiPHF | 29 372 1056 + 114 188 £3.1 6.49 +£0.06
PEMC |55 374 1200 =98 7.5+£2.5 10.6 + 3.6
PiPC 65 363 n.d. n.d. n.d.

¢

** — indicates no sample rupture was observed; ‘n.d.” — indicates that properties could not be

determined.

Thermal Analysis:

Differential scanning calorimetry (DSC) was used to investigate thermal transitions of all
polyesters (Table 2.1), which were found to be completely amorphous. Even in the case of isotactic
(R)-PiPP, polymer melting transitions were never observed via DSC even after multiple attempts
of annealing at different temperatures and inducing strain in the sample. The amorphous nature is
likely due to the sterically-bulky isopropyl, a-butyl, and/or a-methylated groups of the polyesters,
which appears to agree with the studies of other lignin-derived polymers.3®-4° The glass transition
temperatures (T,) ranged from 16 °C — 29 °C among the polyesters that had saturated a-fB-esters.
The incorporation of unsaturated a-B-esters increased the T to 55 °C (PEMC) and 65 °C (PiPC)
due to the rotational restrictions in the polymeric backbone.

The thermal stability of the polymers was investigated using thermogravimetric analysis
(TGA). The polymers exhibited good thermal stability, with the lowest onset of degradation (5 %

mass loss) being 328 °C ((R)-PiPP) and the highest being 415 °C (PEMP). Overall, the TGA data
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indicated that the thermal stability of these materials was sufficient to be processed across a broad

range of temperatures through melt extrusion and injection molding.

Mechanical Characterization

The mechanical performance of polyesters was evaluated through tensile testing of injected
molded ASTM-D638 Type V dog bones. The polyesters exhibit significant variation in mechanical
properties, ranging from brittle to extremely ductile. Due to the T, of several polyesters being close
to room temperature, the environmental conditions were carefully controlled to 25.3 = 0.3 °C to
avoid significant variation in properties. Figure 2 displays the wide array of mechanical properties
observed in this study. The highest T, polymer, PiPC, was too brittle to test and shattered
immediately when attempts were made to secure the sample specimen to the testing machine.

The mechanical performance correlated with the T, of the polyesters. PEMC, with a T, of
55 °C, was a stiff polymer with a Young’s modulus (E) of 1200 MPa and 7.5 % elongation at break
(ev). As the T of the polyesters decreases, the ductility generally improves. PiPHF, with a Tg of
29 °C, exhibits an E of 1056 MPa and &, of 188 %, making it the highest-modulus polymer among
those with o,B-unsaturated carboxylate groups. This is likely due to the increased rigidity imparted
by the methoxy substituent. This trend continues with the decreasing Tg, with a decrease in E and
increase in % ¢ for (R)-PiPP, o-PiPP, PEMP, PiPP, PiPMP, and PaBP (Table 2.1 and Figure 2.2).
Remarkably, PaBP exhibited a relatively low modulus of 7.3 MPa but had an &, over 3800 %,

reaching the travel limit of the tensile tester without sample fracture.
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Figure 2.2: Mechanical properties of polyesters in this study. (a): Polymers with less than 500 %
eb, (b): polyesters with greater than 500 % eb.

Gel Content and Rheological Characterization:

Melt rheology studies were conducted to explore how monomer structure influences the
inherent properties of the polyesters. Time-temperature superposition (TTS) master curves were
constructed for each polyester and comparing properties related to chain bulkiness and stiffness,
such as packing length and characteristic ratio. Prior to rheological characterization, the gel content
of each polyester was determined via Soxhlet extraction. Among the synthesized polyesters, only
PEMC and PiPC had a gel content of ~6 % and ~36 %, respectively. This was likely the result of
crosslinking between a,B-unsaturated carboxylic acids which is reported in derivatives of coumaric

acid and cinnamic acid (Figure 2.3).%!
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Figure 2.3: Proposed thermal crosslinking reaction in PEMC and PiPC.

Due to the crosslinked nature of the polymers, the master curves for PEMC and PiPC were
challenging to construct and were excluded from further rheological analysis. In contrast, the
remaining seven polyesters exhibit crossover points in the TTS master curves (Error! Reference
source not found.and S2.3-S2.8). From the crossover modulus, the plateau modulus (G°),
entanglement molecular weight (M.), packing length (p), and characteristic ratio (C») can be
estimated using established relationships. The plateau modulus can be estimated by finding the
frequency of the loss modulus minimum and the “plateau” that occurs at this point. The storage
modulus at the same frequency as the loss modulus minimum is described as the plateau modulus
(G’ = G’(®)c>min). However, the polymers in this study exhibited little to no minimum in the

loss modulus (Figure 2.4 and S2.3-S2.8), likely due to their relatively low molecular weights.
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Figure 2.4: TTS master curve of PiPP.

Instead, the plateau modulus was estimated using two methods. First, the minimum of the
tan(d) and the storage modulus at the same frequency (GN wn@) = G’(®)tan(s)>min) Was used.’? As
an additional comparison, the crossover modulus (G’ = G” = G¢) was used to solve for the plateau
modulus according to the method proposed by Wu (Equation 2.1).>3 This method relates the

crossover modulus and D to solve for G% , which will be referred to as G\ wu.

GRwu 2.63 -log(P)
log( . )= 0380 T2 a5 t0g(d)

Equation 2.1
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In 1994, Fetters et al.>* > presented the following relationship between the plateau modulus G

and entanglement molecular weight, Mc® (Equation 2.2):

0o _ 4pRT
N sM¢
Equation 2.2

From M.Y and the experimentally determined melt density (p), the packing length (p) can

also be determined (Equation 2.3):

G
e

M
— = 218p?
p

Equation 2.3

The packing length is a measure of chain bulkiness and flexibility and describes how tightly
or loosely a polymer can arrange itself, and the amount of space (in A) required by a polymer chain
in the melt between other chains. A higher packing length often indicates greater free volume
around the polymer chain and is typically associated with a more flexible polymer backbone.

Finally, with the values above, it was possible to calculate the characteristic ratio (Cw) of

the polymers in this study using the following relationship (Equation 2.4):3

_ -1
10-p %M, 3 M,
C. =
(00] L2

Equation 2.4

Where p is the polymer melt density (determined using melt flow index), My is the relative
molecular weight per backbone bond, and L is the length of each monomer unit (calculated using

Chem 3D software).
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The C describes the ratio between the experimental end-to-end length of a polymer and

that of the freely jointed chain model. A higher C« indicates a stiffer polymer with greater

rotational and/or steric hindrances, relative to the idealized model. From the equations above,
values for G’ using Wu’s method (G%, wu) were calculated, as well as values for packing length
(p) and characteristic ratio (Cx) (Table 2.2). Comparisons are made within this polymer class for
tacticity, different substituents, structural isomerism, and regioisomerism.

Table 2.2: Summary of rheological characteristics derived and calculated from TTS master

curves.
Name 1)) p (g/cm?) Ge,(MPa) | G, wu | Tret Me, wu|p wu| Cowu
(MPa) (9] (kDa) [eN)

PiPP 1.3 1.12 0.065 0.267 80 9.92 3.43 4.30
0-PiPP 1.6 1.14 0.038 0.209 80 12.79 3.72 5.28
(R)-PiPP 1.4 1.13 0.219 1.007 90 2.71 2.22 6.61
PEMP 2.8 1.13 0.085 0.742 80 3.59 2.44 6.38
PiPMP 1.7 1.11 0.597 3.493 60 0.71 1.43 11.12
PaBP 13 1.15 0.182 0.747 60 3.41 2.39 6.43
PIPHF 1.7 1.14 0.184 1.074 90 2.57 2.18 7.57

Tacticity effects:

Tacticity plays a significant role in the chain flexibility of polyesters. Previous work by
Randall et al. investigated the tacticity effects of PLAs using melt rheology.>® Poly(meso-lactide),
an atactic PLA that is completely amorphous, had the highest chain flexibility with C, = 5.9, p =
3.0 A. This contrasts with isotactic poly(L-lactide), which exhibited stiffer chains, with C. = 7.5,
p=2.3 A. A similar trend was observed in the case of atactic PiPP (C»=4.3, p = 3.43 A) compared
to isotactic (R)-PiPP (C = 6.6, p =2.22 A). The decrease in chain flexibility observed from atactic

PiPP to isotactic (R)-PiPP may correlate with the significant differences in the polymer tensile
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properties. Despite PiPP and (R)-PiPP having similar My and T, PiPP exhibits more than double

the ¢, of (R)-PiPP.

Substituent Effects:

The effects of varying pendant groups were also investigated. In a computational study of
poly(propylene), poly (n-butene), poly(n-hexene), and poly(n-octene), based on the rotational
isomeric state model, it was predicted that the chain stiffness increases as the side chain length of
the polymer increases.’’ The same trend was observed for PiPP (C = 4.3, p = 3.43 A) and PaBP
(C» = 6.4, p=2.39 A). However, despite the stiffer chain, PaBP exhibited significantly greater &
in this study than PiPP, at > 3800 % compared to 843 %. This is likely due to the differences in T,
between the two polymers. Introducing a bulkier pendant group on the aromatic moiety of the
polymer backbone increases chain stiffness as observed when comparing PiPP (C, =4.3, p =3.43
A) to PiPHF (C = 7.6, p = 2.2 A). This structural change increases the T, from 25°C (PiPP) to
29°C (PiPHF). The resulting decrease in €&, from 843 % (PiPP) to 188 % (PiPHF), stems from a

combination of higher T, and increased chain stiffness.

Structural Isomeric Effects:

In the case of PEMP and PiPP, the impact of methyl group position was investigated. The
location of the methyl group at the a-position of the carbonyl has a greater effect on the chain
stiffness than adjacent to the alcohol, as observed when comparing PEMP (Cs» = 6.4, p = 2.44 A)

and PiPP (C» = 4.3, p = 3.43 A). Although the T, of PEMP (21°C) is lower than that of PiPP



36

(25°C), it still exhibited reduced ¢, at 350 % (PEMP) relative to 843% (PiPP), possibly due to the
increased chain stiffness of the polyester. Additionally, the structural isomers PiPMP and PaBP
were analyzed. The presence of two methyl groups in PiPMP (C = 11.1, p = 1.43 A) appear to
have a more significant impact on the stiffness of the polymer chain than the ethyl pendant group
of PaBP (C = 6.4, p = 2.39 A). The increase in chain stiffness may correspond to the increased
T, of PIiPMP (26°C) and subsequent reduction in &, (886%) when compared to PaBP (Tg: 16°C,

& : >3800%).

Regioisomeric Effects:

It was observed that regioisomerism has the least significant effect when comparing
rheological properties of this polymer series. The difference in chain stiffness between 0-PiPP (Co
=5.3,p=3.72 A) and PiPP (C» = 4.3, p = 3.43 A) is present, but to a lesser degree than previous
examples. However, even with the slight increase in chain stiffness, the T of 0-PiPP is increased

to 27 °C and likely contributes to the decrease in &, from 843% (PiPP) to 400% (o-PiPP).

Chemical Recycling:

Previously, we demonstrated that PiPP and other amorphous polyesters can degrade under
industrial composting conditions.’®> We have also observed in unreported work that these
polyesters are chemically-recyclable via base hydrolysis. In contrast to semi-aromatic, AABB-
type polyesters such as PET, PBT, and PEF, these lignin-derived AB-type polyesters do not

contain water soluble and volatile glycols in the polymeric backbone. Because of this, chemically
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recycling the polymers in aqueous conditions is straightforward and can be accomplished in high
yields.

For this study, (R)-PiPP was chosen as a model polyester, although this strategy may be
applied to others in this series. The polymer (Figure 2.5b, My: 27.0 kDa, B = 1.4) was degraded
rapidly at 150 °C using a sealed system in 2M KOH in ethanol and water. The sealed pressure
vessel is not a necessity but does allow for higher temperatures that increase the rate of
depolymerization, with an 80 % yield of monomer achieved after a reaction time of 60 minutes.
The recycled monomer (Figure 2.5¢) exhibited excellent purity via 'H-NMR with a comparable
spectrum to the starting monomer (Figure 2.5a). Matching the reaction times between the two
batches resulted in a slightly higher molecular weight of the second batch, with My, = 42.3 kDa;
b: 1.5 (Figure 2.5d). This experiment demonstrates that chemical recycling to monomer is another

viable end-of-life strategy for this polymer series.
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Figure 2.5: '"H NMR Spectra of (R)-iPP monomer (a), (R)-PiPP polymer (b), recycled (R)-iPP
monomer (c), and repolymerized (R)-PiPP (d) in chloroform-d.

Conclusions:
In this study, nine potentially lignin-derived monomers were synthesized using sustainable, high-
yield reactions that were easily scalable to produce polymers at greater than 50 g scale.

Comprehensive characterization of thermal and mechanical properties revealed excellent thermal
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stability, with Ty ranging from 16 °C to 63 °C. Mechanical properties ranged from polymers that
were too brittle to test to those with strain at break exceeding 3800%. Through iterative monomer
design, rheological properties of subsequent polymers were evaluated using TTS master curves,
demonstrating a diverse range of polymer properties, with packing length varying from 1.43 to
3.43 A and C. ranging from 4.30 to 11.12. Finally, using (R)-PiPP as a case study, it was
demonstrated that these polyesters can be efficiently depolymerized to monomer via base
hydrolysis, achieving rapid conversion with high yield. Subsequent repolymerization resulted in

polymers with equal or greater molecular weights compared to the initial polyester.
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CHAPTER 3

IMPROVEMENT OF ELASTOMERIC RECOVERY IN LIGNIN-DERIVED

THERMOPLASTIC POLYESTERS Vi4 THE INCORPORATION OF AABB-TYPE

CROSSLINKERS

Ryan K. Maynard, Kush G. Patel, Huiming Wu, Maximo T. Reyes, Frida C. Knudsen, Imrie C.
Ross, Nohora P. Manovacia Moreno, and Jason J. Locklin . To be submitted to ACS
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Abstract

Crosslinked elastomers are a very important class of materials but are rarely recyclable.
In this work, the synthesis of two novel AABB crosslinkers is described. Subsequent
polymerization of various loadings of crosslinker with a-butylene phloretate at small scales
using antimony catalysis yielded crosslinked elastomers. The crosslinked polymers were
subjected to rheological analysis, which indicated via Cole-Cole plots that lower loadings of both
materials favored short-chain branching, while higher loadings led to fully crosslinked systems.
Tensile testing showed that low MBPE loadings outperformed higher loadings in terms of Y, €b,
and o, whereas HEMT exhibited increased Y and &, with higher loadings until a limit of 5%. To
demonstrate the elastomeric performance of these elastomers, cyclic tensile testing was
conducted which demonstrated superior elastomeric recovery in MBPE-based systems, with
0.25% and 2.5% MBPE loadings retaining ~60% elastic recovery over 10 cycles. Finally, we
demonstrate that these crosslinked systems can be rapidly chemically recycled to monomers with

excellent retention of the original feed ratios.

Introduction

In Chapter 1, nine amorphous elastomers were characterized for their thermal and
mechanical properties. However, above T,, amorphous polymers will begin to flow, and the rate
increases proportionally with temperature. To counter this, most elastomers are crosslinked. In a
continuation of the previous work, two AABB crosslinkers, both derived from lignin, were
synthesized. The first crosslinker is derived from erythritol, a natural sugar, and phloretic acid,
an abundant molecule that can be isolated from lignin valorization.! The second was derived

from p-coumaric acid, which can be dimerized upon exposure to UV light.* Subsequent



49

alkylation via the ring opening of ethylene carbonate can provide a fully biobased, AABB
structure that can be incorporated into polyesters. PaBP was chosen as a candidate polyester to
crosslink due to a lower Tg (16 °C) and crosslinking was accomplished with the addition of
various loadings of AABB comonomers. Conventional rubber-based elastomers are not easily
chemically-recyclable. For this work, two chemical recycling experiments are performed to

demonstrate the end-of-life options for these crosslinked polyesters.

Materials and Methods

Phloretic acid (98%), ethylene carbonate (98%), potassium carbonate (99%), DMSO-d6
(99.8%), CDCl3 (99.8%), D20 (99.9%) and MeOD (99.9%) were purchased from Oakwood
Chemical. a-Butylene carbonate (99%) was purchased from Ambeed, Inc. (E)-p-coumaric acid
was purchased from TCI and found to be >99% trans via '"H NMR. Dimethylformamide was
purchased from VWR (99%), dried using an SPS 5 (MBRAUN, USA), and stored under
nitrogen. KOD was prepared by dissolving 200 mg of KOH in 1.0 mL of D>0O under nitrogen.
Distillation under vacuum (< 100 mTorr) removed D>O, leaving behind mostly deuteroxide. This
process was repeated four more times to yield KOD which was subsequently dissolved in dry
MEOD at a concentration of 2M and stored under nitrogen. All other solvents and reagents were

purchased from commercial suppliers and used as received.

Synthesis of Crosslinkers and Monomers:
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Scheme 3.1: Synthesis of meso-1,4-bis(phloretic acid) erythritol (BPE).

21.76 g of erythritol bis-carbonate (0.125 mol) was prepared as previously reported using
the trans-carbonation route® and added to a 1L 3-neck flask which fitted with a nitrogen inlet and
pressure relief valve. Following this, 67.56 g of methyl phloretate (0.375 mol, 3 eq.), and 1.73 g
of K2CO3 (0.1 eq) were added. The flask was purged and backfilled five times with nitrogen and
heated to 160 °C with an oil bath. The evolution of gas began rapidly, and the colorless,
heterogenous solution turned to nearly black in about 30 minutes. The reaction was monitored by
the evolution of CO; using a bubbler, which indicated stalled conversion at 12 hours. After this,
500 mL of aqueous 3M NaOH was added and the heterogenous mixture was refluxed. Solids
completely dissolved after 15 minutes, and the refluxing was continued for another 45 minutes.
After this, the solution was cooled to room temperature and acidified using 6M HCI until pH = 2.
The brown colloidal suspension was concentrated via centrifuge, and the supernatant liquid was
decanted away. The pellet was washed three times with acetone until it became colorless and was
dried overnight under vacuum at 70°C to yield 7.96 g of a fine white powder. (15%). M.P. 246
°C. 'H NMR (600 MHz, DMSO-d6): 8 11.82 (s, 2H, COOH), 7.12 (d, 4H, Ar-H), 6.84 (d, 4H,
Ar-H), 5.13 (s, 2H, CH-OH), 4.14 (d, 2H, CH), 3.92 (m, 2H, CHH), 3.81 (m, 2H, CHH), 2.75 (4,
4H, CH>), 2.47 (t, 4H, CH>). *C NMR (600 MHz, 5:1 CDCls: TDA-d): & 181.20, 156.14,

133.38, 129.41, 114.79, 70.90, 67.94, 35.48, 29.38.
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Scheme 3.2: Synthesis of meso-1,4-bis(methyl phloretate) erythritol (MBPE).

5.50 g of meso-1,4-bis(phloretic acid) erythritol (0.013 mol), 500 mL of methanol, and 5
mL of concentrated sulfuric acid were added to a 1L single-neck flask fitted with a reflux
condenser. The contents were heated under reflux for 12 hours and then cooled to room
temperature. The reaction mixture remained cloudy during the entire reaction. The solvent was
removed under reduced pressure at 30 °C so that about 1/3 volume remained. The residual
solution was poured into ice water (500 mL) and filtered. The filter cake was washed one time
with a 200 mL portion of water, once with 200 mL of saturated sodium bicarbonate solution, and
twice with water again. The filter cake was dried in a vacuum oven overnight at 60°C to yield
5.67 g of a white powder (97%). M.P. 180 °C. 'H NMR (600 MHz, CDCl3; 10 uL. TFA-d): 7.11
(d, 4H, Ar-H), 6.84 (d, 4H, Ar-H), 4.39 (s, 2H, CH), 4.26 (m, 2H, CHH), 3.74 (s, 6H, OCH>),
2.91(t, 4H, CH>), 2.69 (t, 4H, CH>). 1*C NMR (600 MHz, 5:1 CDCl3: TDA-d): 8 177.79, 156.15,

133.33, 129.38, 114.77, 70.85, 67.93, 53.88, 36.13, 29.88.
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Scheme 3.3: Synthesis of 4,4’ dihydroxytruxillic acid.

10 g of (E)-p-coumaric acid were added to a 500 mL glass single-neck round bottom
flask. 350 mL of D.I. water were added and the heterogenous contents were irradiated at 365 nm
for 72 h with a mercury lamp. After completion of the reaction as indicated by '"H NMR, the
heterogenous slurry was filtered and dried at 50°C for 24 h. to yield 9.88 g of a white powder
(99%). '"H NMR (600 MHz, DMSO-d6): & 11.97 (s, 2H, COOH), 9.27 (s, 2H, Ar-OH), 7.12 (d,

4H, Ar-H), 6.69 (d, 4H, Ar-H), 4.12 (q, 2H, CH), 3.64 (q, 2H, CH).

MeOH, H,SO, (cat.)

ref., 12 h.

88%

Scheme 3.4: Synthesis of 4,4’ dihydroxy-dimethyltruxillate.
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8.5 g of 4,4’ dihydroxytruxillic acid were added to a 1L single-neck flask. 500 mL of
methanol and 10 mL H>SO4 were added to the flask. The high amount of sulfuric acid was to aid
in solubility of the truxillic acid. The heterogenous mixture quickly became clear upon heating
and was refluxed for 10 hours. After completion of the reaction, the solvent was removed by
rotary evaporation. The crude residue was taken up in ethyl acetate and the organic layer was
washed three times with water, twice with saturated sodium bicarbonate solution, and once with
brine before being dried over magnesium sulfate. Filtration and removal of solvent under
reduced pressure yielded 8.1 g of an off-white solid (88%). '"H NMR (600 MHz, DMSO-d6): &
9.29 (s, 2H, Ar-OH), 7.10 (d, 4H, Ar-H), 6.70 (d, 4H, Ar-H), 4.20 (q, 2H, CH), 3.79 (q, 2H, CH),

3.25 (s, 6H, COOCH).

OH 0
0 N
o O
MeO \__/, K,CO,4 MeO
DMF, 100°C
OMe 16 h,
o]
HO HO— O

76%

Scheme 3.5: Synthesis of 4,4’ bis(2-hydroxyethoxy)dimethyltruxillate (HEMT).

To a 250 mL flame-dried Schlenk flask, 2.67 g of 4,4’ dihydroxy-dimethyltruxillate (1.0

eq.), 7.93 g of ethylene carbonate, (12 eq.), and 4.14 g potassium carbonate (4 eq) were added
under nitrogen. The flask was purged and backfilled an additional three times with nitrogen and

100 mL of anhydrous DMF were added. The heterogenous mixture was heated to 100°C. TLC
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indicated consumption of starting material after 2 hours, but evolution of carbon dioxide was still
observed. After 16 hours, no more gas evolution was observed, and the solvent was removed
under reduced pressure at 60°C. The residue was taken up in ethyl acetate (500 mL), washed five
times with water (300 mL portions) and once with brine (300 mL portion). The organic layer was
dried over magnesium sulfate and the solvent was removed under reduced pressure. The crude
solid was purified via flash chromatography (silica gel; CyHex:EtOAc 1:4 ; Rf: 0.33) and
yielded 2.52 g of a white, waxy solid (76%). Although chromatographically pure by both TLC
and GC-MS, the product isomerized during the reaction at about 30% abundance. It was stored at
-20 °C prevent further isomerization. '"H NMR (600 MHz, CDCl3): 6 7.24 (d, 4H, Ar-H), 6.90
(d, 4H, Ar-H), 4.40 (q, 2H, CH), 4.09 (s, 4H, CH>), 3.98 (s, 4H, CH>), 3.93 (q, 2H, CH), 3.36 (s,
6H, COOCH3). 1*C NMR (600 MHz, CDCl3): 8 172.45, 157.70, 131.25, 129.38, 128.64, 127.63,

114.42, 69.15, 61.50, 51.55, 47.04, 40.73.

1 0-¢°
) /‘Cg

@) @)
K,COg, 160°C, 12 h.
HO 2) 3Mm NaO1Hh(aq.), ref. HO\(\o

Scheme 3.6: Synthesis of a-Butylene Phloretate.

88%

The synthesis was adapted from our previous work. 240 g of methyl phloretate (1.33
mol), 170.1 g of a-butylene carbonate (1.1 eq), and 9.19 g of KoCOs3 (0.05 eq) were added to a

2L 3-neck flask fitted with a nitrogen inlet and a gas relief valve. The flask was purged and
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backfilled 3X under nitrogen before being heated to 160 °C for 5 hours until the evolution of
CO; stalled. The flask was cooled to 80 °C and 1.25L of 3M NaOH was added and the flask was
fitted with a reflux condenser under air. The heterogenous solution was refluxed for 2 hours, at
which point it became a clear solution Refluxing was continued for another 10 hours before the
contents were cooled to 10°C and acidified to pH = 2. The white precipitate was isolated by
filtration, washed with cold water at pH = 3, and then dried at 60°C for 48 h to yield 278 grams
of pure monomer (>99% by '"H NMR), which was used without further purification (88%). 'H
NMR (600 MHz, CDCL): & 7.12 (d, 2H, Ha:), 6.85 (d, 2H, Ha:), 3.97 (dd, 1H, CHH), 3.82 (dd,

1H, CHH), 2.90 (t, 2H, CH>), 2.65 (t, 2H, CH>), 2.06 (p, 2H, CHb), 1.03 (t, 3H, CHs).

Synthesis of Polyesters and Crosslinked Polyesters:
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1 a. To Mechanical Stirrer

b. Stir Bearing

e. Reaction Mixture

and Stir Blade d. Catch Flask

Figure 3.1: Polycondensation apparatus used in this study.

10.0 g of a-butylene phloretate, 1 mol% antimony trioxide, and 10 mg of 4-
methoxyphenol (as an antioxidant) were added to a 25 mL round-bottom flask with heating to
reduce the volume of the powder. The appropriate percentage of crosslinker was added, where
XaBp + Xcrosstinker = 1.0. After this, the flask was fitted with a 24/40 distillation adaptor, through
which a Teflon stir blade was guided (Figure 3.1e). A stir bearing (Figure 3.1b) was added, and
the stir shaft was connected to a mechanical stirrer (Figure 3.1a). Finally, a vacuum distillation
adaptor was used as a nitrogen/vacuum inlet (Figure 3.1c) and a catch flask was added (Figure
3.1d) which was cooled with an ice bath during normal distillation, and dry ice/isopropanol

during vacuum distillation. The flask was purged and backfilled seven times with gentle vacuum
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(~ 25 Torr) followed by nitrogen, then heated to 180°C with an oil bath with stirring at 150 rpm
under a nitrogen atmosphere. After one hour, the temperature was increased to 200°C. Finally,
after another hour, the temperature was increased to 220°C and vacuum was applied to the
system (<300 mTorr) until the reaction became too vicious to stir, or for 6 hours - whichever
came first. As the reaction became more viscous, stirring was reduced to 30 rpm as needed to
maintain effective mixing. A summary of vacuum times and resultant molecular weights are

summarized in Table 3.1.

Table 3.1: Summary of reaction times, molecular weight, and glass transition data for crosslinked
polymers in this study. A vacuum time of less than 6 hours indicates that the material was too
viscous to be stirred.

Polymer Vacuum Duration: | My, (kDa): | b: Ty (°C):
PaBP with 0% crosslinker 6 h. 35.1 1.51 16
PaBP with 0.25% MBPE 6 h. 178 3.60 17
PaBP with 0.25% HEMT 6 h. 50.2 1.60 15
PaBP with 1.0% MBPE 3h 118 3.25 15
PaBP with 1.0% HEMT 6 h. 22.8 1.54 16
PaBP with 2.5% MBPE 1.5 h. 107 4.58 16
PaBP with 2.5% HEMT 6 h. 233 2.07 17
PaBP with 5.0% MBPE 0.7 h. 69.9 3.12 17
PaBP with 5.0% HEMT 3h 163 4.53 16

Structural Characterization:
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"H NMR and '*C NMR spectra were recorded at room temperature (unless otherwise noted)
with an Avance Neo 600 MHz instrument (Bruker, USA) at a concentration of 10 mg/mL. Peak
shifts in parts per million (ppm) were reported relative to the signal of chloroform-d at 7.26 ppm
or DMSO-d6 at 2.50 ppm for 'H NMR and chloroform-d at 77.16 ppm or DMSO-d6 at 39.52 ppm

for 13C NMR spectra.

Thermal Characterization:

Thermal transitions were determined using a DSC 250 equipped with an RCS 90 chilling
system (TA Instruments, USA). Samples were cooled to -20 °C before being heated to 120°C for

two cycles. Data reported is from the second heating cycle.

Rheological Characterization:

Rheological experiments were conducted on a TA instruments Discovery Hybrid
Rheometer (USA) using an 8 mm parallel plate geometry with a 850 micron trim gap and 750
micron running gap. A series of temperature ramps from -10 °C to 110 °C with oscillation
frequency of 1 Hz and strain at 0.01% were conducted with a ramp rate of 10°C/min. Cole-Cole
plots were created after frequency sweeps were conducted at the same trim and running gap with

1% strain and frequencies from 600 to 0.1 rad/s.

Density Characterization:

The true polymer density was obtained using a helium pycnometer (Micromeritics,
AccuPyc II 1340, USA). For all samples, approximately 0.03 - 0.05 g of each sample was tested

using the 0.1 cm? insert. Gas pressure was 19.5 psi and equilibration was set at 0.005
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psi/min. For each sample, ten purge cycles and ten measurement cycles were performed, and the
test was stopped when the variation between five consecutive measurements was below 0.05%.

The average of those five measurements was reported.

Mechanical Characterization:

Tensile specimens were prepared by melt-pressing films. 2.0 g of polymer was pressed at
at 100°C using 0.20 mm shims with 5000 psi of force using a heated stage hydraulic press
(Carver, Inc., USA). Films were then cut using an ATSM Type 1708 film cut die. Tensile testing
was subsequently performed using a Shimadzu AGX Tensile Tester (Shimadzu, USA) pulling at
a rate of 200mm/min. Modulus values were reported by the slope of the curve between 0 and 1%

strain. Cyclic tensile testing was performed to 150% strain at Smm/min with 10 cycles.

Chemical Recycling to Monomer:

2.0 g of MBPT was added to a 25 mL round-bottom flask with a stir bar. 10 mL of 2.25
M KOH in ethanol was added, and the flask contents were brought to reflux for 15 minutes until
homogenous. The flask contents were cooled to 5 °C with an ice bath, acidified to pH = 2 with
2M HCI, and a white precipitate formed. The precipitate was filtered and washed with three 50
mL portions of cold, acidified water (pH = 3) before being dried in a vacuum oven to yield 2.32
g of a white powder (96%) which contained the ethyl esters of the crosslinker and monomer at at
2.53% and 97.47% abundance, respectively. This reaction was repeated with 'H NMR
monitoring. 7.50 mg of polymer and 750 pL OF 2M KOD in MeOD were added to a Smm NMR

tube (VWR, USA) which was sealed with a tube cap. The probe temperature was maintained at
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40°C and the sample spinning was enabled. 32 scan spectra were taken in 10-minute intervals for

120 minutes total, until more than 98% of residual polymer peak had disappeared.

Results and Discussion

Monomer and Crosslinker Synthesis:

The synthesis of the PaBP monomer followed the same synthesis as previously reported
in this dissertation (See Chapter 2). The results were equally excellent at a significant larger scale
(> 200 g) and recrystallization was avoided in this case. A crosslinker was proposed that utilized
two phloretic acid monomers and joined them by ring opening of cyclic carbonates. Erythritol
dicarbonate was an excellent candidate for this, since it can be derived wholly from biobased
meso-erythritol and synthesized in high yields.®> This procedure was attempted in solution, but
the best results were obtained when an excess of methyl phloretate was used to solvate the
reaction mixture, with a catalytic amount of K2COs3 present to initiate deprotonation of the
methyl phloretate phenol. Using this method, complete conversion of erythritol dicarbonate was
observed via '"H NMR. Purification of the compound with column chromatography proved
difficult due to a very large number of species present and low solubility. Because of this, the
procedure was modified to include a deprotection step, which cleaved the esters, and any small
oligomers present in the reaction that can form through transesterification. With this, a
homogenous solution was obtained. After subsequent acidification, a crude brown powder was
isolated that contained roughly 25% desired product. The BPE monomer was completely
insoluble in most common solvents, so several washed with acetone were sufficient to remove

impurities. This yielded pure BPE in very poor yield (15%), but in sufficient quantities to
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synthesize all crosslinked polymer systems in this study. To ensure incorporation during
polycondensation, the BPE monomer (mp: 246 °C) was protected as its methyl ester via a high-
yielding Fischer esterification, reducing the melting point to 180 °C.

It was proposed that a second crosslinker be synthesized that can be used to compare
properties directly, thus gaining an understanding of the effectiveness of one solution vs another
for these systems. As discussed in Chapter 2, hindrances at the a-methyl position vs. adjacent to
the alcohol on AB monomers seemed to have different effects on the reactivity of substrates. TO
investigate this, a second crosslinker was synthesized that had less hindered substrates on the
alcohol moiety, but more hindrances closer to the carbonyl of the molecule. Truxillic acid
derivatives were found to be an excellent candidate, since they can be derived from completely
biobased sources such as coumaric acid derivatives and are also found in various natural
sources.* ¢ The synthesis conditions of the HEMT crosslinker was largely inspired by the success
of our previous syntheses, specifically the high-yielding syntheses of phenolic cinnamate
derivatives with ethylene carbonate. However, to maximize the yield, the conditions were
modified to include DMF as a solvent, which prolongs the reaction time but is milder to the
substrates due to the lower reaction temperatures. Interestingly, although TLC indicated
complete conversion of the starting material and gas evolution completely ceased, there appeared
to be two species in the 'H NMR spectrum of the product. Because of this, the product mixture
was subjected to column chromatography, which isolated a single spot on TLC (by UV and
Iodine stains) and a single peak on Gas Chromatography. However, once again, there appeared
to be multiple species present by both 'H NMR and '*C NMR. Careful analysis of COSY and
HMBC experiments suggested that there were multiple isomers of the truxillic-acid derivative

present, which has already been well-reported to happen under thermal heating of 4,4’ truxillic
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acids and their derivatives.” This is still under investigation in our laboratory, both in terms of
reaction conditions to avoid isomerization, as well as the determination of specific isomers that
are present in the mixture. Even with this, we justified that regardless of the isomers present, the
HEMT monomer should perform well as a crosslinker and used it as-is until further

investigations can be completed.

Polymerization:

To reduce reaction times and use of monomer, polymerization was conducted at small
scales. In contrast to the previously described procedure (Chapter 2), an oil bath was utilized
with a distillation adaptor. This allowed efficient mixing of small batches of polymer (~10 g)
even when high melt viscosity was obtained. Antimony trioxide was used as a catalyst as it has
been observed in previous work in our group to produce high molecular-weight polyesters with
minimal side products. Since many polymers can darken when exposed to high temperatures for
extended reaction times, MEHQ was added as an antioxidant. A test polymerization was first
conducted using aBP monomer, and the reaction was stalled with a thick polymer melt at 6 hours
of vacuum (< 300 mTorr). Consequently, subsequent polymerizations were conducted for a
maximum of 6 hours or until stirring became impractical, as indicated by the reaction mixture
fully adhering to the stir shaft and blade, resulting in a polymer gel. The reaction times decreased
with increasing MBPE crosslinker content. However, with HEMT, gelling of the reaction did not
occur until 5% loading was achieved (Error! Reference source not found.). This could
possibly be due to reduced reactivity of the HEMT crosslinker when compared to the MBPE

crosslinker, which aligns with data we have previously observed with the reactivity of a-
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carbonyl substituted monomers compared to substitution adjacent to the terminal hydroxy group

(Chapter 2.)
45 | —PaBP
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Figure 3.2: GPC curve overlay of control and crosslinked polyesters in this study.

The possibility of reduced reactivity of the HEMT crosslinker was also strengthened by
GPC data (Figure 3.2). MBPE curves consistently demonstrated higher My, and higher D (Table
3.1) in comparison to those with HEMT crosslinker. The very broad signals in GPC are likely
due to crosslinking of the materials causing significant increases in hydrodynamic radius in

comparison to the control, rather than a true increase in molecular weight.

Crosslinking vs Branching of Truxillates and Covalent Linkers:
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To investigate this further, frequency sweeps and Cole-Cole plots were conducted for the

polymers in this study (Figure 3.3).
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Figure 3.3: Rheological frequency sweeps (G’ v. o) for PaBP with HEMP (a) and MBPE (b) and

Cole-Cole plots for HEMP (c¢) and MBPE (d).

In Cole-Cole plots, as a material undergoes increasing short-chain branching, a smaller “half

moon” plot is obtained. This is extremely apparent in Figure 3.3c, in the case of HEMT. As

HEMT is added, up to 2.5%, the amount of short chain branching increases significantly.

However, at 5% addition, HEMT gels, and the line becomes linear. The same trend is observed

in MBPE (Figure 3.3d), but at a lower concentration. At 0.25% loading of MBPE, some
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branching is indicated in the plot. 1% indicates increased branching, and 2.5% and 5% loadings
are both completely linear, indicating a strongly crosslinked system. With this, it is indicated that
HEMT may have a better tendency to impart branching into the substrate, whereas MBPE will

impart crosslinking at lower loadings or quicker reaction times.

Characterization of Mc:

Further rheological investigation was conducted using temperature sweeps to probe G’
and G” over a range of temperatures. Using these plots, it is possible to relate the density of the
polymer to the plateau modulus, G’platcan. The determination of G’ platcau Was accomplished by the
determination of the corresponding storage modulus (G”) at the minimum tan & above the Ty of
the polymers (G’ plateau = G’tan(5) = min). This value, as well as the temperature at this point, were
used to calculate molecular weight between crosslinks (M.) using the relationship described in

Equation 3.1.

R-T-p
MC=G,—

plateau

Equation 3.1: Relationship between M., temperature at tan 6 minimum (T), density of polymer as
determined by helium pycnometery ( p), and G’platcau.

With this, temperature sweeps of all polymers were conducted. Sweeps of highly crosslinked

materials did not exhibit a crossover of the storage modulus and the loss modulus after Ty of the

polymers (Figure 3.4; S3.18 — S3.26).
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Figure 3.4: Rheology temperature sweeps of PaBP (a) and PaBP polymerized with 2.5% MBPE
(b).

Using these plots, data was transformed using the density of the polymer and the
rheological properties at the minimum value of tan 6 above the T, of the polymer. Summarized

data for each polymer is outlined in Table 3.2.



Table 3.2: Summary of data required to calculate M.
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Polymer Density (g/cm?): | Trer (°C): | G’platean (MPa): | M, (g/mol):
PaBP with 0% crosslinker 1.188 £ 0.001 44.0 0.786 3950
PaBP with 0.25% MBPE 1.1832 £ 0.0005 49.5 0.767 4120
PaBP with 0.25% HEMT 1.181 +0.001 48.5 0.974 3240
PaBP with 1.0% MBPE 1.183 +0.002 41.0 0.890 3470
PaBP with 1.0% HEMT 1.180 + 0.001 41.2 0.879 3510
PaBP with 2.5% MBPE 1.183 +0.002 45.6 0.934 3350
PaBP with 2.5% HEMT 1.180 + 0.001 40.4 0.707 4350
PaBP with 5.0% MBPE 1.187 +0.001 46.1 0.596 5280
PaBP with 5.0% HEMT 1.198 + 0.002 44.0 0.551 5730

Interestingly, there is not a clear trend observed for crosslinker loading and M. At high

loadings of HEMT and MBPE, M. is significantly higher than the control for both. This could

possibly be related to high loadings of crosslinkers causing significant gelation of the material,

preventing complete reaction of the remaining species. This possibility and others are currently

under investigation in our laboratory.

Tensile Performance of Different Loadings:

The tensile performance of the polymers was evaluated using pressed film samples

testing at 25.4°C. Agreeing with our previous work, even as pressed films, PaBP exhibited

significant ductility and was unable to be pulled to sample rupture within the stroke distance of

our instrument. (Figure 3.5).
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Figure 3.5: Stress v. strain for representative tensile specimens for each polymer in this study.

The addition of crosslinkers reduced the strain at break of the sample, and until very high
loadings of material, also increased the modulus in turn. Interestingly, the o, for MBPE samples
was obtained in the lowest loadings of crosslinker. As crosslinker loading increased, the ov
decreased as well (Figure 3.5; Table 3.33. Perhaps correlated to earlier observations about M.
(Table 3.2), the 5% loading of MBPE exhibited a lower modulus than the control polymer. This
could indicate that lower loadings of MBPE crosslinker can lead to improved, &b, and oy
compared to higher loadings. For polymers containing HEMT crosslinkers, 0.25% loadings did
improve Y in comparison to the control. As crosslinking content was increased to 1% and 2.5%,
Y increased and ¢ also increased. Similarly to with MBPE, the addition of 5% HEMT

decreased Y and ey, but still offered an improvement over the control.



Table 3.3: Summary of mechanical properties for polymers in this study

Polymer Y (MPa): & (%) ob (MPa):
PaBP with 0% crosslinker | 8.7+2.1 | > 3800 n.d.

PaBP with 0.25% MBPE | 12 +2.8 646 £ 41 74+1.1

PaBP with 0.25% HEMT | 12.0+3.3 1100+ 165 |3.19+£0.13

PaBP with 1.0% MBPE 13.1+£3.6 679+103 4.62+ .97

PaBP with 1.0% HEMT 153+3.5 1124 £470 0.844 £0.32

PaBP with 2.5% MBPE 11.6+2.2 350+ 34 2.2+0.50

PaBP with 2.5% HEMT | 17.6+4.4 1478 +28 |1.01 £0.05

PaBP with 5.0% MBPE 6.11+.80 442+54.8 0.94+0.18

PaBP with 5.0% HEMT 12.7+2.8 461 +73 1.4+0.37

Cyclic Tensile Performance of Different Loadings:

To quantify the elastomeric performance of the various crosslinked polyesters, r using

cyclic tensile testing. First, films of the crosslinked polyesters underwent 10 cycles to 150%
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strain. A comparison of uncrosslinked polymer to a high-performing example are shown in

Figure 3.6.
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Figure 3.6: Cyclic tensile testing of PaBP (a) and PaBP that was crosslinked with 2.5% MBPE

(b). Cyclic tensile testing data for all crosslinked polyesters may be found in the Appendix.

A qualitative look at the data above demonstrates significantly less hysteresis in the
crosslinked sample than the control sample. To quantify the performance, relative recovery (R;)
and total recovery (R¢) were calculated using Equations 3.2 and 3.3. Relative recovery describes
the amount the specimen recovered its dimensions compared to the previous final deformation

(Equation 3.2).



71

Equation 3.2: R; where Dx is the travel distance of the cycle n, and Dx.1 is the travel distance of
cycle n-1.

Total recovery describes the amount of recovery attained compared to total deformation (150 %).

This is represented by Equation 3.3.

D,
Rt=<1— )-100%

max

Equation 3.3: R where D, is the stroke distance for cycle n, and Dmax is the stroke value at the
maximum ram travel; in the case of this experiment, 150%.

All relevant data for cyclic testing and the values obtained for these samples is
summarized in Table S3.1. The most relevant parameter for comparisons to ideal elastomers is
Ry, since an R; value of 100% indicates perfect elastomeric recovery, and a plateau of R, values at
a strain above 50% indicates good elastomeric performance. Because of this, the values of R; for

each cycle were plotted.



100 r

80 |

20

o
D)
>
(0]
>
@]
(&)
()]
Y
O
—
()]
=
(@]
S
w0
®
L
0

Figure 3.7: Elastomeric recovery (Ry) vs. Cycle Count for polymers synthesized in this study.

As shown in Figure 3.7, the incorporation of even very low loadings of MBPE (0.25%
and 2.5%) offered a dramatic improvement to cyclic recovery when compared to the control.
High loadings (5.0%) had a negligible difference in cyclic recovery when compared to the
control. Interestingly, low loadings of HEMT (0.25%) also offered improvement in elastomeric

performance, but higher loadings (1.0 %, 2.5%, and 5.0%) had negligible or deleterious effects
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on elastomeric recovery compared to the control. In the future, lower loadings of crosslinkers (of



73

both types) should be investigated to determine at which point elastomeric recovery reaches the

maximum value, which could be at loadings lower than studied in this work.

Chemical Recycling to Monomer of 2.5% Crosslinked Samples:

One of the primary motivators for the design of the MBPE crosslinker was hypothesized
ease of chemical recycling to monomer (CRM). To test this, a high-performing crosslinked
polymer (2.5% MTBE, which exhibited excellent elastomeric recovery) was chosen as a test
example. To our excitement, we found this polymer to degrade exceptionally rapidly in basic
ethanol under reflux, with full conversion to the ethyl ester of the monomer and crosslinker

occurring in 15 minutes (Figure 3.8).

o R
o o \/Y\
EtO OH
o [¢]

ONO h °
2.25M KOH in
0)( ] ethanol, reflux +
0. 15 min, 96% o
le) )
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Figure 3.8: CRM scheme of 2.5% MBPE in basic ethanol.

Since this conversion was so rapid at reflux temperatures, similar conditions were
replicated using deuterated base and solvent at the temperature of 40 °C, which could be
observed in an NMR instrument. The results for this are demonstrated in a 120-minute long

experiment, the data summarized in Figure 3.9.
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Figure 3.9: '"H NMR monitoring of the conversion of polymer (bottom of overlay) to monomer
and crosslinker (top of graph) at 40 °C in 2M KOD in MeOD. Scans were taken in 10 minute

cycles for 2 hours.
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With this experimental design, >98% depolymerization was achieved in two hours at
relatively low temperatures. This indicates that these polymers may be excellent candidates for
chemical recycling since they are rapidly depolymerized with excellent retention of original feed

ratios.

Conclusions

Two crosslinker architectures were polymerized with a-butylene phloretate at small
scales using antimony catalysis. The incorporation of MBPE crosslinker, which has hindered
alcohols on the backbone, produced more highly crosslinked polymers compared to HEMT,
which has more hindered carbonyls. Cole-Cole plots indicated that lower loadings of both
materials favored short-chain branching, while higher loadings led to fully crosslinked systems.
Tensile testing showed that low MBPE loadings outperformed higher loadings in terms of Y, €b,
and ob, whereas HEMT exhibited increased Y and eb with higher loadings. Overall tensile
performance decreased at 5% loadings of both crosslinkers. Cyclic tensile testing demonstrated
superior elastomeric recovery in MBPE-based systems, with 0.25% and 2.5% MBPE loadings
retaining ~60% elastic recovery over 10 cycles. Finally, these crosslinked systems can be rapidly
chemically recycled to monomers with retention of the original feed ratios, highlighting their

potential for sustainable materials design
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Abstract

Finding alternative feedstocks to synthesize thermally stable polymers with excellent
mechanical properties is increasingly important. In this work, a novel polyester was synthesized
from potentially biobased 6-chloro-1-hexanol and phloretic acid, an abundant valorization
product of lignin. Two previously reported polyesters were also synthesized, as well as
copolymers of all three polyesters with g-caprolactam and 11-aminoundecanonic acid to produce
a suite of three biobased polyesters and six potentially-biobased poly(ester amide)s. Investigation
of thermal stability of the polyesters and poly(ester amide)s indicated exceptional performance,
with the lowest onset of degradation being 368 °C. Thermal properties varied greatly, with a
range of Ty -14 °C — 79 °C, and T, from 49 °C — 214 °C, suiting a variety of applications.
Mechanical properties similarly covered a wide array, with polymers too brittle to test to those
with significant elongation at break (Y =27 MPa and &, = 1104 %.) One poly(ester amide)
exhibited excellent elastomeric recovery, with R, as low as 0.2% once initial permanent
deformation had been achieved. This study reports the synthesis, thermal characterization and

mechanical characterization of nine novel polyesters and poly(ester amide)s.

Introduction

Plastics are a critical component of modern society, but their increasing production will
eventually cause difficulties with dwindling fossil fuel feedstocks.! To counter this, significant
work has been done to identify alternate feedstocks form polymers that can be derived from
sustainable sources.”* One area of particular interest is finding biosourced feedstocks that can be
polymerized into materials that exhibit high thermal stability while still maintaining excellent

mechanical properties. Polyamides, while exhibiting excellent thermal stability and potentially
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bioderived, are completely nondegradable in normal conditions.* Additionally, very few of the
most common nylon precursors are bioderived. One class of materials that is particularly
interesting, combining both the processibility of esters and the thermal stability of nylons are
poly(ester amide)s.> Poly(ester amide)s can be synthesized to include various ester components,
which can be completely bioderived, alongside amide comonomers.% 7 Through variation of the
ester and amide components, the properties of poly(ester amide)s can be tuned to balance
thermal stability and mechanical performance while still retaining biobased comonomer
content.®? Additionally, characterizing the structure-property relationships of these materials is
crucial for optimizing their performance and expanding their potential applications in sustainable
plastics.

In this work, lignin-derived monomers were synthesized using sustainable, high-yielding
reactions to be subsequently polymerized into both polyesters and poly(ester amide)s. The
incorporation of lignin-derived monomers offers a promising route to sustainable comonomers
while also potentially introducing unique structural features that can influence their thermal and
mechanical behavior. By systematically varying the ester and amide monomer structures,
specifically the length of alkyl chains in the polymer backbones, we aimed to characterize how
these factors impact the resulting polymer properties. Thermal stability, mechanical
performance, and processability were evaluated to assess the viability of these lignin-derived
poly(ester amide)s as sustainable alternatives to conventional polymers. Additionally, cyclic
recovery experiments for a highly elastic poly(ester amide) were conducted. These experiments
provide insight into the structure-property relationships of lignin-derived poly(ester amide)s,
highlighting their potential for applications requiring both high performance and sustainably-

sourced materials.
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Materials and Methods

Materials:

Phloretic acid (98%), ethylene carbonate (99%), 1-chloro-6-hexanol (98%), and potassium
carbonate (99%) were purchased from Oakwood Chemical. 11-amino undecanoic acid and e-
caprolactam were purchased from Ambeed, Inc. Methyl-4-hydroxybenzoate was kindly supplied
by Essential Ingredients, Inc. All other solvents and reagents were purchased from commercial

suppliers and used as received.

Synthesis of Monomers:

1. JOL
0 1.1 eq. o\_/o o
/©)\0Me C05 160°C /©)(OH
HO 2. 3MNaOH, A HO0

75%

Scheme 4.1: Synthetic scheme of 4-(2-hydroxyethoxy)benzoic acid via the ring-opening of
ethylene carbonate.

The synthesis of 4-(2-hydroxyethoxy)benzoic acid was adapted from our previously reported
synthesis of 3-(4-(2-hydroxyethoxy)phenyl)propanoic acid (EP).!? 239.3 g of methyl-4-
hydroxybenzoate (1.57 mol), 152.0 g of ethylene carbonate (1.75 mol, 1.1 seq.), and 10.85 g of

anhydrous K>CO3(0.079 mol, 0.05 eq.) were added to a 2L 3-neck flask fitted with a nitrogen
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inlet and a septum. The flask was purged and backfilled three times with nitrogen, and the
septum was fitted with several 18-gauge needles to allow gas to vent, including a very slightly
pressurized stream of nitrogen passing through the flask. After this, the flask was heated to 160
°C in an oil bath for 4 hours, until the evolution of CO» ceased. After this, the flask was cooled
and 1L 3M NaOH was added. The turbid solution was refluxed overnight until the reaction was
clear then cooled to 5 °C before acidifying with 6M HCI until pH = 2. The resulting precipitate
was filtered and washed with water to yield 213 g (75%) of a white powder which was found to
be >99% pure by 'H NMR. '"H NMR (600 MHz, CDCl3; 10uL TFA-d added): & 8.07 (d, 2H, Ar-

H), 6.98 (d, 2H, Ar-H), 4.22 (d, 2H, CH>), 4.16 (d, 2H, CHY).

Q CI\G/)OH Q
OH ., KOH
HO 4:1 MeOH:H,0 HO@/\O
A 5

74%

Scheme 4.2: Synthetic scheme of 4-(6-hydroxyhexoxy)phloretic acid via the Williamson Ether
Synthesis of 6-chlorohexanol and phloretic acid.

200 g of phloretic acid (1.2 mol, 1.0 eq.) and 200 g of potassium hydroxide (3.6 mol, 3 eq.) were
added to a 3L, 3-neck flask followed by 1.25 L of 4:1 MeOH:H>O. The homogenous solution
was brought to reflux, and 246 g of 6-chloro-1-hexanol (1.8 mol, 1.5 eq.) were added dropwise
over the course of two hours. After this addition, reflux was continued overnight. Reaction

monitoring by "H NMR indicated only 85% conversion of phloretic acid, so an additional 82 g
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(0.6 mol, 0.5 eq) of 6-chloro-1-hexanol was added dropwise. After 4 hours, all phloretic acid was
consumed and the product mixture was cooled to room temperature and diluted with 1L of water.
After dilution, the solution was cooled to 5 °C, acidified with 6M HCI until pH = 2, filtered, and
washed with acidified water. The crude product was dried in a vacuum oven, and then
recrystallized three times from 1:4 EtOH:Toluene to yield 237 g of a white powder (74%). 'H
NMR (600 MHz, CDCls): & 7.11 (d, 2H, Ar-H), 6.82 (d, 2H, Ar-H), 3.95 (t, 2H, CH>), 3.66 (t,
2H, CH>»), 2.90 (t, 2H, CH>), 2.64 (t, 2H, CH>), 1.78 (p, 2H, CH>), 1.60 (p, 2H, CH>), 1.46 (m,
2H, CH>). *C NMR (600 MHz, CDCl3): & 157.56, 132.04, 129.14, 114.51, 67.76, 62.87, 35.54,

32.57,29.74, 29.16, 25.81, 25.44.

Synthesis of Poly(ester amide)s:

General synthesis of homopolyesters and 1 1-amino-undecanoic acid copolymers:

Powdered monomers (120 grams total), 120 mg of MEHQ, and 1 mol% of catalyst relative to
total monomer content was added to a 200 mL 3-neck round-bottom flask. The flask usually
required some heating to reduce the volume of the powdery monomer. After loading, the flask
was equipped with a short-path condenser with catch flask, a stir bearing with stir shaft and
Teflon stir blade (SP Bel-Art), and a thermocouple. The flask was purged and backfilled three
times with full vacuum and nitrogen, then heated to 160 °C with stirring at 150 rpm. A heating
ramp of 5 °C/hr. was applied to the flask until the contents reached 220 °C. (12 h.). Full vacuum
was applied to the flask (<200 mTorr) until the reaction was too viscous to accomplish adequate

stirring. After this, the pressure was equalized with nitrogen, and the crude polymer was
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collected from the flask using silicon release paper. The residual material was dissolved in
solvent, precipitated, and dried in a vacuum oven at 80°C for three days to provide polymers in

quantitative yields.

General Synthesis of 6-aminohexanoate copolymers:

Hydroxy (ether)acid monomers and e-caprolactam (1:1 molar ratio; 120 g of total monomer)
were added to a 200 mL 3-neck flask. The flasks required heating to reduce the volume of the
powdery monomers. After loading, the flask was equipped with a short-path condenser with
catch flask, a stir bearing with stir shaft and Teflon stir blade (SP Bel-Art), and a thermocouple.
The flask was purged and backfilled three times with full vacuum and nitrogen, then heated to
160 °C with stirring at 150 rpm. The temperature was ramped to 220 °C at 10 °C/h. at which
point the distillation apparatus was removed under positive nitrogen pressure and replaced with a
reflux condenser. The condenser was not added initially due to difficulty maintaining
temperature at >200 °C due to excess water in the reaction vessel. The solution was refluxed for
12 hours, after which the condenser was replaced once again by the distillation apparatus under
positive nitrogen pressure. The flask was carefully put under vacuum (< 200 mTorr) and reacted
at 220 °C until the contents were too viscous to attain adequate mixing. The crude polymer was
removed from the flask and the residue was dissolved in solvent, precipitated, filtered, and then

dried in a vacuum oven at 80 °C for three days to provide polymers in quantitative yields.

Structural Characterization:
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"H NMR and '*C NMR spectra were recorded at 25 °C on a Bruker Avance Neo 600
MHz instrument (USA) at a concentration of 10 mg/mL. Peak shifts in parts per million (ppm)
were reported relative to the signal of chloroform-d at 7.26 ppm or DMSO-d6 at 2.50 ppm.
For polyesters that were soluble in chloroform, molecular weight and dispersity (£) analyses
were conducted on a Malvern OMNISEC RESOLVE gel permeation chromatography system
(Malvern, USA) with a refractometer detector. Samples were dissolved in chloroform at a
concentration of 1 mg/mL and filtered through a 0.2 pm PTFE filter. Viscotek® T-Series
Columns (T3000, T4000, and T6000) columns were regulated at 35 °C and were eluted with
HPLC-grade chloroform at a rate of 1 mL/min. The resulting molecular weight data is reported
relative to polystyrene standards. Molecular weight data was unable to be collected for the

copolymers in this study, as well as poly(ethylene benzoate) due to poor solubility.

Thermal Characterization:

The thermal stability of the polymers was determined via thermogravimetric analysis
(TGA) using a Discovery TGA (TA Instruments, USA). Approximately 7-12 mg of sample was
heated from room temperature to 600°C at 10°C/min in a nitrogen atmosphere. The thermal
transitions of the polymers were determined using a Discover DSC 250 equipped with an RCS
90 cooling system (TA Instruments, USA). Samples were cooled to -40 °C, then heated to 220°C

for two cycles. Data reported is from the first heating cycle unless otherwise noted.

Melt Extrusion:

Polymers were processed using melt extrusion with a Haake MiniLab II (Thermo-Fisher,

USA). Injection molding was accomplished using a Haake Minijet Pro injection molding



machine (Thermo-Fisher, USA). The polymers were extruded at the endset of T by DSC +

~20°C. The injection molding ram was held at the extrusion temperature. A summary of the

injection molding conditions may be found in Error! Reference source not found.

Table 4.1: Summary of injection molding conditions.
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Polymer Name: Extrusion/Barrel Mold Temperature: = Mold Treatment
Temperature: Prior to Sample
Removal:
PEB 220 °C 80 °C Ambient conditions
PCEB 160 °C 60 °C Ambient conditions
PUEB 180 °C 70 °C Ambient conditions
PEP 135°C 25°C Ambient conditions
PCEP 130 °C 27°C Cooled in brine/ice
bath (-15°C) before
removing from mold.
PUEP 160 °C 50 °C Ambient conditions
PHP 100 °C 40 °C Cooled in brine/ice
bath (-15°C) before
removing from mold.
PCHP 160 °C 40 °C Ambient conditions
PUHP 160 °C 50°C Ambient conditions

Mechanical Characterization:

Tensile performance of polyesters was evaluated using a Shimadzu AGS-X Universal

Testing Machine (Shimadzu, USA). Samples were tested at 25.6 = 0.3 °C with a rate of 50

mm/min for polymer and copolymers containing HP and EP monomers. For polymers containing

EB monomers, a rate of Smm/min was used. Data reported is the statistical average of 3
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specimens. Cyclic tensile testing of PCEP was accomplished at a rate of 5 mm/min with a max

strain of 300% and 10 cycles.

Results and Discussion

Synthesis of Monomers:

The synthesis of 4-(2-hydroxyethoxy)benzoic acid (EB) was adapted from our previous
work.!? Although EB has been synthesized previously using haloalcohols in the literature,!!!3 to
our knowledge this is the first report of the synthesis using the cyclic carbonate route. The
advantages of this process are the ability to use ethylene carbonate, which can be derived from
biorenewable feedstocks and carbon dioxide.'* The reaction was straightforward to accomplish
in these conditions and provided the desired monomer in high purity and good yield.

The synthesis of 4-(6-hydroxy-n-hexoxy)phloretic acid (HP) was accomplished using a
traditional Williamson Ether-type reaction, starting with 6-chloro-1-hexanol. Although
traditionally derived from petroleum, 6-chloro-1-hexanol may be derived by halogenation of 1,6-
hexanediol,'® which can be synthesized from resources like cellulose!® and levoglucosenone.!’
With condition optimization, the synthesis of potentially-biobased HP was accomplished in good

yields with simple purification via recrystallization at greater than 200g scales.

Synthesis of Polyesters:
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1) 1% Sb,03, 0.1% MEHQ
160°C - 220°C, Np, 12 h.

2) 220°C, <200 mTorr, 3-12 h.

x=1-5;y=0-2
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H H H
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Vacuum Duration: 12 h. Vacuum Duration: 3 h. Vacuum Duration: 4 h.
M,,: 84.8 kDa; B: 1.9 M,,: 92.7 kDa; DB: 1.9

Scheme 4.3: Synthesis of polyesters via antimony-catalyzed melt polycondensation.

The synthesis of polyesters in this study largely followed procedures that have yielded
high-molecular weight polymers in our previous work. Antimony trioxide was chosen as a
catalyst due to its relatively low activity which reduces side reactions that can cause substantial
darkening of semi-aromatic polyesters.!? Undesired oxidation was mitigated through the
addition of 1000 ppm MEHQ. An initial heating ramp from 160 °C- 220 °C was conducted at a
rate of 5 °C/ h., during which most of the calculated water for the polycondensation was
collected. This initial ramp is useful to build low-molecular weight oligomers, as these
monomers can co-distill with water at elevated temperatures under vacuum otherwise. After the
heating ramp and subsequent vacuum application, polyesters were afforded in excellent
molecular weights for lab scale polycondensation reactions in the case of poly(ethylene
phloretate) (PEP) (My: 84.8 kDa; D: 1.9) and poly(hexamethylene phloretate) (PHP) (My: 92.7

kDa; D: 1.9), both of which were soluble in chloroform and suitable for GPC analysis (Error!
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Reference source not found.). However, PEB was found to be insoluble in chloroform and

molecular weight data was unable to be collected using available instrumentation.

Synthesis of Ester-co-11-aminoundecanoate Polyesters:

o
ot o o
OH + HZ”HJ\OH
y 10

1) 1% Sb,03, 0.1% MEHQ
160°C - 220°C, Ny, 12 h.

2) 220°C, <200 mTorr, 2 - 4 h.

x=1-5;y=0-2
O
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Vacuum Duration: 3 h. Vacuum Duration: 4 h. Vacuum Duration: 2 h.

Scheme 4.4: Synthesis of poly(ester amide)s with 11-UDA as comonomer via antimony-
catalyzed melt polycondensation.

The synthesis of poly(ester amide)s with 11-aminoundecanoic acid (11-UDA)
comonomer followed the same procedure as with the polyesters with good results. 11-UDA
reacted well under these conditions, and distillation proceeded smoothly. These polymers were
insoluble in chloroform and therefore molecular weight analyses were unable to be performed

using instrumentation available.

Synthesis of Ester-co-6-aminohexanoate Polyesters:
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1) 1% Sb,03, 0.1% MEHQ
160°C - 220°C, N, 6 h., - H,O
2) 220°C, Ny, ref., 12 h.

3) 220°C, <200 mTorr, 4 -9 h.
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Scheme 4.5: Synthesis of poly(ester amide)s with 6-AH as comonomer via antimony-catalyzed
ring opening of e-caprolactam and subsequent melt polycondensation.

The synthesis of 6-aminohexanoate (6-AH) containing copolymers required more
optimization. Initial attempts followed the same procedure as previously described, with a 12-
hour ramp from 160 °C to 220 °C, followed by immediate application of vacuum. However, it
was found that the ring-opening of e-caprolactam (e-CL) did not fully occur under these
timeframes under these conditions. Rather, residual e-CL remained in the reaction vessel and was
slowly distilled out with water, leading to extended reaction times and uneven monomer
incorporation. To reduce this, a reflux stage was utilized in which the water evolved during the
initial reaction would be retained in order to continue the initiation of e-CL hydrolytic ring-
opening.'® This method worked very well and seemed to allow complete incorporation of 6-AH
into the polymer with no evidence of monomer distillation. These polymers were also insoluble
in chloroform and therefore molecular weight analyses were unable to be performed using

instrumentation available.

Thermal Stability:
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Figure 4.1: Thermogravimetric analysis data of all polymers synthesized in this study.

The thermal stability of the polyesters and poly(ester amides) was investigated using
thermal gravimetric analysis (TGA) (Figure 4.1). Both the polyesters and poly(ester amide)s
synthesized in this study exhibited excellent thermal stability, with the lowest onset of
degradation exhibited by the copolymer PCEB (Tq9s% = 368°C) and the highest exhibited by the
copolymer PUEP (Ta9s% = 416°C). There was no clear trend toward increasing or decreasing
thermal stability observed in this study when comparing polyesters to the poly(ester amide)
counterparts. Overall, the thermal stability of each polymer and copolymer was found to far

exceed the minimum requirements for thermal processing via melt extrusion.



Thermal Transitions:

The glass transition temperatures (Tg) of the polyesters and copolymers synthesized
followed the trend: PEB > PEP > PHP, as expected due to the hypothesized increase in chain
flexibility offered by the increasing aliphatic moieties on the backbones of PEP and PHP
polymers and copolymers (Table 4.2, Figure 4.2).

Table 4.2: Summary of thermal and mechanical data for polymers synthesized in this study.

Entry: Polymer: My D: Y (MPa): oy (MPa): gatbreak Ty Tm Ta95%
(kDa): (%): ©0O): | (CO):  (°O):
1 PEB - - n.d. n.d. n.d. 79 214 402
2 PCEB - - 1290+98  16+3.1 2.8+04 54 118 368
3 PUEB - - 830+ 130 253+04 380+£1.2 46 150 381
4 PEP 84.8 1.85 | 240+ 54 0.51+£0.12 705 £ 17 22 127 406
5 PCEP - - 210 £ 35 0.42 +£0.11 661 £ 30 20 112 380
6 PUEP - - 77+3.8 44+0.1 360+ 19 1 121 416
7 PHP 92.7 1.94 90=+6.1 44+0.5 641 +23 -14 49 396
8 PCHP - - 27+4.7 1.6+0.14 1104+38 1 120 379
9 PUHP - - 779+0.3  5.02+0.05 248 £ 21 -4 119 400
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Figure 4.2: DSC scans (first heat) for polymers in this study.

PEB exhibited a high Tg of 79 °C, and a peak of melt (Tm) of 214 °C. This data agrees
with the findings previously reported by Miller.!? For , the incorporation of amino comonomers
reduced the Tgand T, with the larger reduction for both with 11-aminoundecanoate comonomer

incorporation. PCEB exhibited reduced thermal transitions compared to the homopolymer (Tg:
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54 °C, Tm: 118 °C) while PUEB displayed reduced T, (46 °C) and a less-reduced Tm (150 °C)
when compared to the reduction observed in PCEB. PEP as a homopolymer has already been
reported in our group.!® Similarly to the case with PEB, incorporation of 6-AH comonomers
reduced the T, from 22 °C (PEP) to 20 °C (PCEP). The T, was reduced from 127 °C with a
bimodal melt transition to 112 °C with a very broad melting transition. The incorporation of 11-
UDA comonomer in PUEP reduced the Ty further to 1 °C and the copolymer exhibited a very
broad melting transition at 121 °C. PHP is a previously unreported polyester, with a T of -14 °C
and a T, 0f 49 °C. In contrast to the other six copolymers in this study, the incorporation of 6-
AH and 11-UDA comonomers increased the T, (PCHP: 1 °C; PUHP: -4 °C) and T, (PCHP: 120
°C; PUHP: 119 °C). This is likely due to increased chain stiffness imparted by the amide groups
increasing the T, as opposed to the very flexible backbone of the PHP homopolymer. Similarly,
the hydrogen bond donating character of the amide backbones may increase the AHm, which is

directly correlated to the T of macromolecules.

Melt Broadening and Reduction in Melting Enthalpy:

The copolymers in this study were synthesized at a 1:1 molar ratio. The melt enthalpy (AHn) and
change in temperature from onset of melt and endset of melt (ATo.e. = Tendset — Tonset) for the
polymers synthesized in this study are summarized in Error! Reference source not

found..Table 4.3: Description of melt transitions for polymers in this study.

Table 4.3: Description of melt transitions for polymers in this study.

Entry: Polymer: Tm (°C): | AHm(J/g): | AToe (°C):

1 PEB 214 48.5 36
2 PCEB 118 6.3 125
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3 PUEB 150 37.8 89
4 PEP 127 35.9 93
5 PCEP 112 15.8 160
6 PUEP 121 38.4 130
7 PHP 49 31.8 51
8 PCHP 120 26.5 149
9 PUHP 119 38.14 132

For EB-containing polymers, the incorporation of amide comonomers significantly broadened
the melting transition as compared to the polyester. The incorporation of 6-AH comonomer
decreased the melt enthalpy by a significant amount, from 48.5 J/g to 6.3 J/g. The incorporation
of the 11-UDA comonomer with EB reduced the enthalpy by a less significant amount to 37.8
J/g with less of a broadening effect when compared to 6-AH incorporation. While adding 6-AH
comonomer to EP decreased the Tm and AHm compared to the polyester of EP, the incorporation
of 11-UDA increased the melt enthalpy compared to PEP (35.9 J/g vs. 38.4 J/g) with broadening
of the melt. The addition of amide copolymers increased the T of HP containing polymers, with
a change in PHP from 49 °C to 120°C for PCHP and 119 °C for PUHP.

With all copolymers in this study, the melt was significantly broadened when compared
to the polyester counterpart. This is expected in copolymers, especially those with 1:1 molar
ratios, and has been observed in other studies with 6-AH and 11-UDA copolymers.?’ This
phenomenon may be caused by crystal-lattice exclusion of one monomer’s crystal from the other
comonomer. This can cause a wide variation in the lamellar thickness and therefore can produce
an exceptionally broad melting transition, which is usually most pronounced in 1:1 copolymers.
This phenomenon is under investigation in our group by studying the effects of varying

comonomer ratios upon the T, the AHn, and the onset and endset of the melt.
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Mechanical Properties:
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Figure 4.3: Stress/Strain data for all polymers except PEB (which was too brittle to test).

Mechanical properties of the polyesters and copolymers in this study varied widely
(Figure 4.3). The least ductile polymers in this study were those containing EB moieties. PEB
was too brittle to test, as sample specimens shattered before testing could begin. The
incorporation of 6-AH comonomers improved the mechanical properties slightly, resulting in the
brittle copolymer PCEB with Y = 1290 MPa and &, = 2.8. The incorporation of 11-UDA
comonomers (PUEB) led to significantly increased mechanical performance compared to the
polyester, with Y = 830 MPa and &, = 38.0 %.

PEP has been reported previously in our group.!? Compared to our previous work, an
increase in modulus (Y = 240 MPa) and slight decrease in &, was observed (705 %) possibly due
to the higher molecular weight achieved in this study due to longer polycondensation under
vacuum. Incorporation of 6-AH comonomer in PCEP interestingly had little effect on Y or &

when compared to PEP (Y =210 MPa; &,= 661 %). However, PCEP interestingly gained both
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elastomeric and self-healing behavior, which will be discussed later. PUEP was both a softer
material and lower strain at break with compared with PEP (Y = 77 MPa; &, = 360 %).

PHP was a softer polyester with (Y = 90 MPa; &, = 641 %). Interestingly, stress
oscillation (SO) behavior was observed in PHP (Error! Reference source not found.) which
was not observed in any other polyester in this study. SO is observed as an oscillatory response
as opposed to a regular constant stress increase with strain. This behavior also occurs in a
number of other polyesters, including poly(butylene succinate),?! poly(butylene succinate-co-
cyclohexanedimethylene succinate),?? and poly(ethylene terephthalate)?? and is considered
difficult to replicate. It was observed for each sample of PHP when pulling at a rate of 50
mm/minute in this study. The incorporation of 6-AH comonomers to synthesize PCHP resulted
in the softening of the polymer and increased ductility, with Y = 27 MPa and &, = 1104 %. The

incorporation of 11-UDA as a comonomer reduced the ductility while maintaining the modulus

of the parent polyester for PUHP (Y = 77.9 MPa and &, = 248 %).

Cyclic Recovery of PCEP

Upon tensile testing of PCEP, it was discovered that tensile specimens of PCEP

recovered nearly completely to the original dimensions as demonstrated in Figure 4.4.
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>600% € 25°C, 20 min.
PCEP Dog Bone PCEP Dog Bone PCEP Dog Bone
After high strain After 20 min recovery

Figure 4.4: PCEP tensile specimen after injection molding (a), after high strain (b), and after 20
minutes of recovery at room temperature (c).

This behavior was intriguing, and was similar to what we have observed in previous work in our
group, as well as that in other groups with semi-aromatic polymers and polymer additives.!® 242

To probe this behavior, PCEP was subjected to cyclic tensile loading at 5 mm/min as shown in

Figure 4.5.
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Figure 4.5: Cyclic tensile testing of PCEP at Smm/min to 300% strain for 10 cycles.

This material exhibits excellent cyclic recovery performance. To quantify the performance,
relative recovery (R;) and total recovery (R;) were quantified. Relative recovery describes the
amount the specimen recovered its dimensions compared to the previous final deformation

(Equation 4.1).

98
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Equation 4.1: R; where Dx is the travel distance of the cycle n, and Dx.1 is the travel distance of
cycle n-1.

Total recovery describes the amount of recovery attained compared to total deformation (300 %).

This is represented by Error! Reference source not found..

Rt: <1_

Dn

max

)-100%

Equation 4.2: R, where D, is the stroke distance for cycle n, and Dmax is the stroke value at the
maximum ram travel; in the case of this experiment, 300%.

Using these equations, final values for R; and R were calculated for PCEP and summarized in

Table 4.4.

Table 4.4: Summarized cyclic tensile data for PCEP.

Cycle EFinal R Rt

1 97 % 66.1 % 66.1 %
2 136 % 40.6 % 52.3%
3 163 % 19.9 % 42.9 %
4 166 % 1.5 % 42.0 %
5 188 % 13.4 % 34.2 %
6 188 % 0.2 % 34.3%
7 203 % 8.1% 28.9 %
8 201 % 1.1 % 29.7 %
9 217 % 7.8 % 24.3 %
10 211 % 21 % 25.9 %
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With cyclic loading, an elastomer is loaded to a maximum strain, and then relaxed until
the stress reaches zero. For an ideal elastomer, this point would be where the strain is zero as
well. However, in most materials there is some amount of permanent deformation that occurs
that can cause loss of elastomeric performance and hysteresis. In the case of PCEP, significant
irreversible deformation occurs in cycles 1-3. However, after this initial deformation, there is a
plateau where performance maintains relative stability for the remaining cycles, indicating good
elastomeric recovery which aligns well with other data in the literature for thermoplastic
elastomers. Although the exact mechanism of elastomeric behavior for this material is unknown,
contributing factors could be the T, which is near room temperature, the low crystallinity of then
material, or potentially ideal spacing between 6-AH and EP comonomer units allowing for
favorable hydrogen bonding interactions. The mechanism of elastomeric behavior is currently

under investigation in our laboratory.

Conclusions

With sustainable methodology, three aromatic monomers were synthesized in high-yielding
reactions. Using these lignin-derived monomers, three polyesters and six poly(ester amides) were
polymerized under polycondensation conditions using antimony catalysis, which yielded high
molecular weight polyesters and also poly(ester amides) that were too viscous in the melt to
maintain sufficient mixing, indicating similarly-suitable molecular weights. The thermal stability
of the polyesters and poly(ester amide)s was high, with the lowest onset of degradation being
368 °C for PCEB. Thermal properties varied greatly, with a range of Tg -14 °C — 79 °C, and Tn
from 49 °C — 214 °C. Mechanical properties covered a wide array, with polymers too brittle to

test (PEB) to those with significant elongation at break (PCHP; Y =27 MPa and &,= 1104 %.)
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PCEP exhibited excellent elastomeric recovery, with R; as low as 0.2% after permanent
deformation occurred. Overall, this study reports the synthesis of novel poly(ester amide)s with

excellent thermal and mechanical properties that could be used for a variety of applications.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

A significant number of novel, bioderived and semi-aromatic polyesters were
synthesized from sustainably-sourced monomers. Starting with fundamental studies of polymers
in this class, incremental changes to polymer microstructure were performed and the resulting
polymers were compared. With this came novel reports of the effects of polymer structure on
mechnical, thermal, and rheological properties. Furthermore, it was demonstrated that these
lignin-derived AB polyesters could be very simply chemically-recycled in rapid timeframes and
in good yields. However, one significant downside of these polymers was their completely
amorphous nature. Because of this, when heated above their Tg, the polyesters will have a
tendency to flow, with more rapid flow rate occurring the higher the temperature of the material.

To counter this, novel AABB crosslinkers were designed using the same fundamental
ideas as presented in Chapter 2. In contrast to traditional crosslinking or branching agents that
are freely water soluble, these crosslinkers were designed to be specifically insoluble to
encourage the possibility of chemical-recycling. Using p-coumaric acid, a truxillate-based
crosslinker was designed using the ring opening of biobased ethylene carbonate in good yields.
A second AABB crosslinker from phloretic acid and erythritol dicarbonate was also designed

and synthesized. These crosslinkers, when incorporated with aBP monomers in small-scale
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polycondensations, produced a significant range of tunable crosslinked polyesters, some of
which exhibited remarkable elastomeric recovery. Additionally, agreeing with the original goal
of the project, the crosslinked polymers were rapidly chemically-recycled to monomer in

complete conversion and high yields.

Finally, in moving toward biobased materials that require higher moduli, a novel
polyester PHP was synthesized and characterized. Additionally, two previously-reported
polyesters, PEB and PEP were sythesizer, alongside copolymers of all three polyesters with
caprolactam comonomers and 11-aminoundecanoic acid comonomers. The nine polymer series
was characterized to exhibit high thermal stability and was processed via melt-extrusion.
Subsequent tensile testing demonstrated a significant variance in mechanical performance of the
polymers, from extremely brittle to very ductile while still retaining high stress at break. One
polymer, PCEP, was found to exhibit excellent elastomeric recovery when deformed to 300%

strain.

Future Directions

For the first project, an important direction for improvement was the addition of
crosslinkers to enhance elasticity. However, the exact cause of the elasticity (as thermoplastics)
has not been thoroughly investigated. Some literature evidence has pointed toward n-n stacking
as a possible contributing factor to this recovery.! X-ray diffraction experiments could be
conducted on the polyesters to see to what extent these effects may be imparting elastomeric

recovery in these systems.
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In the second chapter, the isomerization of HEMT during synthesis may be
systematically investigated. Reaction optimization through solvent selection, base selection, total
concentration, and reaction duration could be investigated to either prevent isomerization, or to
deliberately completely isomerize the truxillate. This would allow for the synthesis of a
isomerically pure crosslinker. Subsequent polymerization could help determine if there is a
change in reactivity for one isomer or another depending on the steric orientation of the
carboxylate group.

Another important addition would be to investigate lower loadings of crosslinkers.
Excellent tensile and elastomeric properties were achieved with both crosslinkers at the lowest
loading. This is a potential indication that the most optimized performance may be at lower
loadings of crosslinkers than were tested in this work. Further investigations could also include
the synthesis of these polymers at larger scales, which would potentially offer better mixing and
prevent the poor performance observed in the highest percent loadings.

Finally, the applications of the lignin-derived poly(ester amide)s gave not been
thoroughly characterized. The first starting point will be the investigation of 3D printing of
PCHP, which is currently in ongoing investigation in our lab. Optimization of this process will
present the opportunity to create functional materials that can be used to demonstrate

applicability outside of the laboratory setting.
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Synthesis of Hydroxvacids, Hydroxyesters, and Monomers:

Synthesis of methyl 3-(2-hydroxyphenyl)propanoate:

@)

M
OH

100 g of dihydrocoumarin (665 mmol), 1 L of methanol, and 1 mL of concentrated sulfuric acid
were added to a 2 L, single neck flask. The solution was heated to reflux for 12 h. before being
cooled to room temperature. The solvent was removed under reduced pressure and the residue
was taken up into ethyl acetate. The organic layer was washed with water, a saturated solution of
sodium bicarbonate, then brine, followed by drying over magnesium sulfate. After filtration, the
solvent was removed under reduced pressure to afford 116 g of a slowly crystallizing white solid
(95%). The resulting '"H NMR spectrum agreed with previously published results.! "H NMR (600
MHz, CDCl3): 6 7.11 (m, 2H, Ha,), 7.01 (s, 1H, OH), 6.87 (t, 2H, Har), 3.69 (s, 3H, OCH3), 2.91

(t, 2H, CH,), 2.73 (t, 2H, CH>).

Synthesis of 3-(4-hydroxyphenyl)-2-methylacrylic acid:

HO
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Adapted from published procedure.? 260 g of 4-hydroxybenzaldehyde (2.13 mol) and 435 g of
sodium propionate (4.5 mol) were added to a 5 L 3-neck flask. The flask was purged with full
vacuum and backfilled with dry nitrogen three times. 790 mL of propionic anhydride (6 mol)
were added under positive nitrogen flow and the mixture was heated to 140 °C, becoming a
homogenous, light brown solution. The solution was kept at this temperature for 48 h, during
which it became extremely dark in color. After this, the solution was cooled to room temperature
and 3 L of deionized water were added. The heterogenous mixture was filtered, and the cake was
washed with water. The collected solid was dissolved in 3 L of 2 M NaOH solution and filtered
once again. The small amount of collected solid was discarded, and the filtrate was acidified to
pH = 1. A final filtration was conducted, and the collected solid was once again washed very
thoroughly with water. The solid was dried under vacuum at 60 °C for 24 h. to yield 370 g of a
light tan solid (98%). Spectra agreed with the previously published result. '"H NMR (600 MHz,
DMSO-dg): 6 12.27 (s, 1H, COOH), 9.89 (s, 1H, OH), 7.50 (s, 1H, =CH), 7.34 (d, 2H, Ha:), 6.83

(d, 2H, Har), 2.02 (s, 3H, CHs).

Synthesis of methyl 3-(4-hydroxyphenyl)-2-methylacrylate:

HO

120 g (0.67 mol) of 3-(4-hydroxyphenyl)-2-methylacrylic acid, 1 L methanol, and 1 mL
concentrated H>SO4 were added to a 2 L single neck flask and refluxed for 14 hours. After

completion of the reaction, the solvent was removed under reduced pressure and the residue was
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taken up in ethyl acetate. The organic layer was washed once with water, three times with
saturated aqueous sodium bicarbonate solution, and once with brine. The organic layer was dried
over magnesium sulfate and then filtered into a flask. Excess solvent was removed under reduced
pressure to afford 127 g of product as a light tan solid (98%). 'H NMR (600 MHz, DMSO-ds): &
9.86 (s, IH, OH), 7.53 (s, 1H, =CH), 7.36 (d, 2H, Ha:), 6.82 (d, 2H, Ha:), 3.72 (s, 3H, OCH3),

2.06, (s, 3H, CHa).
Synthesis of 3-(4-hydroxyphenyl)-2-methylpropanoic acid:

)

W o
HO

134 g of 3-(4-hydroxyphenyl)-2-methylacrylic acid (752 mmol), 7.98 g of 10 % pd/C (0.01 eq.),
and 1.5 L of ethyl acetate were added to a 3 L three-necked flask under a nitrogen atmosphere.
The atmosphere of the flask was gently evacuated and backfilled 5 times with hydrogen. The
mixture was kept under a hydrogen atmosphere for 48 h and monitored by 'H NMR
spectroscopy. After this time, complete conversion was not observed. The atmosphere was
flushed with nitrogen and a second equivalent of catalyst (7.98 g) was added. Once again, the
atmosphere was gently evacuated and backfilled 5 times with hydrogen. The mixture was stirred
in a hydrogen atmosphere for another 48 hours until 'H NMR spectroscopy indicated complete
conversion. The solid catalyst was removed via filtration, and the filtrate was further purified by

passing through a short column of celite. The solvent was removed under reduced pressure to
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yield 120 g of a slowly crystallizing yellow solid (90%). '"H NMR (600 MHz, DMSO-dg): &
12.07 (s, 1H, COOH), 9.16 (s, 1H, s, OH), 6.96 (d, 2H, Ha:), 6.66 (d, 2H, Ha:), 2.79 (q, 1H,

CHH), 2.54 (m, 1H, CHH), 2.47 (m, 1H, CH), 1.01 (d, 3H, CH3).

Synthesis of methyl 3-(4-hydroxyphenyl)-2-methylpropanoate:

Me
/©/\HJ\O/

120 g (0.67 mol) of 3-(4-hydroxyphenyl)-2-methylpropanoic acid, 1 L methanol, and 1 mL
concentrated H>SO4 were added to a 2 L single neck flask and refluxed under air for 16 hours.
After completion of the reaction, the solvent was removed under reduced pressure and the
residue was taken up in ethyl acetate. The organic layer was washed once with water, three times
with saturated aqueous sodium bicarbonate solution, and once with brine. The organic layer was
dried over magnesium sulfate and then filtered into a flask. Excess solvent was removed under
reduced pressure to afford 124 g of product as a brown, slowly-crystallizing solid (95%). 'H
NMR (600 MHz, DMSO-de): 6 9.18 (s, 1H, OH), 6.94 (d, 2H, Ha,), 6.65 (d, 2H, Ha:), 3.54 (s,

3H, OCHs), 2.76 (g, 1H, CH), 2.64 (m, 1H, CH), 2.53 (q, 1H, CH), 1.02 (d, 3H, CHs).



116

General synthesis for alkylation of phenols from ring-opening of cyclic carbonates:

1. Q
1.1 eq. o)Lo
—
o} Rs o}
. KoCO3, 160°C
= OMe 1h. 3 OH
Rz 2. 2MNaOH, A HO Rz
HO 12h, Yo
R Rs R
Ry =H, OMe
Rp=H, CH,

Rg = H, CHg, CH,CHg

The procedure outlined in our previous work was followed. 55-90 g of starting phenol were
added to a 1 L 3-neck flask. 0.05 eq. of anhydrous potassium carbonate was added to the flask,
which was purged under full vacuum and backfilled with nitrogen three times. 1.1 eq. of the
appropriate cyclic carbonate was added under positive nitrogen pressure, and the entire flask was
heated to 160 °C while stirring for 90 minutes. During this time, the mixture increased in
viscosity and significant quantities of carbon dioxide evolved. After the reaction was complete
(as evidenced in a lack of carbon dioxide evolution), the mixture was cooled to roughly 40 °C
upon which 500 mL of 3 M NaOH were added. The solution was heated to reflux until the entire
solution became homogenous, usually between 12-48 h. After the solution became homogenous,
it was cooled to room temperature and acidified carefully with 6M HCI until the pH = 2. The
precipitate was filtered, and the filter cake was washed thoroughly with acidified water (pH = 2)

and dried in a vacuum oven at 60°C for 24 h. to afford the products in good to excellent yields.
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Synthesis of 3-(2-(2-hydroxypropoxy)phenyl)propanoic acid:

O
HO‘<¥ OH
0

90 g of methyl 3-(2-hydroxyphenyl)propanoate (0.5 mol) were added to a 1 L 3-neck flask with
56.1 g of propylene carbonate (1.1 eq.). The general synthesis procedure outlined above was
followed and after alkylation the mixture was refluxed in 500 mL 3 M NaOH for 48 h. An
undissolved precipitate was removed by filtration. Acidification and filtration as described above
yielded 87.9 g of a white solid (78%). 'H NMR (600 MHz, CDCl3): § 7.17 (m, 2H, Har), 6.90 (t,
1H, Har), 6.81 (d, 1H, Har), 4.24 (m, 1H, CH), 3.96 (dd, 1H, CHH), 3.81 (dd, 1H, CHH), 3.00
(m, 2H, CH>), 2.63 (m, 2H, CH>), 1.30 (d, 3H, CH3). 3*C NMR (400 MHz, DMSO-d6): 174.01,

156.41, 129.50, 128.81, 127.39, 120.16, 111.42, 73.05, 64.59, 33.66, 25.41, 20.23.

Synthesis of (R)-3-(4-(2-hydroxypropoxy)phenyl)propanoic acid:

O
MOH
H
O\‘/\O

90 g of methyl 3-(4-hydroxyphenyl)propanoate (0.5 mol) was synthesized as previously
described? and added to a 1 L 3-neck flask with 56.1 g of (R)-propylene carbonate (1.1 eq.). The

general synthesis procedure outlined above was followed and after alkylation the mixture was



118

refluxed in 500 mL 3 M NaOH for 48 h. Acidification and filtration as described above yielded
an impure solid that was crystallized from water to yield 98.0 g of a white powder (87%). 'H
NMR (600 MHz, CDCl3): & 7.11 (d, 2H, Har), 6.84 (d, 2H, Har), 4.18 (m, 1H, CH), 3.91 (dd, 1H,
CHH), 3.77 (dd, 1H, CHH), 2.90 (t, 2H, CH»), 2.65 (t, 2H, CH>), 1.28 (d, 3H, CH3). *C NMR
(400 MHz, DMSO-d6): 173.74, 156.99, 132.70, 129.13, 115.52, 114.32, 73.18, 64.49, 35.55,

29.47,20.13.

Synthesis of 3-(4-(2-hydroxyethoxy)phenyl)-2-methylpropanoic acid:

@)

OH

60 g of methyl 3-(4-hydroxyphenyl)-2-methylpropanoate (0.31 mol) were added to a 1 L 3-neck
flask with 29.9 g of ethylene carbonate (1.1 eq.). The general synthesis procedure outlined above
was followed and after alkylation the mixture was refluxed in 500 mL 3 M NaOH for 24 h. The
aqueous solution was added to a 2 L separatory funnel and slowly acidified with 2 M HCI until
pH = 2. The aqueous layer was extracted three times with ethyl acetate, and the combined
organic fractions were washed with brine, dried over magnesium sulfate, filtered into a flask, and
the solvent removed with rotary evaporation. The color of the product was unexpectedly dark, so
it was further purified by dissolving in 500 mL dichloromethane and spinning over activated
charcoal for 2 h. The charcoal was removed via filtration over a short pad of celite and the
solvent was removed via rotary evaporation. 58.9 g of a slowly crystallizing yellow solid were
collected (85%). 'H NMR (600 MHz, CDCls): 6 7.09 (d, 2H, Hay), 6.83 (d, 2H, Hay), 4.05 (t, 2H,

CH,), 3.95 (t, 2H, CHa), 2.98 (q, 1H, CHH), 2.71 (m, 1H, CH), 2.64 (q, 1H, CHH), 1.17 (d, 3H,
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CH3). 3C NMR (400 MHz, DMSO-d6): 176.82, 157.05, 131.33, 129.80, 114.16, 69.37, 59.58,

40.76, 38.07, 16.55.

Synthesis of 3-(4-(2-hydroxypropoxy)phenyl)-2-methylpropanoic acid:

(@)
M o
HOW/\O

60 g of methyl 3-(4-hydroxyphenyl)-2-methylpropanoate (0.31 mol) were added to a 1 L 3-neck
flask with 34.7 g of propylene carbonate (1.1 eq.). The general synthesis procedure outlined
above was followed and after alkylation the mixture was refluxed in 500 mL 3M NaOH for 24 h.
The aqueous solution was added to a 2 L separatory funnel and acidified with 2 M HCI until pH
= 2. The aqueous layer was extracted three times with ethyl acetate, and the combined organic
fractions were washed with brine, dried over magnesium sulfate, filtered into a flask, and the
solvent removed with rotary evaporation to isolate 68.0 g of a light brown, viscous liquid (92%).
"H NMR (600 MHz, CDCl3): 8 7.10 (d, 2H, Har), 6.83 (d, 2H, Ha), 5.30 (s, 1H, OH), 4.19 (m,
1H, CH), 3.92 (dd, 1H, CHH), 3.77 (t, 1H, CHH), 2.99 (q, 1H, CHH), 2.75 (m, 1H, CH), 2.64 (q,
1H, CHH), 1.28 (d, 3H, CH3), 1.17 (d, 3H, CH3). *C NMR (400 MHz, DMSO-d6): 176.81,

157.07, 131.35, 129.79, 114.19, 73.15, 64.50, 40.77, 38.07, 20.13, 16.55

Synthesis of 3-(4-(2-hydroxybutoxy)phenyl)propanoic acid:
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(0]
WOH
H
e

90 g of methyl 3-(4-hydroxyphenyl)propanoate (0.5 mol) was synthesized as previously
described? and added to a 1 L 3-neck flask with 63.9 g of a-butylene carbonate (1.1 eq.). The
general synthesis procedure outlined above was followed and after alkylation the mixture was
refluxed in 500 mL 3M NaOH for 48 h. Acidification and filtration as described above yielded a
crude solid that was recrystallized in toluene to yield 103 g of a white powder (86%). '"H NMR
(600 MHz, CDCls): 6 7.12 (d, 2H, Has), 6.85 (d, 2H, Ha:), 3.97 (dd, 1H, CHH), 3.82 (dd, 1H,
CHH), 2.90 (t, 2H, CH>), 2.65 (t, 2H, CH>), 2.06 (p, 2H, CH>), 1.03 (t, 3H, CH3). *C NMR (400
MHz, DMSO-d6): 173.74, 157.04, 132.67, 129.12, 114.32, 71.82, 69.64, 35.53, 29.46, 26.45,

9.77.

Synthesis of 3-(4-(2-hydroxypropoxy)-3-methoxyphenyl)propanoic acid:
O

OH
HO
T
oM

55 g of methyl 3-(4-hydroxy-3-methoxyphenyl)propanoate (0.26 mol) was synthesized as

e

previously described? and added to a 1 L 3-neck flask with 29.5 g of propylene carbonate (1.1
eq.). The general synthesis procedure outlined above was followed and after alkylation the
mixture was refluxed in 500 mL 3M NaOH for 16 h. Acidification and filtration as described

above yielded 56.2 g of a white powder (85%). '"H NMR (600 MHz, DMSO-ds): 6 12.09 (s, 1H,



121

COOH), 6.83 (dd, 2H, Hay), 6.69 (dd, 1H, Hay), 4.79 (d, 1H, OH), 3.91 (m, 1H, CH), 3.78 (g, 1H,
CHH), 3.73 (s, 3H, OCH3), 3.67 (q, 1H, CHH), 2.74 (t, 2H, CHa), 2.50 (t, 2H, CH»), 1.13 (d, 3H,
CH;). 13C NMR (400 MHz, DMSO-d6): 174.43, 149.59, 147.16, 134.27, 120.65, 114.33, 113.30,

74.90, 65.18, 56.15, 36.12, 30.59, 20.91.

Synthesis of (E)-3-(4-(2-hydroxyethoxy)phenyl)-2-methylacrylic acid:

@)

N OH

60 g of methyl 3-(4-hydroxyphenyl)-2-methylacrylate (0.34 mol) was added to a 1 L 3-neck
flask with 30.2 g of ethylene carbonate (1.1 eq.). The general synthesis procedure outlined above
was followed and after alkylation the mixture was refluxed in 500 mL 3M NaOH for 38 h.
Acidification and filtration as described above yielded 74.1 g of a tan powder (98%). '"H NMR
(600 MHz, DMSO-ds): 6 12.35 (s, 1H, COOH), 7.55 (s, 1H, =CH), 7.44 (d, 2H, Ha:), 7.00 (d,
2H, Har), 4.88 (s, 1H, OH), 4.02 (t, 2H, CH>), 3.72 (m, 2H, CH>), 2.03 (s, 3H, CH3). *C NMR
(400 MHz, DMSO-d6): 169.54, 158.84, 137.46, 131.40, 127.87, 126.10, 114.50, 69.58, 59.48,

13.90.

Synthesis of 3-(4-(2-hydroxypropoxy)phenyl)acrylic acid:
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NN
/@/\)J\OH
HOY\O

60 g of methyl (3-(4-hydroxyphenyl)acrylate (0.34 mol) were added to a 1 L 3-neck flask with
37.8 g of propylene carbonate (1.1 eq.). The general synthesis procedure outlined above was
followed and after alkylation the mixture was refluxed in 500 mL 3M NaOH for 48 h, after
which an insoluble mass was removed by filtration. Acidification and filtration as described
above yielded a mixture of monomers and dimers as 61.4 g (81%) of a brown solid which was
used in the following step without further purification. 'H NMR (600 MHz, DMSO-de): § 12.20
(s, IH, COOH), 7.62 (d, 2H, Ha:), 7.53 (d, 1H, =CH), 6.96 (d, 2H, Ha) 6.36 (d, 1H, =CH), 4.89
(d, 1H, OH), 3.95 (m, 1H, CH), 3.84 (m, 2H, CH>), 1.15 (d, 3H, CH3). *C NMR (400 MHz,

DMSO0-d6): 167.76, 160.40, 143.70, 129.88, 126.73, 116.42, 114.86, 73.29, 64.41, 20.02.
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Polyester Synthesis:

Polyester synthesis was conducted according to the procedure outlined in the main body of this
text. The polyesters are named according first to their parent glycol (ethylene, iso-propylene, and
a-butylene) and then their parent carboxylic acid (phloretic acid, methyl-phloretic acid,

hydroferulic acid, coumaric acid, methyl-coumaric acid).

Synthesis of poly-isopropyl phloretate (PiPP):

(0]
H
Oﬁ/\o

PiPP
Mw: 27.2 kDa, PDI 1.3
Gel content: 0; Tg: 25°C

3-(4-(2-hydroxypropoxy)phenyl)propanoic acid was synthesized as previously reported and
added to a 200 mL 3-neck flask. After following the general procedure, vacuum was applied to
the system for 6 h before reaction completion. The resulting brown polymer was collected in

quantitative yield on silicon release paper. Spectra agreed with our previously published results.?

Synthesis of poly-ortho-isopropyl phloretate (o-PiPP):

@)

OH
HO(J\/O n

o-PiPP
Mw: 90.6 kDa, PDI 1.6
Gel content: 0; Tg: 27°C
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Following the addition of 60 g of monomer, 1 mol % Sb203, and 1000 ppm MEHQ to a 200
mL 3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was
followed. After completion of the heating ramp, vacuum was maintained for 5 h until reaction
completion and the resultant light grey polymer was collected in quantitative yield on silicon
release paper. '"H NMR (600 MHz, CDCls): 8§ 7.11 (m, 2H, Ha,), 6.81 (t, 1H, Hay), 6.74 (d, 1H,
Har), 5.24 (m, 1H, CH), 3.94 (m, 1H, CHH), 3.85 (m, 1H, CHH), 2.89 (m, 2H, CH>), 2.59 (m,
2H, CH»), 1.30 (d, 3H, CH3). 3C NMR (400 MHz, CDCl3): § 172.72, 156.49, 130.29, 129.06,

120.93, 111.28, 69.96, 68.69, 34.35, 26.32, 17.02.

Synthesis of (R)-poly-isopropyl phloretate ((R)-PiPP):

@]

(R)-PiPP
Mw: 29.0 kDa, PDI 1.4
Gel content: 0; Tg: 25°C

Following the addition of 180 g of monomer, 1 mol % Sb20O3, and 1000 ppm MEHQ to a 500 mL
3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was followed.
After completion of the heating ramp, vacuum was maintained for 9 h until reaction completion
and the resultant grey polymer was collected in quantitative yield on silicon release paper. 'H
NMR (600 MHz, CDCL): & 7.10 (d, 2H, Ha\), 6.79 (d, 2H, Har), 5.23 (m, 1H, CH), 3.92 (dd, 2H,
CHH), 2.87 (t, 2H, CHy), 2.58 (t, 2H, CHy), 1.31 (d, 3H, CH3). 3*C NMR (400 MHz, CDCl3): 3

172.53, 157.29, 133.17, 129.44, 114.83, 70.27, 69.02, 36.45, 30.27, 16.84.
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Synthesis of poly-ethylene methyl phloretate (PEMP):

@)

MoH
Hoé/\o

PEMP
Mw: 103 kDa, PDI 2.8
Gel content: 0; Tg: 21°C

Following the addition of 50 g of monomer, 1 mol % Sb203, and 1000 ppm MEHQ to a 100 mL
3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was followed.
After completion of the heating ramp, vacuum was maintained for 10 h until reaction completion
and the resultant dark brown polymer was collected in quantitative yield on silicon release paper.
"H NMR (600 MHz, CDCl3): 8 7.07 (d, 2H, Har), 6.76 (d, 2H, Ha), 4.35 (m, 2H, CHz), 4.04 (m,
2H, CH»), 2.95 (q, 1H, CHH), 3.73 (m, 1H, CH), 2.63 (q, 1H, CHH), 1.14 (d, 3H, CH3). 13C
NMR (400 MHz, CDCls): 6 176.11, 157.25, 131.97, 130.18, 114.67, 66.06, 62.85, 41.69, 38.90,

16.81.

Synthesis of poly-isopropyl methyl phloretate (PiPMP):

@)

HO‘é(\O

PiPMP
Mw: 22.0 kDa, PDI 1.7
Gel content: 0; Tg: 26°C
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Following the addition of 60 g of monomer, 1 mol % Sb203, and 1000 ppm MEHQ to a 200 mL
3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was followed.
After completion of the heating ramp, vacuum was maintained for 15 h until reaction completion
and the resultant brown polymer was collected in quantitative yield on silicon release paper. 'H
NMR (600 MHz, CDCls): 8 7.10 (m, 2H, Har), 6.79 (m, 2H, Har), 5.22 (m, 1H, CH), 3.91 (m,
2H, CH>), 2.95 (m, 1H, CHH), 2.70 (p, 1H, CH), 2.62 (m, 1H, CHH), 1.29 (m, 3H, CH3), 1.14
(m, 3H, CH3). *C NMR (400 MHz, CDCl3): § 175.68, 157.36, 132.01, 130.14, 114.65, 70.19,

68.77,41.92, 41.74, 38.99, 38.86, 16.84.

Synthesis of poly-a-butylene phloretate (PaBP):

e

PaBP
Mw: 19.5 kDa, PDI 1.3
Gel content: 1%; Tg: 16°C

Following the addition of 60 g of monomer, 1 mol % Sb203, and 1000 ppm MEHQ to a 200 mL
3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was followed.
After completion of the heating ramp, vacuum was maintained for 8.3 h until reaction
completion and the resultant light grey polymer was collected in quantitative yield on silicon
release paper. 'H NMR (600 MHz, CDCl3): 8 7.10 (d, 2H, Har), 6.78 (d, 2H, Ha), 5.11 (m, 1H,

CHH), 3.93 (m, 2H, CH,), 2.88 (m, 2H, CH>), 2.60 (t, 2H, CH,), 1.70 (m, 2H, CH,), 0.90 (t, 3H,
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CH3). 3C NMR (400 MHz, CDCl3): § 172.75, 157.35, 133.13, 129.40, 114.83, 73.53, 68.69,

36.39, 30.32, 24.04, 9.67.

Synthesis of poly-isopropyl dihydroferulate (PiPHF):
O

OH

H :
Oﬁﬁo
OMe

PiPHF
Mw: 67.5 kDa, PDI 1.7
Gel content: 0; Tg: 29°C

Following the addition of 50 g of monomer, 1 mol % Sb203, and 1000 ppm MEHQ to a 100 mL
3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was followed.
After completion of the heating ramp, vacuum was maintained for 8.5 h until reaction
completion and the resultant light tan polymer was collected in quantitative yield on silicon
release paper. 'H NMR (600 MHz, CDCls): 8 6.79(d, 1H, Hay), 6.71 (m, 2H, Ha,), 5.25 (m, 1H,
CH), 4.00 (m, 2H, CH>»), 3.80 (s, 3H, OCH3), 2.88 (t, 2H, CH>), 2.60 (t, 2H, CH>), 1.31 (d, 3H,
CHj3). 13C NMR (400 MHz, CDCls): 8 172.54, 150.09, 146.85, 134.68, 120.51, 115.30, 112.92,

72.05, 69.24, 56.17, 36.43, 30.76, 16.88.

Synthesis of poly-ethylene methyl cinnamate (PEMC):
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0]

H
O‘é/\o

PEMC
Mw: 22.5 kDa, PDI 1.4
Gel content: 6%; Tg: 53°C

Following the addition of 50 g of monomer, 1 mol % Sb203, and 1000 ppm MEHQ to a 100 mL
3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was followed.
After completion of the heating ramp, vacuum was maintained for 10 h until reaction completion
and the resultant brown, brittle polymer was collected in quantitative yield on silicon release
paper. 'HNMR (600 MHz, CDCl3): & 7.65 (s, IH, =CH), 7.37 (d, 2H, Har), 6.96 (d, 2H, Ha,),
4.56 (approximately t, 2H, CH>), 4.29 (approximately t, 2H, CH>), 2.12 (s, 3H, CH3). 3C NMR
(400 MHz, CDCI3): 6 168.88, 158.99, 139.27, 131.68, 128.94, 126.17, 114.79, 66.29, 63.27,

14.24.

Synthesis of poly-isopropyl cinnamate (PiPC):

0]

X
H
O\é(\o

PiPC
Mw: 41.6 kDa, PDI 3.7
Gel content: 36; Tg: 65°C

Following the addition of 60 g of monomer, 1 mol % Sb203, and 1000 ppm MEHQ to a 200 mL
3-neck flask, the previously described heating ramp from 160-220°C at 10°C/h. was followed.
After completion of the heating ramp, vacuum was maintained for 12 h until reaction completion

and the resultant dark brown, brittle polymer was collected in quantitative yield on silicon
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release paper. Spectral data was extremely poor quality due to the high gel content and low
solubility of the crosslinked polyester. Several solvent systems were attempted (CDCls, TFA-d,

DMSO, and cosolvents) with equally poor spectral resolution.



Thermal Characterization of Polymers:
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Figure S2.1. TGA Overlay of polyesters synthesized in this study.
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Figure S2.2: DSC Overlay of polyesters synthesized in this study.



Injection Molding of Polymers:

Table S2.1. Summary of extrusion and injection molding conditions

132

Polymer Extrusion Temp (°C) Mold Temp (°C) Pressure (bar)
PaBP 100 RT then Ice Bath 350
(R)-PiPP 120 23 (RT) 350
PiPMP 120 25 (RT) 350
PiPP 120 25 (RT) 350
PiPHF 140 24 (RT) 350
o-PiPP 140 28 350
PEMC 160 58 350
PiPC 170 90 350
PEMP 120 24 (RT) 350
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Rheological Characterization of Polyesters:
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Figure S2.3. TTS master curve of o-PiPP.
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Figure S2.4. TTS master curve of (R)-PiPP.
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Figure S2.5. TTS master curve of PEMP.
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'"H NMR Spectra of Synthesized Precursors, Monomers, and Polymers:
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Figure S3.5: 'TH NMR spectrum of 4,4” dihydroxytruxillic acid in DMSO-d6
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Cyclic tensile plots and data:

Stress(MPa)

o — Cycle 1

8 1| —— Cycle2
—— Cycle 3
—— Cycle 4
—— Cycle5

7o) —— Cycle 6

N | — Cycle7

© —— Cycle 8
—— Cycle 9
—— Cycle 10

o

(\! —

o

0

o

o

‘_‘ p—

o

0

S

o

o

Q —

o

Strain (%)

Figure S3.9: Cyclic tensile testing of PaBP to 150% strain at Smm/min for 10 cycles.
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Figure S3.10: Cyclic tensile testing of PaBP polymerized with 0.25% MBPE to 150% strain at

Smm/min for 10 cycles.
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Figure S3.11: Cyclic tensile testing of PaBP polymerized with 0.25% HEMT to 150% strain at

Smm/min for 10 cycles.
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Figure S3.12: Cyclic tensile testing of PaBP polymerized with 1.0% MBPE to 150% strain at

Smm/min for 10 cycles.
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Figure S3.13: Cyclic tensile testing of PaBP polymerized with 1.0% HEMT to 150% strain at

Smm/min for 10 cycles.
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Figure S3.14: Cyclic tensile testing of PaBP polymerized with 2.5% MBPE to 150% strain at

Smm/min for 10 cycles.
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Figure S3.15: Cyclic tensile testing of PaBP polymerized with 2.5% HEMT to 150% strain at

Smm/min for 10 cycles.
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Figure S3.16: Cyclic tensile testing of PaBP polymerized with 5.0% MBPE to 150% strain at

Smm/min for 10 cycles.
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Figure S3.17: Cyclic tensile testing of PaBP polymerized with 5% HEMT to 150% strain at

Smm/min for 10 cycles.
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Table S3.1: Summary of elastomeric recovery for all samples and all cycles. Rt is shown in the

top rows, Rr is shown in the bottom.

Rr
CYCLE PaBP | 0.25% 0.25% 1.0% 1.0% 2.5% 2.5% 5.0% 5.0%
MBPE HEMT MBPE HEMT MBPE HEMT MBPE HEMT
1 46.3 | 77.3 63.9 533 29.9 66.1 33.2 37.8 48.4
2 33.6 | 68.9 57.5 46.9 20.1 66.7 22.2 40.1 35.8
3 28.6 | 63.2 53.0 38.8 16.2 60.8 18.5 34.5 26.9
4 277 | 62.8 45.4 31.9 15.5 62.1 13.2 29.1 29.5
5 247 | 579 45.8 31.8 14.2 62.6 10.0 22.6 31.5
6 22.5 | 58.8 43.7 324 10.8 56.5 7.9 19.2 293
7 213 | 573 394 30.4 10.8 61.8 6.4 19.8 23.0
8 17.5 | 533 36.0 26.8 9.6 57.9 53 22.9 18.8
9 15.1 | 55.1 37.7 22.7 8.4 58.0 54 253 17.9
10 14.4 | 52.5 36.0 21.6 8.8 60.7 52 22.4 21.4
Rr
1 46.3 | 77.3 63.9 533 29.9 66.1 33.2 37.8 48.4
2 23.8 | 37.2 17.7 13.7 13.9 1.8 16.6 3.7 24.5
3 7.5 18.3 10.7 15.3 4.9 17.8 4.7 9.3 13.9
4 1.3 1.2 16.0 11.3 0.8 3.5 6.5 8.2 3.6
5 4.1 13.1 0.7 0.1 1.6 1.3 3.8 9.3 2.9
6 3.0 2.2 3.9 0.9 3.9 16.3 23 4.4 32
7 1.5 3.8 7.7 3.0 0.0 12.1 1.6 0.8 9.0
8 4.8 94 5.6 52 1.3 10.2 1.2 3.9 53
9 2.9 3.9 2.6 5.6 1.4 0.2 0.1 3.1 1.1
10 0.8 59 2.6 1.4 0.5 6.4 0.2 3.9 4.2
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Temperature Sweeps of Polymers:

PaBP Temperature Sweep
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Figure S3.18: Temperature sweep of PaBP
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Figure S3.19: Temperature sweep of PaBP polymerized with 0.25% MBPE
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Figure S3.20: Temperature sweep of PaBP polymerized with 0.25% HEMT
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Figure S3.21: Temperature sweep of PaBP polymerized with 1% MBPE
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Figure S3.22: Temperature sweep of PaBP polymerized with 1% HEMT
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Figure S3.23: Temperature sweep of PaBP polymerized with 2.5% MBPE
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Figure S3.24: Temperature sweep of PaBP polymerized with 2.5% HEMT
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Figure S3.25: Temperature sweep of PaBP polymerized with 5% MBPE
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Figure S3.26: Temperature sweep of PaBP polymerized with 5% HEMT
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APPENDIX C

SUPPLEMENTAL INFORMATION FOR CHAPTER 4
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NMR Spectra of Monomers:

[rAvvIviv]vV)
1900000
------ 1800000
1700000
1600000
1500000
1400000
1300000
o 1200000
HO\/»\O/[::T)LOH 11100000
1000000
900000
800000
700000
600000
‘ 500000
400000
300000
200000
100000
” -0
+-100000

8.08
.06
6.98
97

%
I
1

210
2.19-
2.00~,
2,004

65 60 55 50 45 40 3.5 3.0 25 20 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

10.5 10.0 95 9.0 85 80 7.5 7.

o

Figure S4.1: '"H NMR Spectrum of ethylene benzoate in 6:4 CDCl; : TFA-d
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Figure S4.2: '"H NMR Spectrum of ethylene phloreatate in CDCl3
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Figure S4.3: 'H NMR Spectrum of hexamethylene phloretate in CDCl3
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Figure S4.4: 13C NMR Spectrum of hexamethylene phloretate in CDCl3
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