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ABSTRACT OF THE DISSERTATION

Biomass-derived polymers and copolymers

incorporating monolignols and their derivatives

Brianna Marie Upton
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2016
Professor Andrea M. Kasko, Co-Chair

Professor Heather D. Maynard, Co-Chair

Due to the importance of developing more sustainable commodity materials, this
dissertation focuses on the synthesis and characterizarion of a series of polymers and
copolymers from monolignols and other biomass components. The polymers described
within were designed to feature a modular synthesis and were persued due to their
structural similarities to commodity materials. Chapter 2 focuses on the synthetic
development, thermal properties, and hydrolytic degradation of a series of monolignols-
based poly(ester-amides) via interfacial polymerization with a monolignol-based ester
dimer and aliphatic or aromatic diamines. These polymers were found to have differing

thermal and degradation properties depending on the length (aliphatic) or structural



(aromatic versus aliphatic) characteristics of the diamine utilized. Chapter 3 focuses on the
development of the analogous monolignol-based poly(ether-amide) systems. These
poly(ether-amide)s were synthesized used a monolignol-based ether dimer and aliphatic or
aromatic diamines. As seen previously, the identity of the diamine linker played a role in the
observed physical characteristics of the resulting polymers. Finally, Chapter 4 will focus on
the development of a series of polymers from monolignols and citraconic anhydride as
biologically-derived analogues to petroleum-based polystyrene-co-maleic anhydride and
their use in polymer blends with commodity polymers. The monomers were polymerized
using BF3Et20 as an initiator in cationic polymerization and the structure and physical
properties of the resulting oligomers were then thoroughly studied. The oligomers were
then used and studied in polymer blends with polystyrene and poly(lactic-acid). In summary,
this dissertation focuses on the synthesis and study of several classes of polymeric materials
generated directly from biomass components as chemical sources, with a focus on

modularity and the tunability of observed properties.
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Chapter 1: Introduction to lignin-based polymeric materials
Adapted with permission from Upton, B.M. and Kasko, A.M. Chem. Rev., 2016, 116 (4) 2275-
2306. Copyright 2016 American Chemical Society.
1.1 Introduction

Increasing steadily since the 1940s!, the majority of commodity plastics and
materials are derived from petroleum-based chemicals, illustrating the strong dependence
on products derived from non-renewable energy sources. Global demand for polyethylene,
for example, is expected to reach 99.6 million metric tons in 20182. In response to the
awareness of limited petroleum resources, an increased focus has been placed on
identifying renewable feedstocks to replace current materials. The US Department of
Agriculture and US Department of Energy have set a goal to increase the percentage of
commodity chemicals and materials made from bio-based materials from 5% in 2005 to
25% in 20303. As the most accessible renewable form of carbon (in comparison to CO2)%,
lignocellulosic biomass (defined as organic matter available on a renewable basis®) has
been acknowledged as the most logical carbon-based feedstock for a variety of materials
such as biofuels and chemicals®.

Lignocellulosic biomass has three main components: cellulose, hemicellulose and
lignin. Cellulose comprises 30 - 50% of biomass, depending on the plant species, and is a
polymer of glucose. A smaller portion, 20-35%, is hemicellulose, which is a heteropolymer
containing primarily xylose. Lignin accounts for the remaining 15-30% of biomass and is a
cross-linked, aromatic-based heteropolymer responsible for water transport and structural
integrity in plants. Lignin is an amorphous polymer containing three phenylpropanolic

monomers (monolignols) linked by carbon-carbon and ether bonds. As the second most



abundant natural polymer and accounting for approximately 30% of organic carbon in the
biosphere’, lignin is the only scalable renewable feedstock consisting of aromatic
monomers® and is highly underutilized. Only an estimated 2% of the 50 million tons of
lignin isolated from pulping processes in 2010 was used for specialty products while the
rest was burned as a low-value fuel®. This underutilization sparks the desire to develop not
only processes to isolate lignin from biomass more efficiently, but also to engineer lignin-
based products of increased commercial value. The scope of this introduction will focus on
methods developed to synthesize polymers derived from lignin, monolignols, and lignin-
derived chemicals.
1.2 Lignin
1.2.1 Lignification and structure

Lignin is composed of three different cinnamyl alcohol monomers: p-coumaryl

alcohol, coniferyl alcohol and sinapyl alcohol (Figure 1.1). The ratios of each monomer

differ based on plant species. Grasses typically contain all three monomers while
softwood (coniferous tree-based) lignins OH OH OH
> > >
contain mainly coniferyl alcohol and
hardwood (deciduous tree-based) lignins OCHj HaCO OCHj
OH OH OH
contain both coniferyl and sinapyl A
B c
alcohol’®.  With differing monomer Figure 1.1 Three standard monolignol
monomers. A=p-coumaryl alcohol;
content, ~ bonds  formed  during B=coniferyl alcohol; C=sinapyl alcohol

polymerization also differ as coniferous wood contains more carbon-carbon bonds than
deciduous wood!l. The diversity in both monomer content and chemical bonds makes the

determination of the exact chemical structure of each isolated lignin extremely difficult.



Lignin is polymerized in vivo via an enzyme-mediated dehydrogenation
polymerization (ligninfication) resulting in a cross-linked amorphous material with both
ether and carbon-carbon bonds (Figure 1.2)12. Deposited in the cell wall during cell
differentiation, lignin is necessary for both the structural integrity of each cell as well as the
stiffness of the entire plant!3-14. The hydrophobicity of lignin allows for the transport of
water and other nutrients, as well as offering protection from invading pathogens and
insects15-16, In general, most lignin linkages are formed by oligomer-oligomer or oligomer-

monomer couplings while fewer are formed from monomer-monomer coupling reactions?’.

OH
H,CO O
<
o}

Figure 1.2 Structural motifs of softwood lignin. Reproduced with permission from ref.
12. Copyright 1980 Springer.



The most common linkage, a ($-0-4 ether linkage, typically accounts for 50% of bonds
formed during the polymerization reaction!8-1° and is the key target of most degradation
studies. Other major linkages include (-5, B-1, B- B, 5-5 and 4-0-5, which are significantly
more complicated to degrade and often become increasingly difficult to degrade during
traditional processing methods because of significant radical and carbon-carbon bond
formation (Figure 1.3). The structures of several different lignins have been explored
through many spectroscopic techniques and chemical methods, however due to the
promiscuous nature of the polymerization, it is doubtful that the full structure of any lignin
will ever be fully elucidated.

1.2.2 Isolation and depolymerization of lignin from biomass

As with all sourced materials, both industrial and lab-scaled processes for isolating

Lignin
HO Lignin O
g OCH
HO /©/ HO 3
o o
OCHj,4 [
OCHj3 OCHg3
OH OH
A B C
HO Lignin
Lignin
OH Lignin HO 0
H5CO ‘ Lignin OCHj,
O oo
OH o OCH3 OCH,4
Lignin OCHj; OH OH
D E F

Figure 1.3 Six common linkages found in lignin: A=$-0-4, B=3-5, C=3-f’, D=5-5’, E=4-0-
5, F=3-1’



lignins from lignocellulosic biomass have been developed. All isolation methods have the
same goal, chemical degradation of the polymeric lignin structure until the resulting
fragments become soluble in the pulping media. Depending on the method employed, the
properties of the resulting isolated lignin differ. Key factors in the success of each process
include: the pH of the entire system, the ability of the solvent and/or solute to participate in
lignin fragmentation, ability of the solvent and/or solute to prevent lignin recondensation
and ability of the solvent to dissolve lignin fragments??. Currently, there are four industrial
processes used to isolate pure lignin that can be divided into two categories based on if the
resulting product contains sulfur (Table 1.1). Lignins isolated from the sulfite and kraft

processes contain sulfur while lignins isolated from the soda and organosolv process do

Process Scale (ktpa) Sulfur Suppliers
Sulfite ~1000 Yes Borregaard LignoTech (NO, worldwide)
(lignosulfonates) TEMBEC (FR, US)

Domjo Frabiker (SE)
La Rochette Venizel (FR)
NipponPaper Chemicals (JNP)

«Kraft 60 Yes Meadwestvaco (US)
LignoBoost (Kraft) | 27 Yes Domtar (US)

Soda 5-10 No Greenvalue (CH, IND)
Organosolv ~3 No CIMV (FR)

Lignol Innovations (CAN)
DECHEMA/Frauhoffer (DE)
Dedini (BR)

Table 1.1 Commercial lignin production. Reproduced with permission from ref. 21.
Under Creative Commons License BY 3.0.

not?l. In addition to functionalization either with or without sulfur, the resulting products
also differ in levels of purity, structure of the resulting fragments, and molecular weight of
the isolated degraded lignin. Lignins isolated by any of these methods are generally
referred to as technical lignins.

The sulfite process is the most commonly used, producing approximately 1,000

metric tons per year. Sulfite pulping is a process which uses a heated aqueous solution of a
5



sulphite or bisulfite salt with countercations such as sodium, ammonium, magnesium or
calcium?2. Depending on the identity of the cation and its solubility in aqueous solutions,
the resulting pH of the solution varies between 1 and 13.5, and can be a criterion for choice
of both cation and anion. The defining reaction in delignification by the sulfite process is
the sulphonation of the lignin aliphatic chain, which occurs in different locations depending
on the pH of the pulping solution. After reacting, the resulting lignosulfonate is now water-
soluble and can be dissolved in the aqueous pulping liquor along with hemicellulose. To
isolate lignin from this aqueous mixture, other techniques such as precipitation,
ultrafiltration, chemical destruction of sugars, or alcohol fermentation of sugars followed
by distillation of fermentation product must be used.

The soda process is typically reserved for non-wood based biomass sources, e.g.
sugar cane or flax. During this process, the fiber is added to an aqueous solution of sodium
hydroxide and is heated to approximately 160 °C. Lignin depolymerization primarily occurs
with cleavage of a and B ether bonds resulting in the generation of free phenolic groups.
The resulting lignin fragments are now water-soluble and can easily be isolated from the
pulping liquor via precipitation once the solution is acidified. Lignin isolated in this method
has a greater purity than that obtained by the sulfite process, but is much lower in
molecular weight.

The kraft process also generates sulfated lignin and its products are rarely used in
chemical or material production, but rather are burned as energy for pulping mills. In this
process, the feedstock is added to a mixture of sodium hydroxide and sodium sulfide and
heated between 150-180 °C. Lignin is depolymerized primarily in the same mechanism as

the soda process, cleavage of a and 3 ether bonds once again resulting in increased



solubility of the fragments. With the presence of hydrosulfide anions, a small portion of the
resulting lignin is sulfated, but the majority of the remaining lignin is sulfate-free allowing
isolation of the lignin through acidification and precipitation. Isolation of lignin from this
process has been enhanced through LignoBoost™ technology?3. This process utilizes CO> as
an acid for precipitation and a double slurry and washing process with H2SO4 to maximize
the quantity and purity of lignin isolated from the black liquor. This process has recently
been commercialized and introduced to the market, producing 27,000 metric tons of kraft
lignin in 2013.

The organosolv process has emerged more recently as an industrial scale method
for lignin isolation. This method utilizes an aqueous-organic solvent mixture, such as
ethanol, acetone, methanol or organic acids (acetic or formic acid), heated to isolate
individual streams of hemicellulose, cellulose, and lignin?4. This acidic method is
advantageous because it allows isolation of all three components found in biomass
simultaneously. It is also seen as environmentally friendly as this method lacks the sulfur,
high temperatures, and high pressures required by the methods discussed above. While the
organosolv process has yet to lead the market in production, it is possible that this method
will replace kraft lignin over time, as it is capable of yielding each biomass component in
relatively high purity. The recovery of materials (e.g. solvent) has not been optimized for
the organosolv process, making this approach relatively high cost compared to other
methods. In addition to the four methods discussed in detail above, there are several
mechanoprocesses (ball-milling, milling with a catalyst) and other processes (steam

explosion?®, pyrolysis, and processing with ionic liquids?¢) utilized in the lab or in pilot



plant reactors that have yet to reach the marketplace, and therefore are outside the scope
of this introduction and will not be discussed in detail.
1.2.3 Chemical and physical properties

As described previously, variation of monolignol content in plant sources yields
diversity in both the physical and chemical properties of the resulting lignin materials.
Depending on the oligomeric or monomeric linkages formed, the varying functional groups
present may include: carboxylic, methoxy, aliphatic and phenolic hydroxyls, and carbonyl
groups?’. The broad range of chemical functionalities in lignin offer a significant potential
for chemical modification. In order to be optimally used as a raw material for modification,
identification and quantification of reactive groups is crucial. The following sections will
address the solution-phase and solid-state characterization methods used to measure,
identify and quantify the chemical and physical properties of lignin.
1.2.3.1 Solution-phase characterization

Solution-phase spectroscopic characterization (such as 'H and 13C NMR or UV
spectroscopy) of lignin has been primarily used to determine hydroxyl?® and monolignol
content. Lignin, in its naturally occurring form, has been largely difficult to study as its high
degrees of crosslinking lead to insolubility in common solvents. Thus, most techniques

require that lignin be degraded into smaller units for solution-phase study. In contrast to

HO Lignin other natural polymers that are easily
OH
HO o] HaCO
OCH, _— degraded enzymatically or through
OCH,3 OCH, Lignin
OH hydrolysis, lignin contains robust carbon-

Figure 1.4 Oxidative cleavage of 3-0-4

linkage carbon and diphenyl ether bonds making

it difficult to degrade. The only readily accessible mode of lignin degradation is cleavage of



the [3-O-4 ether linkage (Figure 1.4), which is commonly utilized in most chemical
degradation methods such as acidolysis, thioacidolysis, Derivatization Followed by
Reductive Cleavage (DFRC)?°, and Tosylation-lodination-Zinc (TIZ) treatment3°.
Spectroscopic methods utilized include UV (Ultraviolet), FTIR (Fourier Transform
Infrared), TH NMR, 13C NMR, 2D NMR, and ESR (Electron Spin Resonance) spectroscopy.
1.2.3.2. Solid State Characterization

The study of physical properties through solid-state characterization is more facile
(in terms of sample preparation) but yields significant variance in results depending on the
method used to isolate the lignin from its source, water content, thermal history and lignin
molecular weight. Solid-state characterization of lignin has included3! FTIR Spectroscopy,
UV Microscopy, Interference Microscopy, Electron Microscopy, Cross Polarization/Magic
Angle Spinning (CP/MAS) NMR Spectroscopy, Raman Spectroscopy, Gas Chromatography-
Mass Spectrometry (GC-MS), Thermogravimetry (TG), Differential Thermal Analysis (DTA),
and Differential Scanning Calorimetry (DSC). While all of the above methods provide
important and diverse information, many of these techniques require both specialized
equipment and training. With these limiting factors, we will focus on thermal
characterization techniques (TG, DSC and DTA) as these are the most facile, accessible, and
directly informative techniques regarding the physical properties of lignin and their
potential use in commercialize materials.

Methods for determining the glass transition temperature (Tg) of lignin (an
important and accessible physical property) can give different results depending on a
number of factors, making reported characteristic temperatures quite imprecise or very

narrowly applicable. As an amorphous polymer, only Ty and decomposition temperature



(Tq) are applicable (not melting or crystallization temperature) to lignin. Nevertheless, the
glass transition temperature for amorphous polymers varies drastically with thermal
history, isolation methods, water content, crosslink density, and molecular weight32. Not
only do these variables affect the consistency of measurements from a single method but
also causes large variation in T; measured with different methods. For example, utilizing
infrared spectrometry to determine molecular motion, Hatakeyma33 et al. measured the T,
of Bjorkman lignin to be 97-117 °C. In a later publication using differential scanning
calorimetry (DSC), Hatakeyma3# et al. measured Tgto be between 92-142 °C. The large
difference in the two methods as well as the broad range given demonstrates not only the
importance of sample handling and preparation but also the method used. To account for
these differences, the Ty of lignin is typically reported to occur between 70 - 170 °C,
depending on the structure and molecular weight of the fragments3>. This range is
obviously quite large and difficult to use when comparing the properties of lignin to other
materials with more well defined thermal transitions.

Similar inconsistencies can also be seen in the measurement of decomposition
temperature (Tq) with thermogravimetry. Chauvette et al.3¢ showed lignin could be clearly
identified from the other components of wood samples through its characteristic
decomposition between 360 - 480 °C. In addition to simply identifying lignin, the coupling
of thermogravimetry with mass spectrometry (TG-MS) has been well established as a
technique for studying both lignin decomposition and its decomposition products. Faix et
al. studied the decomposition products of high molecular weight lignins (e.g. monolignols)
via direct pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) as a method to

determine the monomeric content of selected lignins3’. Later, Faix et al.38 focused on lower

10



molecular weight decomposition products, utilizing thermogravimetry-mass spectrometry
(TG-MS) to identify decomposition products and their direct relationship to differences
seen in decomposition temperature of lignin from different sources (e.g. that bamboo
undergoes higher mass loss at lower temperatures than spruce or beech lignin samples).
Similarily, Domburg et al.3° measured the thermal degradation of lignins isolated from
different techniques, demonstrating that the source of lignin matters (deciduous versus
coniferous), as does the technique of isolation from the source. Thermal decomposition
was shown to begin as low as 160 °C for dimethylsulfoxide lignin or as high as 350 °C for
alkali-methylated lignin. While no single technique can completely characterize the
physical properties of lignin samples, the combination of several techniques has been
successful in probing the industrial applicability of lignin. In general, the thermal stability
and amorphous characteristics of lignin indicate that it may have potential in commercial
applications.
1.2.4 Chemical products of lignin depolymerization

As previously mentioned, lignin is highly under utilized as a feedstock for polymeric
materials and chemicals as it is commonly burned as a fuel source for pulping plants
(Figure 1.5). Previous sections discussed methods used in the chemical degradation of
lignin to yield a soluble and isolable product from biomass, known generally as technical
lignin. In contrast, this section will be devoted to degradation methods and chemical
processes necessary to convert technical lignin isolated by other methods into useful
(chemical) products. There has been increased interest recently to develop upgrading
processes to harness the aromaticity of lignin, yielding aromatic chemical products without

the use of petroleum-based feedstocks. The three most desirable aromatic starting
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Figure 1.5 Major thermochemical lignin conversion processes. Reproduced with
permission from ref. 44. Copyright 2010 John Wiley and Sons.

materials are benzene, toluene and xylene, which were produced from petroleum in 2011
at a global production volume of 36, 10 and 35 Mt/year, respectively*?. These three
aromatic starting materials serve as the building blocks for a multitude of other chemicals.
While it would be ideal to harness these products from lignin rather than petroleum, this
would require that aromatic monomers be isolated from polymeric lignin and that those
monomers be completely deoxygenated. While chemical processes for these required
conversions exist, they have yet to be applied to this particular system and on a commercial
scale due to cost and efficiency. The chemical products obtained from lignin still typically
possess some oxygenation, including products such as phenol or vanillin. In addition, the
harsh conditions required for pulping generates a cascade of radicals during the cleavage of
the more labile lignin linkages which can lead to the formation of more stable carbon-

carbon bonds*l. The presence of these new stable biphenyl structures increases the
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difficulty of upgrading lignin into chemical products. Not only must the bonds in lignin be
broken but the method must also prevent repolymerization of the generated radical
fragments. Several reviews®42-44 and perspectives2145 have been recently published on the
valorization of lignin, so only methods used to upgrade lignins to chemicals will be
discussed in the following sections. With this in mind, there are two major thermochemical
routes used to isolate useful chemical products from lignin: hydrogenolysis and oxidation*.
1.2.4.1 Hydrogenolysis

Hydrogenolysis is pyrolysis (the heating of organic substances in the absence of air
resulting in smaller fragments while minimizing combustion to carbon dioxide) in the
presence of hydrogen. This process is also referred to as hydrogenation. Hydroforming and
hydrocracking have been very successful in petroleum processing, thus suggesting
potential success for hydrogenation in lignin processing. By adding solvents and/or
catalysts to these reactions, the hydrogenation process can be accelerated and yield of the
desired products can be manipulated. The hydrogen source acts as a radical scavenger,
capping and thus quenching radicals formed during the depolymerization process. Lignin is
typically hydrogenated between 300 to 600 °C either under hydrogen gas or in a hydrogen-
donating solvent such as formic acid. Additionally, other catalysts and solvent mixtures are
still being explored to increase the relative efficiency and industrially favorable conditions
of this process. The first commercial system utilizing the hydrogenation of lignin was the
production of phenols via the Noguchi Process in Japan in 195246, This method utilized a
desulfontated lignin source, generated in a two-step treatment process, and a sulfated
metal catalyst to generate approximately 44% monophenol products (phenol, o-cresol, p-

cresol, p-ethylcresol, and p-propylcresol). The catalyst was iron (II) sulfide with at least one
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sulfide cocatalyst of copper, silver, tin, cobalt, chromium, nickel, zinc or molybdenum
added*’. The success of this process on the pilot scale attracted the interest of US-based
Crown-Zellerbach in 19614¢. Despite attempts to improve the method, they were unable to
develop an approach to synthesize aromatics that was competitive with the low-cost of
production from coal or petroleum. Furthermore, Crown-Zellerbach was unable to isolate
monophenolic products in yields higher than 21% (compared to 44% reported by the
Noguchi Institute) and the products isolated were more diverse and difficult to separate
than indicated by the Noguchi Institute. The two-step lignin desulfonation and de-ashing
process also added substantial cost to the process, with each pound of lignin costing about
three cents to prepare for hydrogenation*® in comparison to the petroleum-based
feedstock, crude oil, which cost less than 0.6 cents per pound*® (in 1961 from OPEC and
defining the density of crude oil as 816-850 kg/m3). A series of optimization experiments
were attempted to both lower the cost and increase the yield of these reactions, however
no conditions were found that would either significantly lower the cost to match the
market value of monophenolic products or improve the hydrogenation yield of
monophenols. Goheen speculated that the yield of monophenols from lignin waste would
have to be 50% greater to become a profitable method. With these difficulties and financial
barriers, the commercial production of aromatic compounds from the depolymerization of
lignin was discontinued.

Bench-top scaled catalytic hydrogenations utilizing expensive noble-metal catalysts
on organic supports (e.g. metals on carbon) such as Ru/C, Pd/C or Pt/C are prevalent in the
literature?®. Non-sulfided catalysts are known to have lower reactivity in lignin

hydrogenation®? and the addition of sulfur either via sulfide catalysts or carbon disulfide is
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known to improve lignin depolymerization®!. Less common are first-row transition metals
capable of this transformation. Recently, the Hartwig Group developed a nickel-catalyzed
system that selectively cleaves aromatic C-O bonds under relatively mild conditions (80-
120 °C, 1 bar H2)>2. This system offers great industrial potential with the relatively low cost
of nickel in addition to industrially favorable conditions and the cleavage of one of lignin’s
most robust bonds. In addition to single metal systems, bimetallic systems such as FeMo%3,
TiNi*4, NiRu, NiRh, and NiPd>> have been explored as well as NiO and Mo0>¢ zeolite
(aluminosilicates, Si02¢Al;03) supported systems. However, few methods have become
commercially scaled processes due to high cost, poor yields, or severe conditions required.
In addition to metal-catalyzed hydrogenations, there are also reports using
hydrogen-donating solvents. Solvent mixtures, such as phenol-water>’, or super-critical
solvents such as methanol or water>® have been used as alternative methods of lignin
degradation. While generally low yielding, these methods offer increased success as they
allow degradation without the formation of char, allowing mostly chemical products to be
isolated. The most successful approach to date used a combination of metal-based catalysis
in super-critical solvents. The Hensen group utilized a CuMgAlOx catalyst in super critical
ethanol to generate 23 wt% of (mostly) aromatic monomers from lignin®°, which is high
given the potential for over-hydrogenation. In addition, almost half of the aromatic
monomers isolated were deoxygenated, simultaneously preventing repolymerization and
allowing for more end-use applications. Ionic liquids have also served as alternate solvents
for hydrogenation. Ionic liquids are broadly defined as ionic compounds (salts) with a
melting point less than 100 °C and relatively low viscosity®?. Binder et al. evaluated the

conversion of lignin model compounds in 1-ethyl-3-methylimidizolium chloride and triflate
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([EMIM]CI and [EMIM]OT() with a series of metal, Lewis acid, and Brgnsted acid catalysts
in reducing conditions®l. By modifying the catalyst, they were able to isolate several
different aromatic compounds, including guaiacol, 4-propylguaiacol, and isoeugenol, in
relatively high yields.

In general, hydrogenation or hydrogenolysis is useful for lignin processing but can
be difficult to control, often yielding non-aromatic monomers and thus limiting the
advantages of using lignin as a feedstock.
1.2.4.2. Oxidation

Oxidation is another technique utilized to isolate aromatic products from lignin. The
products generated from this process typically possess increased complexity and
functionalization, in comparison to products from hydrogenation. Industrially, lignin is
most commonly oxidized with nitrobenzene, hydrogen peroxide, or metal oxides**. Other
methods involve utilizing both an oxidant (typically gaseous 02) and a catalyst. While a
catalyst is not required for the oxidative degradation of lignin with O3, reactions without a
catalyst are less selective, frequently cause over oxidation, and feature a significantly
reduced level of conversion to desired products®?-64. As the oxidation of lignin is decreased
without adding a catalyst and industrial methods have not seen recent modification, we
will instead focus on new catalytic oxidative methods found in the literature. The catalytic
oxidation of lignin can be divided into two categories (depending on the state or origin of
the catalyst): heterogeneous and homogeneous. With ease of catalyst recovery,
heterogeneous catalysts are usually preferred industrially and have proven to be

advantageous in lignin oxidation®>.
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Heterogeneous catalysts are most commonly metal or surface supported metal
catalysts, as they must be in a different physical state by definition. While there are
examples that use Noble metals such as Pt, Pd and Re, lignin oxidation catalysts are more
commonly derived from first-row (or less precious) transition metals such as Ti, Ni and Cu.
Ti02%6 and TiOz-supported Pt®7 or Fe oxidatively degrade lignin when exposed to UV-light.
Ni supported on MgO in supercritical water has been utilized to create gaseous (Hz, CO2,
CH4) products from lignin in relatively high yields, but has little use in chemical
upgrading®8. Crestini and coworkers studied an immobilized CH3ReO3 catalyst in acetic acid
with H20; for the oxidation of both lignin and lignin model compounds®®. Moderate yields
were achieved when starting with model compounds (Figure 1.6) but less than one
percent of each oxidation product was isolated when the starting material was lignin. While
these are all interesting applications of heterogeneous catalysis to lignin, there is not yet a
catalyst capable of producing oxidative chemical products from lignin in high yield with
relatively low cost.

Homogeneous oxidation catalysts include both metal-based and organic
compounds. Divalent transition metal salts such as Co(OAc)z, Mn(OAc); and Zn(OAc): in

the presence of an oxidant (O or air) in acidic conditions give moderate yields of oxidation

Ho_HsCO HO
HO
HO o o@
HaCO HyCO O O O ‘
HsCO OCH;  HsCO OCH;
OCHj OCHs OH OH OCH;  OCHj
OH OCH,CH
A B c D

Figure 1.6 Model lignin compounds used by Crestini et al. (ref. 69) A=1-(4-hydroxy-3-
methoxyphenyl)-2-(2,6-dimethoxyphenoxy)-3-hydroxypropanol; B=1-(4-ethoxy-3-
methoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol; C=2,2’-methylenebis(6-
methoxy-4-methylphenol); D=1,1"-methylenebis(2,3-dimethoxy-5-methylbenzene)
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products such as benzaldehydes from model compounds’® but low yields from technical
lignin’1. The most successful metal salt for the conversion of lignin to oxidation products is
Cu(OH)2, but isolated product mixtures have yields between 20.9 and 38.1%, and thus the
reaction yield is still too low to be commercially relevant’2. In a biomimetic approach,
transition metal metalloporphyrin catalysts utilizing Fe, Co or Mn were synthesized as
analogues to peroxidases found in fungi capable of oxidative degradation of lignin. Despite
their likeness to existing enzymes, these catalysts show no improvement in the yield of
oxidation products with model compounds’374 and exhibit no measurable reactivity with
technical lignins’>. As a simplified analogue to porphyrins, Schiff-base Cobalt(salen) [salen=
N,N'-bis(salicylidene)ethylenediamine] complexes have been identified as effective
oxidants for the conversion of model lignin phenolic compounds to the corresponding
benzoquinones in moderate yields’¢. Drago et al. also reported the successful oxidation of
lignin using Co(salen) complexes’’, but did not quantify or characterize the resulting
products. Despite lack of reactivity with lignin, homogenous organometallic oxidation
catalysts offer promise as effective oxidation catalysts with their relative ease of synthesis,
stability and generally high reactivity with model compounds.

Alternative catalytic systems have focused on the use of ionic liquids to control the
degree of oxidative degradation as well as increase lignin solubility”8-79. Stark et al.
screened a series of ionic liquids and metal catalysts to ensure optimal oxygen solvation
and prevent over oxidation®. Through a rapid screening protocol, they found Mn(NO3)>
(2%  catalyst loading) in  1-ethyl-3-methylimidazolium-trifluoromethansulfonate
([EMIM][CF3S03]) gives the highest conversion (63%) to monomeric products such as

vanillin, syringaldehyde, syringol, and 2,6-dimethyoxylbenzoquinone. Zakzeski et al.
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utilized a similar approach by studying the oxidation of lignin with CoCl; and O in a series
of ionic liquids®l. They determined that the identity of the anion in the ionic liquid most
significantly impacted the overall yield of monomeric products. Later studies showed that
the anion plays a critical role by stabilization of intermediates and therefore strongly
controls the overall reaction yield®2. Liu et al. synthesized a series of ionic liquids capable of
mediating both the oxidation of lignin and separation of formed products in a batch
reactor83. With 1,3-dimethylimidazolium dimethylphosphate ([MIMM][Me;PQ4]) as the
ionic liquid and CuSO4 as the oxidation catalyst, they were able to prevent over oxidation
while isolating up to 29.9% of monomeric products.

Moving towards wholly metallic systems, polyoxometallates (POMs) (metal-oxygen
clusters) have also been explored as lignin oxidation catalysts in the presence of oxygen.
POMs have potential as lignin oxidation catalysts as they are known to suppress radical
oxygen reactions and exhibit a lower oxidation potential in comparison to lignin84.
Heterometallic POMs of La and Mn8> or Co8 have been somewhat successful, but the
isolated yield of products is significantly less than methods discussed previously. von Rohr
and coworkers studied the catalytic potential of a commercially available molybdenum-
based POM (H3PMo12040), as its redox potential was high enough to oxidize lignin but also
low enough to be reoxidized (regenerated) by molecular oxygen*!. Despite these benefits,
this catalyst failed to convert lignin into oxidation products in a reasonable yield. In
contrast to the purely chemical methods mentioned previously, Zhu et al. recently
published a method to electrochemically and chemically oxidize lignin in a cylindrical
electrochemical cell®” with an outer RuO;-IrOz/Ti mesh anode and an inner porous felt

graphite cathode. They were able to oxidatively degrade up to 59.2% of the lignin sample
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into aromatic monomers both on the anode surface as well as chemically by the H;0:
generated in solution using this system. While its is clear there are many possible
approaches to the oxidative degradation of lignin into useful commercial products, no
method has yet to be high yielding, industrially relevant or low-cost. With the development
of better catalysts in the future, it is reasonable to believe that lignin could be used as a
feedstock for oxidized aromatic products.
1.2.4.3 Other degradation techniques

While hydrogenation and oxidation are the two most common techniques used to
degrade lignin, there are many examples in the literature of other degradation techniques.
One of these non-pyrolysis based techniques is acidolysis, or the acid catalyzed hydrolysis
of bonds found in lignin. Similar to the acidic conditions utilized to isolate technical lignins
from biomass, this method is typically used to degrade the (3-0-4 linkage. Jia et al. utilized
metal chlorides (AlCl3, CuClz, and FeClz) and lignin model compounds to generate a series
of aromatic products®. With yields of the desired product, guaiacol, as high as 49%, they
hypothesized that the degradation method was an acid-catalyzed hydrolysis of the 3-0-4
linkage. Jia et al. later utilized an alternative system with an acidic ionic liquid, 1-H-3-
methylimidazolium chloride ([HIMM]CI), to undergo the same acid-catalyzed hydrolysis of
model compounds, with yields of guaiacol up to 57%%°. Cox et al. applied [HIMM]CI to the
depolymerization of lignin®?. They did not quantify their yields of aromatic products, but
rather studied the effects of temperature and presence of water on the rate of degradation.
A later study by Cox et al. investigated the effects of the anion on relative acidity and
conversion to monomeric products, finding that hydrogen bond basicity and size of the

anion is more critical to higher conversion that the relativity acidity of the ionic liquid?1.
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Rahimi et al. utilized a formic acid and sodium formate system to degrade oxidated lignin to
aromatic monomers?®2. Through study of the mechanism, they determined it was a redox-
neutral process that did not consume the formic acid but rather utilized it to generate a
reactive species for hydrolysis of ether linkages. This method was able to convert more
than 52% of lignin to aromatic compounds that could be characterized. Deepa and Dhepe
used a series of solid acids for the catalytic depolymerization of lignin, which offered
extremely high yields of aromatic monomers in comparison to other methods®3. Zeolites
composed of silicon and aluminum oxide (Si:Al = 15) were the most effective catalysts with
a conversion of 60%. Deepa and Dhepe later compared the effectiveness of solid acid
catalysts on six different types of technical lignin®4. Once again zeolites of silicon and
aluminum oxide (Si:Al = 15) were the highest yielding catalysts with a 30% yield of
aromatic monomers for Organosolv lignin and almost 60% yield for the other five types of
lignin.
1.2.4.4 Chemical Products

A study performed in 2004 through a collaboration between the Pacific Northwest
National Laboratory and the National Renewable Energy Laboratory identified twelve
“building block” chemicals for biorefineries to isolate that are not only easy to synthesize
but also compatible with existing petroleum processing methods®> (Figure 1.7). While
these goals are noteworthy, all of the products identified are synthesized from sugars
found in lignocellulosic biomass rather than from lignin. More specifically, many chemical
products in the current literature are labeled as lignin-based or lignin-derived while few
actually are. As of 2007, only three products are commercially produced from lignin:

vanillin, dimethyl sulfide and dimethyl sulfoxide®. Vanillin is commercially isolated
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Figure 1.7 Twelve “building block” chemicals identified by PNNL and NREL as the most
promising chemicals from sugars in lignocellulosic biomass. Reproduced with
permission from ref. 5 Copyright 2006 NRC Research Press.

through the oxidation of lignin in alkaline conditions. Dimethyl sulfide is isolated from the
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Figure 1.9 Previous commercial lignin transformations. Reproduced with permission
from ref. 95 Published by Pacific Northwest National Laboratory, 2007.

monomers, only products from vanillin or vanillin derivatives will be discussed in sections
regarding lignin-derived chemicals. Relevant vanillin derivatives are those that could be
reasonably isolated under pulping conditions. In strongly oxidizing conditions, vanillin may
be oxidized to vanillic acid or to methoxyhydroquinone via decarboxylation (Figure
1.8a)°’. While in strongly reducing conditions, vanillin can be reduced to vanillic alcohol
(Figure 1.8b). Previously, processes of lignin valorization®® included the production of
phenols by alkaline hydrolysis, dimethyl sulfoxide by oxidation of sulfated lignin, organic
acids (benzoic, toluic, methoxybenzoic, acetic and formic) by oxidation, and phenols and
aromatic hydrocarbons by the Nogichi or Crown-Zellerbach processes (Figure 1.9). Since
petroleum-based methods to synthesize these chemicals cost significantly less, lignin-based
methods (at least short-sightedly) are unnecessary. In contrast, based on the rate of
production and consumption for these aromatic or aromatic-based products, an affordable

alternative feedstock could supplement or replace current petroleum-based methods. With
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the development of more cost-effective and efficient hydrogenation or oxidation systems,
more products may be isolated and the development of these processes could aid in the
reduction of fossil fuel consumption. For the scope of this introduction, materials will only
be considered lignin-based if they are actually sourced from lignin (e.g. organosolv lignin or
sulfated lignin) or from a reaction using a lignin-sourced chemical.
1.3 Lignin and monolignol-derived polymers
1.3.1 Lignin as a macromonomer

The degradation of lignin to phenolic products or monolignols is an energy intensive
process, which is one of the reasons lignin currently has more value as a fuel than as a
feedstock. Methods that could utilize lignin as a source to synthesize new materials without
any additional degradation would not only be useful but also energetically and
environmentally favorable. Lignin has a widely varying structure depending on the source
of the material and the process used to isolate it from the wood pulp. Despite these
differences, all isolated lignins contain both phenolic and aliphatic hydroxyl groups. Once
the proportions of these components have been adequately characterized?8, these
functionalities can be used as linkers to create lignin-based macromonomers. Lignin has
been used as a macromonomer for the synthesis of polyurethanes, polyesters, epoxide
resins and phenolic resins.
1.3.1.1 Polyurethanes

Polyurethanes are synthesized from the polyaddition reaction of diisocyanates (or
polyisocyanates) and polyols with terminal hydroxyl groups, forming polyurethane
(carbamate) groups in the polymer backbone®. These polymers have a wide variety of

applications and physical properties depending on the materials used and method of
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Figure 1.10 Polyurethane synthesis from organosolv lignin and an isocyanate-
terminated polypropylene oxide macromonomer catalyzed by dibutyltin dilaurate from
Gandini et al. (ref. 103)

synthesis. As lignin contains a large number of phenolic and aliphatic hydroxyl
functionalities, it is able to replace the macropolyol component of polyurethanes quite
easily190. In addition, biomass-based polyurethanes are more biodegradable than those
derived from petroleum-based polyols101-102_ Gandini et al. showed that both aliphatic and
phenolic hydroxyl components of lignin reacted with an aliphatic isocyanate to form
urethanes (Figure 1.10)193. When repeating the polymerizations with a macrodiisocyante,
the flexibility of their diisocyanate over-compensated for the stiffness of the lignin and
upon condensation resulted in a series of gel-like products with low T, As the ratio of
isocyanate to hydroxyl groups was increased from 0.2 to 0.8 the Ty dropped from 44 °C to -
15 oC193, Bonini and coworkers completed a similar study using steam-exploded lignin and
4,4’-methylenebis(phenylisocyanate) as a potential wood adhesivel?4. These materials
cross-link at moderate temperatures (72 °C), suggesting potential as a stable adhesive.
Duong et al. generated a high molecular weight polyurethane by controlling both the
reaction temperature and length of reaction timel. Using Kraft lignin, molecular weights
up to 912,000 g/mol were achieved in only three hours10>. Hatakeyama combined each of
four different types of technical lignin (kraft, alcoholysis, ligonsulfonate, and solvolysis

lignin) with polyethylene glycol (PEG) or polypropylene glycol (PPG) and reacted the
25



resulting mixture with diphenylmethane diisocyanatel%. Regardless of the type of lignin
used, Hatakeyma determined that lignin content is more influential on resulting material
properties than any other factors such as the molecular weight of the polyols (PEG or PPG)
or the ratio of isocyanate to hydroxyl groups. Similarly, Thring et al. combined lignin from
the Alcell (an organosolv) process with PEG and reacted this mixture with polymeric
methyl-diisocyante to generate polyurethane films that were then tensile tested107-108, They
determined that both the ratio of hydroxyl to isocyanate functionalities and the amount of
lignin used in the polyurethane strongly affected tensile properties'?’. Pohjanlehto and
coworkers synthesized a sugar-based polyol, xylaric acid, and reacted it with lignin and
PEG to generate a series of polyurethanes (Figure 1.11)1%. Increasing lignin content in the
product had little effect on Tz or Young’s modulus, but the thermal stability improved
slightly, suggesting the lignin acted to stabilize the final product. Pursuing materials with

increased stiffness, Xue prepared a series of lignin-based rigid polyurethane foams using as
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Figure 1.11 Lignin-based polyurethane synthesis from a xylaric
acid-based triisocyanate macromonomer and Protobind™ lignin.
OCN~NCO=methylene diphenyl diisocyanate. Reproduced with
permission from ref. 109. Copyright 2013 John Wiley and Sons.

density than

traditional
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polyurethanes. In contrast to rigid polyurethane foams, flexible polyurethanes incorporate
both soft (stretchable) and hard (cross-linked) blocks. Cinelli synthesized flexible
polyurethane foams from kraft lignin utilizing lignin to form the hard blocks and a chain
extender, such as castor oil, as the soft blocks once polymerized!!!l. The addition of the
chain extenders lowered the T of the polyurethane significantly, making the foams flexible.
In contrast to the more typical applications of lignin incorporation, Yiamsawas et al.
recently reported the synthesis of lignin-polyurethane nanocontainers by inverse
miniemulsion12. A suspension of the sodium lignosulfonic acid in water was mixed with a
surfactant (polyglycerol polyricinolate) prior to reaction with toluene diisocyanate. This
method created hollow, cross-linked lignin-polyurethane nanocontainers of diameters
between 311 to 390 nm (in water) capable of containing water-soluble cargo. They were
shown to be stable in aqueous solution for weeks and readily degraded over 24 hours using
natural enzymes. While these results demonstrate proof-of-concept for the incorporation
of lignin, many properties must be fine-tuned before lignin-based polyurethanes are
available as a commodity material. Additionally, batch-to-batch variation in lignin will lead
to batch-to-batch variation in these systems.
1.3.1.2 Polyesters

Polyesters are polymeric materials containing ester linkages that can be synthesized
in three different ways: polyesterification of dicarboxylic acids with diols or dihalides, self-
polyesterification reactions of hydroxycarboxylic acids, and the ring-opening
polymerization reactions of lactones and cyclic esters!13. The use of lignin as a

macromonomer for polyester synthesis typically limits polymerization reactions to

27



o] condensation reactions,

HO—Lignin—OH + C'W(CI

© but some examples of
NEt, . _ _
120 °C ring-opening reactions of
Q Lo Q lactones have also been
HO—Ligni OJ\/\/\/\/\H/O ignin OMO—Lignin—OH
0 0
n reported.

Figure 1.12 Polyesters synthesized via the condensation of
Kraft lignin with sebaccoyl chloride. Reproduced with Guo and Gandini

permission from ref. 115. Copyright 2009 Taylor & Francis.
synthesized a series of

cross-linked polyesters using polyethylene glycol, dicarboxylic acid chlorides, and lignin114.
While the incorporation of lignin causes some solubility issues, increasing lignin content
from 0 to 35% resulted in a modest increase in Tg (-60 °C to -50 °C, respectively). In a
similar system, Binh et al. combined kraft lignin and sebacoyl chloride under basic
conditions to generate polyesters via condensation (Figure 1.12)115, The resulting
polyester had a Tg of 70 °C and molecular weights of 39,000 g/mol were reached.
Moreover, this polymer was shown to be capable of melt processing between 120 - 140 °C
without changes in color or the formation of an odor, suggesting potential commercial
usell5, Bonini et al. reacted steam-explosion lignin with dodecandioyl dichloride to
generate a series of polymers with low molecular weights of M, between 1,915 and 6,382
g/mol1%4 Other properties of the resulting materials were not characterized, but Bonini
suggested they could potentially be used in the formation of coatings. Gandini and
coworkers determined how modifying linker stiffness affected Ty of the resulting
materiall93. Using a flexible linker, sebacoyl chloride, they were able to obtain materials
with Tg as low as -60 °C. When using a stiff aromatic linker, they were able to obtain

materials with Tg as high as 150 °C. Gandini also tested the effects of incorporating as much
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Figure 1.13 Lignin-based polyester synthesis via melt condensation of Protobind™
lignin with 1,1,1-triethanolamine and adipic acid-based tricarboxylic acid
macromonomer. Reproduced with permission from ref. 117. Copyright 2011 Elsevier.

as 65% polyethylene glycol into the polymerization reactions and found those products
incorporating more lignin had significantly better thermal stability193. Using carboxylic acid
functionalized lignin and e-caprolactone, Matsushita et al. created polyesters via
condensation of poly e-caprolactone with the functionalized lignin surfacell6. The resulting
polymer had a higher melting temperature and increased loss and storage modulus in
comparison to poly e-caprolactone. Sivasankarapillai created a highly branched polymer
network through the condensation of lignin with a tri-branched carboxylic acid monomer.
The triacid monomer was synthesized via the condensation of adipic acid with 1,1,1-
triethanolamine prior to the condensation reaction with lignin (Figure 1.13)117. Polyesters
isolated from this process were flexible and tough and these properties were easily varied
with the ratio of lignin used.

1.3.1.3 Epoxide resins

Epoxide resins are a type of thermoset polymer, which are composed of monomers
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containing at least one epoxide group. With highly tunable properties, these resins are
typically used in coatings, adhesives, composites and electronic materials. The epoxide
groups can be homopolymerized using anionic or cationic polymerization, or they can be
copolymerized with comonomers (also known as hardeners) such as polyfunctional
amines, acids, anhydrides, alcohols, thiols and phenols!18. Selection of the epoxide and the
curing agent(s) greatly impacts the chemical, mechanical and physical properties of the
resulting product. While lignin itself contains no epoxides naturally, the same
macromonomer phenolic structure utilized in the synthesis of polyurethanes and
polyesters can also be used in the synthesis of epoxide resins as a hardener/ cross-linking
agent. Epoxide resin reactions with lignin components are typically either catalyzed with a
small amount of an amine or an amine is added quantitatively to the reaction as an
additional cross-linker.

A water-soluble variation was synthesized by Nonaka et al. through the mixing of an
alkaline solution of Kraft lignin with polyethylene glycol diglycidyl ether!!®. The glass
transition temperature was easily adjusted through the addition of alternate crosslinkers
(e.g. bisphenol A). Feldman et al. also tested a series of epoxy resins with lignin (up to 40
wt%) and other hardeners incorporated!?0-122, Incorporation of lignin was shown to
improve adhesive strength in tension thus adding lignin could lower the production cost of
materials requiring strong adhesion!?0. Additionally, the identity of the hardener did not
impact the physical properties of the adhesive as much as the quantity of lignin
incorporated, implying the least expensive material could be chosen to lower production
cost'?2, Engelmann and Ganster combined a low molecular weight lignin fraction

(Mn=1,300 g/mol) with 1,3-glycerol diglycidyl ether to generate a series of solvent-free
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resins with lignin content as high as 50 wt%?23. The higher wt% lignin-based resins
exhibited greater thermal stability than those made with pyrogallol with Tg up to 66 °C. In
general, lignin imparts thermal stability to the resulting resin but cannot act as the sole
cross-linker in the system; another cross-linking agent must be added to obtain desirable
properties.
1.3.1.4 Phenolic resins

Analogous to epoxide resins, phenolic resins are thermosets created via the acid or
base-catalyzed step growth polymerization of phenols and aldehydes. The ratio of phenol
to aldehyde controls the degree of crosslinking in the final product and determines if a
crosslinker must be added to harden the resin. The most common phenolic resins are
produced from phenol and formaldehyde and are typically used as adhesives. Bakelite, a
phenolic resin synthesized from phenol and formaldehyde, was the first completely

synthetic polymer developed and commercialized,!?* demonstrating the widespread use of

Lignin
ignin

Lignin
Figure 1.14 General scheme of phenol-formaldehyde resins formed with lignin instead

of phenols. New methylene crosslinks from condensation with formaldehyde are shown
in magenta.
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these resins. For lignin-based phenolic resins, the phenol-rich structure of lignin lends itself
quite readily to replace phenol in traditional synthesis protocols (Figure 1.14). While no
resins using only lignin exist to our knowledge, there have been several attempts to
incorporate lignin into phenol-formaldehyde resins by replacing a portion of the phenol
used with lignin. Cure rate, viscosity and the mechanical properties of the resin are
important in determining the appropriate application. Peng and Riedi studied the rheology
of a series of resins that incorporated between 0 and 40% ammonium lignosulfonate with
phenol and formaldehyde, determining that the cure rate of the resins decreased with
increased lignin content25. Further exploring this concept, Alonso et al. studied the
gelation and vitrification of lignin-phenol-formaldehyde resins?6. In these isoconversional
experiments, they found the resin with lignin incorporated had a slightly lower activation
energy than the standard phenolic resin, which results in a slightly lower the degree of
curing at the gel point (irreversible point at which viscous liquid becomes an elastic gel).
Vazques et al. incorporated lignin into a phenolic resin used as an adhesive for plywood!47.
Lignin was dissolved in phenol and reacted with paraformaldehyde to yield an adhesive
that incorporated approximately 20 wt % lignin into the final material. While this adhesive
took longer to cure than traditional phenol-formaldehyde resins, the resulting plywood
boards exhibited equal strength to boards prepared using traditional methods. Danielson
and Simonson also prepared lignin-phenol-formaldehyde resins as adhesives for plywood
and evaluated their potential industrial usel?8129. Once again, resins with different
percentages of lignin incorporated were prepared (between 0 and 80 wt % lignin). Boards
adhered with phenolic resins containing 20 and 60% lignin possessed shear strength at the

joint equivalent or superior to that of standard phenol-formaldehyde resins. At 80%
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incorporation, the adhesive strength was significantly diminished due to the brittle nature
of lignin. Danielson et al. found that the incorporation of 50% lignin was ideal to maintain
storage stability, resin viscosity and bonding ability most similar to phenol-formaldehyde
resins!?8, Sarkar and Adhikari obtained similar results when they studied the effects of
lignin content on both wood-wood and metal-metal adhesion!3°. They found that adding 50
wt% lignin decreased the adhesive strength for wood-wood joints to 78% of maximum
compared to a non-lignin phenol-formaldehyde adhesive, and 86% for metal-metal (Al-Al)
joints. As observed by other groups, lowering lignin content improved joint adhesion but
increasing lignin content provided higher thermal stability.
1.3.2 Functionalized lignin as a macromonomer

Lignin is often functionalized to generate new active sites and aid in the synthesis of
new macromolecular materials, which allows lignin to be incorporated into new materials.
While lignin has many functionalities (e.g. hydroxyl or phenol), these potentially active
sites are often concealed or sterically hindered by the high-cross link density of lignin.
Functionalization can improve issues related to the chemical structure of lignin by
decreasing brittleness, increasing solubility in organic solvents, improving processability
and improving reactivity. This section will highlight polymeric materials synthesized from
lignin that has been chemically modified to either add reactive groups not present in native
lignin or enhance functional groups available on the native lignin scaffold that are critical to
the development of the respective polymeric material. Polymers with modified lignins as
macromonomers include polyurethanes, epoxide resins, and phenolic resins. Modified
lignins have also served as macromonomers in the development of both hydrogels and

vinyl-based graft copolymers.
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1.3.2.1 Polyurethanes

Chung et al. took one of the simplest functionalization approaches by demethylating lignin
methoxy groups with Lewis acid catalysts to generate 28% more hydroxyl groups on
averagel3l. The demethylated lignin was then reacted with toluene-2,4-diisocyante to
generate polyurethanes with significantly increased cross-link density. Recently,

Laurichesse et al. functionalized hydroxyl groups in lignin with oleic acid via esterification
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Figure 1.15 Synthesis of polyurethanes from lignin-oleic acid based polyols (LOAP).
OCN~NCO are polypropylene oxide diisocyanates of molecular weights of 425, 1000 and
2000 g/mol, respectively. Reproduced with permission from ref. 132. Copyright 2014
Royal Society of Chemistry.
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to generate an esterified lignin132. They then utilized the fatty acid double bond to form an
epoxide and subsequently ring-opened it to generate a new lignin-oleic acid based polyol
(Figure 1.15). Upon reaction with polyisocyanates, Ty was shown to decrease both with an
increased length of the polyisocyanates and also with increased ratios of isocyanate to
hydroxyl groups (NCO:0H)132. Nadji et al. developed a series of rigid polyurethane foams
with insulating and physical properties similar to those derived from petroleum-based
products33. In this functionalization method, propylene oxide was reacted with the
hydroxyl functionalities on lignin to extend access to these reactive groups out of the cross-
linked and sterically hindered lignin network. This technique was also used by Cateto et al.
in a series of rigid polyurethane foams from four different oxypropylated lignins as co-
polyols102. The biodegradability of polyurethanes with only lignin-based polyols was
shown to be higher than those with an additional (non-lignin) polyol incorporated.
Hatakeyma and coworkers utilized the hydroxyl functionalities of lignin to initiate the ring-
opening polymerization of e-caprolactone to extend hydroxyl functionalities beyond the
lignin network!34. This caprolactone-capped lignin was then reacted with diphenylmethane
diisocyanate to form polyurethanes. The length of the polycaprolactone cap was shown to
have little effect on Ty at DP = 5, but prior to reaching this plateau, T; dropped from -28 °C
with two caprolactone units to -50 °C with five caprolactone units!34. Liu found that the
functionalization of lignin with amines via a Mannich condensation with formaldehyde
increased the water solubility, reactivity with isocyanates and long-term stability of the
polyurethane product!3>. Zhu et al. developed a lignin-based, flame-retardant polyurethane
foam via the synthesis of a lignin-based phosphate melamine compound in three steps?3¢.

The resulting polyurethane showed increased compression strength, thermal stability, char
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residue formation, and self-extinguishment. Many of the lignin-based polyurethanes
mentioned exhibited superior physical properties compared to more traditional
petroleum-based materials, but with the difficulty associated in the complete
characterization of lignin prior to functionalization, these materials will require additional
study and development before entering the market.
1.3.2.2 Epoxide resins

While lignin itself contains no epoxides naturally, lignin-based epoxide resins are
usually synthesized in one of two ways: a) epoxide groups can be added to the lignin
molecular structure or b) the macromonomer phenolic structure can be enhanced to
improve incorporation into epoxide-based resins. As mentioned in Section 1.3.1.3, amines
are typically utilized in lignin-based epoxide resin reactions either as a catalyst or

quantitatively as an additional cross-linker. Epoxide groups are added to lignin in several

i o Lignin ways with the simplest method

Hico HyCO
> o o
OH o o
O \)\/O OCHjg
I OCHs, Jo phenolic hydroxyl groups

© through a reaction with

being the functionalization of

HO._

Figure 1.16 Epoxide functionalization via a
condensation reaction between lignin and
epichlorohydrin.

epichlorohydrin in basic

conditions (Figure 1.16). This

method was initially published by Mikhailov137 and Mihailo!38 but featured little
characterization of the resulting products. Later, this method was patented by D’Alelio et
al, but once again featured minimal characterization of the polymeric materials
synthesized3°. Subsequently, El Mansouri et al. characterized the resulting products and

found that the quantity of incorporation of lignin in the samples improved both thermal
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stability and epoxy index!40. Okabe and Kagawa have also determined the importance of
the molecular weight of the lignin used in polymerization'4l. When the weight average
molecular weight (M) was less than 300 g/mol, stabilizing effects with lignin
incorporation were not observed, but if the My was larger than 10,000 g/mol the resulting
epoxy compound was no longer soluble in organic solvents for processing.

To improve the degree of epoxide functionalization with epichlorohydrin, lignin is
typically pre-functionalized to increase the number of hydroxyl units present. The most
common method in literature is the incorporation of additional phenolic moieties.
Simionescu et al. described the synthesis of epoxides from lignosulfonates and studied
their degradation!42-143, Directly reacting iron or ammonium lignosulfonate with phenols
created a phenolated product, which was then epoxidized with epichlorohydrin. In this
process, two different resins were generated, one that was partially water-soluble and one
that was insoluble in water, but neither were characterized significantly beyond ensuring
epoxidation of the material'44. Tai et al. increased the number of phenolic units present in
native lignin using phenol, bisphenol A or acetone, before reacting with epichlorohydrin4>-
147 This pre-functionalization reaction led to higher levels of epoxidation and when cross-
linked with triethylene tetramine, the resulting product exhibited good waterproof
adhesion after curing.

Other possible methods to increase reactivity of native phenolic groups towards
functionalization with epichlorohydrin include adding an “extender” to allow the reactive
hydroxyl groups to reach outside the tightly cross-linked lignin network. Hofmann and
Glasser compared a series of lignins where the hydroxyl functionality was chain extended

via either propoxylation with propylene oxide or ethoxylation with ethylene oxide prior to
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epoxidation148-149, Increased lignin content significantly impacted both the curing and glass
transition temperatures with increased degrees of crosslinking. Additionally, the chemical
kinetics of the curing reaction were not affected by the incorporation of lignin>9,

In contrast to its epoxide-functionalized variation, lignin can also be functionalized
with other reactive groups for incorporation in epoxide resins as a cross-linking agent.
Hirose et al. dissolved lignin in ethylene glycol and reacted the product with succinic
anhydride to generate a mixture of both a lignin-based carboxylic acid derivative and an
ethylene glycol-based polyacid as products!>l. These products were then reacted with
ethylene glycol diglycidyl ether to generate resins. By varying the ratio of epoxides to
carboxylic acid, they were able to manipulate T,. Additionally, all resins showed good
thermal stability!>2. Ismail et al. utilized a similar system, adding glycerol to the reaction
and generating a second polyacid in situ!>3. Once again, increased lignin content leads to a

higher T, with increased cross-linking. The same effect was also seen when the
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Figure 1.17 Mannich condensation of lignin with NN'- _
hexamethylenediamine. Reproduced with permission from ref. length, this was

154. Copyright 2015 John Wiley and Sons.
postulated to occur

with the higher concentration of hydroxyl groups present, therefore increasing the degree
of interchain hydrogen bonding in the resulting resin. Lignin has also been functionalized
with amines via a Mannich condensation reaction to yield a cross-linker that was reacted

with the diglycidyl ether of bisphenol A (Figure 1.17)154, Mendis et al. demonstrated that
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this method of functionalization increased the dispersion of lignin in an epoxy matrix,
resulting in materials with properties more similar to that of traditional epoxy resins.
1.3.2.3 Phenolic Resins

While unmodified lignin is considered an effective replacement for phenol in
phenolic resins, lignin can be hydroxymethylated (methylolated) or phenolated to increase
reactivity (rate of incorporation), producing materials with properties more analogous to
traditional phenolic resins. Peng and Riedi compared the rheology of hydroxymethylated
and non-hydroxymethylated lignin-phenol-formaldehyde resins!25. While the reactivity of
the hydroxymethylated lignin was higher that of the non-hydroxymethylated, the cure rate
of the resulting resin was lowered as the functionalized lignin acted as a diluent in the
system. Conversely, at the gel point for all temperatures measured, the hydroxymethylated
lignin had a much higher degree of curing than phenol-formaldehyde resins. Benar et al.
tested the maximum level of incorporation of hydroxymethylated lignin into lignin-phenol-
formaldehyde resins without significant loss of desired properties (e.g. viscosity, strength,
thermal stability, crosslinking temperature)!>>. They determined that up to 50%
hydroxymethylated lignin could be incorporated, to yield products with viscosities
appropriate for use as particleboard adhesives. A more recent study by Alonso et al.
suggests that only up to 35 % hydroxymethylated lignin can be incorporated while
maintaining properties (e.g. viscosity, gelation time) similar to a commercial phenol-
formaldehyde resin1%6. The difference in the value may originate from their methods of
characterization, as they only compare it to one commercial product rather than
investigating ranges of acceptable values. Vaquez et al. compared the effects of lignin

modification by hydroxymethylation or phenolation on lignin-phenol-formaldehyde
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resins!57. Gelation times of these resins were between 11.0 and 24.7 minutes, which were
similar to gelation times of commercial phenol-formaldehyde resins. In testing, all boards
prepared with either resin met European standards. The lignin-added resin offered better
spreadability and prevented blowouts during processing, suggesting an advantage to using
lignin-added resins. In this case, no significant differences in resulting material properties
were seen between resins prepared with phenolated or hydroxymethylated lignins.

1.3.2.4 Hydrogels

While not a unique polymer structure or type of polymer, hydrogels serve unique
functions and thus several examples will be identified separately here. Hydrogels are
water-swollen, cross-linked, three-dimensional polymer networks synthesized from the
reaction of one or more monomers!58. Hydrogels are hydrophilic but do not dissolve in
water, and instead maintain their three-dimensional shape. Hydrogels can be either
biologically derived (natural polymers) or synthetic and have many potential applications
such as protein or drug delivery systems, scaffolds for tissue engineering, or absorbents.
Hydrogels often incorporate a large amount of water, with Q, (volume swelling ratio=
swollen gel volume/dry gel volume) ranging from 1-100 or more, depending on the relative
hydrophilicty of the polymeric repeat units.

Many of the hydrogels developed using lignin have low water swelling capacities
with guz0/gget < 10 (gram of water/grams of dry gel) 159, While this is logical given the
hydrophobic nature of lignin, several research groups have been able to either increase this
swelling ratio or develop a novel use for the material. Passauer et al. synthesized a series of
lignin-based hydrogels with oxidatively activated lignin (pre-reaction with hydrogen

peroxide in an alkaline solution) and polyethylene glycol diglycidyl ether1>°-161, These
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hydrogels featured swelling ratios up to guzo/gge1= 75. With this increased water content,
Passauer postulated that they would be useful as soil additives for water and nutrient
retention. Feng et al. recently reported the synthesis of a hydrogel from acrylamide and
acetic acid functionalized lignin, using ethylene glycol dimethyacrylate as a cross-linker?59.
This hydrogel was designed for use as a polymeric flocculent.162 While functionalized lignin
has been utilized in flocculation, to our knowledge, this is the only known example of lignin
incorporation into a hydrogel for use in flocculation, as alkali lignin is typically considered
a contaminant in aqueous waste streams of pulping mills. The adsorption of dye in the
hydrogels was shown to increase with increasing lignin content, up to 29.65 mg of
methylene blue per gram of hydrogell50. While not a hydrogel, but instead an organogel,
Cunha et al. prepared a series of lignin-based polymer networks that were shown to swell
in toluenel®3. They functionalized lignin with methyl methacrylate and then copolymerized
the functionalized lignin macromonomer with additional methyl methacrylate. The
swelling ratio was shown to decrease with increasing lignin content as the network became
denser.
1.3.2.5 Vinyl-based Graft Copolymers

Graft copolymers describe a
type of copolymer architecture where
chains of one polymer (B) are

attached at points on the other

polymer (A) (Figure 1.18)%4. This co-

Figure 1.18 General scheme of A-graft-B
copolymer where the green circles denote
monomer A and the purple circles denote
monomer B.

polymer can be described as A-graft-B

or A-g-B. Graft co-polymers are used
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to improve the mechanical properties of composites, reduce frictional force between two
dissimilar surfaces and reduce the flammability of materials'®*. Copolymerization of
lignins with vinyl comonomers has provided insight into lignin reactivity in addition to
generating novel graft-co-polymers. In work by Chen et al., calcium lignosulfonate that had
been activated through ozonolysis was used as the polymer backbone and grafted with
styrenel®5, This co-polymerization was a heterogeneous system with a Fenton initiator
(ferrous chloride and hydrogen peroxide) in methanol, which allowed higher degrees of
incorporation into the lignin network. The grafting efficiency of styrene co-polymerization
plateaued at 18%, regardless of initiator concentration. Acrylic-based graft copolymers
with lignin were also synthesized. Chen and Kokta prepared a series of copolymers from
calcium lignosulfonate and either methyl methacrylate, methyl acrylate or methylacrylic
acid where each polymerization was initiated with a Fenton initiator'¢¢. They found the
degree of polymerization was highly influenced by the reaction solvent as well as the ratio
of hydrogen peroxide to monomer used. Grafting efficiency was maximized at 60% using
methyl acrylate or methylacrylic acid, while methyl methacrylate was much less efficient at
32% because of lower propagating radical reactivity. Li et al. also utilized a Fenton initiator,
in this case to graft styrene onto dealkaline lignin'¢7. With optimization of the system they
were able to achieve a grafting yield of 59.5% as well as a grafting efficiency of 53.7% for
lignin. Liu and coworkers grafted methyl methacrylate onto lignin activated with calcium
chloride and hydrogen peroxidel8. The resulting copolymers had very low grafting yields
(around 8.58%) but the products showed both enhanced thermal stability and increased
hydrophobicity. Cunha et al. demonstrated that lower grafting yields of methyl

methacrylate with lignin can be expected when using a radical initiator due to side
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Figure 1.19 Scheme for the synthesis of lignin-g-(poly)NIPAM copolymers via ATRP.
NIPAM=N-Isopropylacrylamide

PMEDTA= N,N,N'N”,N”-pentamethylenediethylenetriamine

Reproduced with permission from ref. 173. Copyright 2010 American Chemical Society.

reactions with phenolic hydroxyl groups!®®. A more recent study from Ye et al. suggests
that phenolic hydroxyl groups do not always inhibit polymerization, but rather are the
active site for grafting chain growth!’0. While they were unable to provide compelling
evidence that this is the mechanism of the grafting reaction, their data shows that the
phenolic hydroxyl content is proportional to both monomer conversion and grafting yield
suggesting there is some correlation between phenolic hydroxyl content and the radical
polymerization reaction. Moreover phenols are known chain transfer agents, such as the
chain transfer constant for 4-methoxyphenol is on the order of 10# for methyl
methacrylate!’! and methyl acrylate!’? depending on the reaction conditions. Investigating
controlled polymerization methods, Kim and Kadla utilized atom transfer radical
polymerization (ATRP) to synthesize a thermoresponsive graft lignin copolymer reducing
bimolecular chain termination and the limited grafting yields seen with free radical
polymerizationl’3. Kraft lignin was functionalized with 2-bromoisobutyryl ester to create a
macroinitiator for ATRP and then was grafted with N-isopropylacrylamide (NIPAM) under

mild ATRP conditions (Figure 1.19). The polymerization reactions were well controlled
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resulting in polymers with PDI as low as 1.09 and grafting chains up to DP=43. These
copolymers also exhibited a lower critical solution temperature (LCST) at 32 °C, which is
identical to that of poly(NIPAM), indicating the incorporation of lignin has no impact on the
thermal properties of the poly(NIPAM) chains. A similar approach utilizing ATRP was
employed by Hillburg et al. to generate lignin graft co-polymers with styrene and methyl
methacrylatel74. Lignin was functionalized with 2-bromoisobutyryl ester to generate a
macroinitiator before ATRP with either styrene or methyl methacrylate, which generated
well-defined polymer structures featuring a lignin core surrounded by the copolymer
matrix (Figure 1.20). The resulting copolymers also had improved thermal stability and

toughness compared to the corresponding homopolymers. Yu et al. saw similar results in a
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Figure 1.20 Synthetic scheme for the synthesis of lignin-g-poly(styrene) and lignin-g-
poly(methyl methacrylate) via ATRP. Reproduced with permission from ref. 174.
Copyright 2014 Elsevier.
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series of lignin-grafted copolymers from methyl methacrylate and butyl acrylate. The
grafted chains were random polymers of methyl methacrylate and butyl acrylate. By
controlling the ratio of the monomers, they were able to control the Ty of the resulting
material. These materials were also shown to have strong absorption in the UV spectrum,
offering potential in coatings applications. Chung et al. synthesized a lignin-lactide
copolymer by grafting lactide onto acylated lignin catalyzed by 1,5,7-triazabicylo[4.4.0]dec-
5-ene (TBD)175. The resulting copolymers were found to have an increased T as well as
enhanced UV absorption when used as dispersion modifiers in polylactide-based materials.
1.3.3 Monolignols as monomers

There are three monolignols found in plants: p-coumaryl alcohol, coniferyl alcohol
and sinapyl alcohol (Figure 1.1). Monolignols are functionalized phenols that can be
utilized in aromatic or phenol-based polymer systems, as seen with lignins. While there are
only three monolignols, there are several analogous compounds also included in this
section. Though the exact biosynthetic pathway has yet to be fully elucidated, monolignols
are generally believed to be synthesized in planta through a pathway beginning with the
deamination of phenylalanine to cinnamic acid’. Then, depending on the target monolignol,
the species may undergo a series of hydroxylation and methylation reactions prior to
reduction of the side-chain carboxylic acid to an alcohol (Figure 1.21). With this in mind,
this section will include not only monolignols as monomers in polymer synthesis but also
the corresponding precursor carboxylic acids: cinnamic acid, p-coumaric acid (also
commonly referred to in literature as 4-hydroxycinnamic acid), ferulic acid and sinapic

acid. Because fewer polymeric materials have been produced from these monomers, both
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Figure 1.21 One proposed biosynthetic pathway for the monolignol coniferyl alcohol>.
CoA=Coenzyme A PAL= phenylalanine ammonia-lyase; C4H= cinnamate 4-hydroxylase;
4CL= Coenzyme A ligase; ?? = Unknown step; COMT= caffeic acid-O-methyltransferase ;
CCoAOMT= caffeoyl-CoA O-methyltransferase; CCR= cinnamoyl CoA reductase ; CAD=
cinnamyl alcohol dehydrogenase ; SAD= sinapyl alcohol dehydrogenase. Reproduced
with permission from ref. 7. Copyright 2003 Annual Reviews.

unmodified and functionalized monolignols and carboxylic acids will be included in the
same section.
1.3.3.1 Polyurethanes

As mentioned previously, polyurethanes are synthesized via the reaction of polyols
with diisocyanates. While monolignols are unable to act as either component without
modification or dimerization, they offer the potential to be incorporated into these
polymeric structures. Oulame et al. synthesized a ferulic acid-based dimer by coupling
ferulic acid with either aliphatic diols of different lengths or isosorbide!’¢. The resulting
diol was then polymerized with either 1,4-tolulene diisocyanate or 1,6-hexamethylene

diisocyanate to yield a series of polyurethanes (Figure 1.22). These polyurethanes could
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Figure 1.22 Synthetic scheme for the synthesis of eight poly(ester-urethane)s from
ferulic acid-based diols. Reproduced with permission from ref. 176. Copyright 2015

Elsevier.

be synthesized in solvent or solvent-free conditions and exhibited high thermal stability

and varying T, (depending on the linkers used). While the products were generally low in

molecular weight, they serve as a proof of concept for synthesis of polyurethane materials

from monolignols or their analogues/precursors. More recently, Chen et al. synthesized

polyurethanes from a dimeric cresol-based monomer!’’. After the dimerization, cresol was

first functionalized with epichlorohydrin to generate a bisepoxide which was then reacted

with CO2 to yield the corresponding bis(cyclic carbonate) monomer. This bifunctional

monomer was then reacted with either hexamethylene diamine or isophorondiamine to

yield polyurethanes with high thermal stability.

1.3.3.2 Polyesters
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Figure 1.23 Proposed 2+2 cycloaddition of poly(4-hydroxycinnamic acid) in the liquid
crystalline state at 220 °C. Reproduced with permission from ref. 178. Copyright 2004
John Wiley and Sons.

As mentioned previously, polyesters are most typically formed by condensation
reactions (although other methods are known). The incorporation of monolignols and their
corresponding carboxylic acid precursors into polyesters should be relatively facile, given
their hydroxyl-rich functionality. Nevertheless, there are few examples of polyester
formation solely from unmodified monolignols, as the high aromatic content in the
resultant polymer results in brittle materials similar to natural lignins. Kaneko et al.
synthesized a bio-based polymer from p-coumaric acid via melt condensation with acetic
acid and sodium acetate as the first example of a liquid-crystalline polymer from a single
natural monomer (Figure 1.23). The resulting polymer underwent a photoinitiated 2+2
cycloaddition in the liquid-crystalline state and was shown to have good cell
compatibility!’8. Kaneko later created a biodegradeable hyperbranched copolymer from
the polymerization of p-coumaric acid and 3,4-dihydroxycinnamic acid!’°. The resulting
materials had high enough T, for processing (115 °C < Tg< 169 °C), photoreactivity in the
liquid-crystalline state, and readily decomposed via hydrolysis. Spiliopoulos and
Mikroyannidis copolymerized p-coumaric acid with p-hydroxybenzaldehyde using thionyl
chloride in basic conditions!8. While the copolymers were amorphous, once crosslinked,

the resulting polyesters exhibited a significant increase in Ty Matsusaki and coworkers
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copolymerized p-coumaric acid with lactic acid in both solvent and solvent-free
conditions!81. While significantly less p-coumaric acid was incorporated into the copolymer
than lactic acid, the resulting copolymers were shown to have photoreactivity, high
solubility in organic solvents and biodegradability. Jin et al. developed a degradable
terpolymer featuring p-coumaric acid, glycolic acid and p-hydroxybenzoic acid®2. In this
reaction, p-coumaric acid acted as a promoter to increase the copolymerization of the other
two monomers. The resulting products possessed good thermal stability (Tg=82 °C) and
mechanical strength. They were also shown to degrade by hydrolysis, with a 70% decrease
in their viscosity over 200 hours of stirring in a pH 7 buffer.

Examples using a modified monolignol or precursor are much more abundant in the
literature, as modification allows for monomers with improved thermal stability (aromatic
content). Introducing other functionalities reduces the brittleness of the resulting polyester
materials. Kimura et al. synthesized 4-acetoxycinnamic acid by reacting p-coumaric acid
with acetic anhydride!8. Kimura then synthesized poly(p-oxycinnamoyl) microspheres
through the condensation of 4-acetoxycinnamic acid in liquid paraffin!®. Changing the

solvent could control the diameter of the microspheres and the resulting materials

0 0 0 0
2 HO—@—/_/(OH +cl N N, /
w D OMO OH CI> i\ OMO cl
) 0

q=3,16,32,0r 134

HO{AO%\/OH
q
oR

AT x=6-10
HO¥ 70H

3 0 o
{\\_\@Owo@/ o{’\/gn\ or

MOMOMZHP%

Figure 1.24 Synthetic scheme for 4-hydroxycinnamic acid dimer-based polyester from
either polyethylene glycol or short chain diols. Reproduced with permission from ref.
188. Copyright 2003 John Wiley and Sons.
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exhibited good thermal stability. Thi and coworkers reported the synthesis of a
macromonomer through the coupling of 3,4-diacetoxycinnamoyl chloride with short-chain
poly(L-lactic acid)®. This macromonomer was polymerized with sodium acetate in
solvent-free conditions resulting in a branched, polydisperse, high-molecular weight
polyester!86, The thermal and mechanical properties of the polymer were superior to those
seen in poly(L-lactic acid) and the rate of degradation increased with the incorporation of
the acetylated coumaric acid. Photocuring provided control over degradation. Sapich et al.
synthesized a dichloride dicarboxylic acid by first joining p-coumaric acid with brominated
diols with chain lengths between six and twelve carbons, and subsequently chlorinating
with thionyl chloridel®’. The dichloride was condensed with methylhydroquinone and
isosorbide to generate a series of polymers with unique optical properties that could be set
using photocuring. Nagata and Hizakae synthesized a macromonomer by capping both
hydroxyl functionalities of p-coumaric acid with adipoyl dichloride to create a new
dichloride macromonomer (Figure 1.24)188. This macromonomer was condensed with
hexane-1,6-diol resulting in new high-molecular weight co-polyesters. These polymers
underwent rapid enzymatic degradation unless crosslinked via photodimerization of the
double bond (Figure 1.25). At high-molecular weights the crosslinked polymers swell in
water. Nagata expanded the repertoire of biodegradable polymeric materials created by
using the same adipoyl dichloride capped p-coumaric acid macromonomer, by condensing
it with short chain poly-e-caprolactone diols'8°. The resulting high-molecular weight
polyesters were photocured without a photosensitizer to create biodegradable, elastic
materials with improved thermal properties. Kreye et al. created a monomer from ferulic

acid in three steps by esterification with methanol to methyl ferulate, hydrogenation of the
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Figure 1.25 Example of 2+2 cycloaddition of 4-hydroxycinnamic acid dimer-based
polyesters via UV irradiation from Nagata et al. (ref. 188).

conjugated double bond, and hydroxyethylation with ethylene carbonatel®®. This methyl
ester derivative of ferulic acid was then co-polymerized with rapeseed-oil-derived oleic
and erucic acid monomers to generate a series of polyesters. More recently, Ouimet et al.
synthesized a p-coumaric acid dimer macromonomer through the reaction of two
equivalents of p-coumaric acid with adipoyl chloride!®l. The resulting diacid was
polymerized in solution with triphosgene, resulting in a polyester that could be
decomposed into p-coumaric acid and adiapic acid in a controlled fashion. As p-coumaric
acid has shown antioxidant activity but has a short half-life in vivo, this method could allow
for therapeutic levels to be maintained in the body. Ouimet also prepared an analogous
series of diacids with ferulic acid, showing similar degradation and antioxidant

properties!?2. Ouimet suggested that the release of both ferulic and p-coumaryl acid could
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be controlled based upon the length of linker used in the macromonomer diacid. Pion et al.
utilized a similar linking technique with ferulic acid and either 1,4-butanediol or isosorbide
as a linker to create a macromonomer diol!?3. They then copolymerized this diol with
diacyl chlorides of differing lengths to control the thermal properties of the resulting
material. The polymers exhibited high thermal stability and properties similar to those of
commercial materials such as polyethylene terephthalate, but the polymerization was not
well controlled as seen in the high PDI and My, values.
1.3.3.3 Epoxide resins

As mentioned previously, the observable properties of epoxide resins are based
upon the selection of both the epoxide and curing agent(s). The molecular structure of
these components and their correlating rigidity are crucial in the development of useful

resins. Resins fabricated with compounds containing more rigid structures such as
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aromatic rings are much more thermally stable and desirable than more flexible
compounds such as aliphatic chains. While lignin has been employed in many formulations
of epoxide resins, its limited solubility is often an issue in the development or processing of
new materials. Monolignols or the precursor carboxylic acids contain the same ideal
aromatic structure without the solubility issues observed when using lignin as a
macromonomer. Xin et al. modified cinnamic acid through two synthetic steps (allylation
then epoxidation) to generate a bifunctional epoxy monomer°4. This epoxy monomer was
then cured with maleic anhydride derivatives as cross-linkers to generate a series of resins
(Figure 1.26). The curing properties of the resins were similar to that of petroleum-based
resins. Kim created a crosslinked epoxy resin by reacting cinnamic acid with a series of
epoxy resins'?. The functionalized epoxy resins were then photocured to result in a
product with enhanced thermal stability and improved optical properties. Zhao et al.
recently synthesized an epoxide resin by functionalizing 2-methoxy-4-propylphenol (a
methoxylphenol product isolated from the degradation of lignin) with epichlorohydrin to
create an epoxide monomer which was then cured with diethylenetriamine and
octadecylamine modified nano-montmorillonite (a nanoclay)!?¢. The resulting epoxide
resin exhibited high thermal stability, which increased with higher nanoclay loadings, and
good mechanical strength. Fache et al. also recently synthesized epoxide resins from a
mixture of aromatic monomers produced from the degradation of lignin to vanillin1%7. The
mixtures (soft or hardwood) containing vanillin, syringealdehyde, p-hydroxybenzaldehyde,
vanillic acid, syringic acid, acetovanillone, and aceteosyringone were first subjected to a
Dakin oxidation to generate diphenolic compounds. The resulting compounds were then

functionalized with epichlorohydrin to yield the corresponding epoxides. Fache et al. next
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cross-linked the soft and hardwood mixtures (separately) of epoxide products with
isophorone diamine to generate epoxide resins. These resins were shown to have high
thermal stability and exhibited fire retardation properties.
1.3.3.4 Phenolic resins

Both monolignols and the precursor carboxylic acids feature phenolic hydroxyl
functionalities, making them suitable to replace phenols in phenolic resins.
Polybenzoxazines are a specific type of phenolic-cure resin typically synthesized by the
condensation of phenol and an amine in the presence of formaldehyde to generate a six-
membered heterocyclic ring!?8. Under curing conditions, this heterocycle is thermally ring-
opened resulting in a polybenzoxazine. Depending on the substitution of the amine or
phenol, both curing temperature and resulting polymer physical properties can be
controlled. Comi et al. synthesized a series of benzoxazines from coumaric and ferulic acid
through the condensation of the carboxylic acid with aniline and formaldehyde!®®. The
curing temperature required for these monomers was higher than a temperature at which
they were thermally stable, resulting in decomposition rather than polymerization. Boron
trifluoride was added as a ring-opening catalyst (3%) to lower the curing temperature

allowing the formation of several polymeric products (Figure 1.27). These products were
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Figure 1.27 Synthesis of p-coumaric acid and ferlulic acid-based benzoxazines.
Benzoaxines were synthesized from both the acids and their corresponding methyl
esters. Reproduced with permission from ref. 199. Copyright 2013 John Wiley and Sons.
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shown to be thermally stable and comparable to petroleum-derived products.
1.3.3.5 Polyamides

Polyamides are a class of polymers featuring an amide linkage in the polymer
backbone. These materials are typically formed through the condensation of a diacid
monomer with a diamine monomer or self-condensation of an amino acid. Many well-
known commercial materials such as Kevlar, Nomex and Nylon feature this type of
polymeric linkage. As neither monolignols nor precursor carboxylic acids have the required
bifunctionality to form polyamide linkages, only modified monomers have been used in the
synthesis of polyamides. Castillo and coworkers synthesized polyamides from the
polymerization of hexamethylenediamine with a ferulic acid dimer?%0. The ferulic acid
dimer was synthesized by the UV-catalyzed 2+2 cycloaddition of acetylated ferulic acid to
generate a diacid species, which was then polymerized with a diamine (Figure 1.28). While
reactivity with the diamine was low due to competing side reactions, the resulting
polymers exhibited increased thermal stability and antioxidant activity. Noel et al.
synthesized a series of amide monomers by coupling ferulic acid with amino acids?°l. The
macromonomer synthesized with L-serine was unable to be polymerized because of an

elimination pathway, but when L-tyrosine ethyl ester was used instead a series of polymers
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Figure 1.28 Synthesis of poly(amide) from photo-dimerized ferulic acid. Reproduced
with permission from ref. 200. Copyright 2004 Taylor & Francis.
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was obtained. The polymerization was shown to proceed in a well-controlled fashion and
improved the observed thermal and fluorescence properties. Both regioregular and
regiorandom polymers could be synthesized. More extensive characterization showed the
observed fluorescence could be shifted depending on the regiochemistry of the polymer?202.
The polymer was stable in both neutral and acidic conditions, suggesting possible use in
long-term bioengineering applications where fluorescence is necessary.
1.3.3.6 Vinyl-based polymers

As a parallel to previous sections focused on vinyl-based graft copolymers in lignin-
bases constructs, this section will focus on vinyl groups or copolymers with vinyl
functionalities in combination with monolignols or their carboxylic acid precursors. Kreye
et al. synthesized a diene derivative from ferulic acid in two steps by first reducing the
double bond in ferulic acid and followed by the condensation of both hydroxyl groups with
allyl bromide?93. The resulting diene was then polymerized in a controlled fashion via
acyclic diene metathesis (ADMET) wusing a series of ruthenium catalysts.
Homopolymerization of the ferulic acid-based diene led to polymers with low molecular
weights, thus copolymers with diene-functionalized fatty acids were obtained. These

copolymers had improved thermal properties, compared to the homopolymers, but were
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Figure 1.29 Synthesis and ADMET polymerization of ferulic acid-based vinyl dimer.
Reproduced with permission from ref. 204. Copyright 2015 Elsevier.
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still low in molecular weight. Barbara et al. took a similar approach and synthesized a
ferulic acid-based diene monomer in two steps by first creating a ferulic acid dimer with
several diols as linkers, then functionalizing the resulting diols with allyl bromide?%4. The
resulting monomers were polymerized via ADMET with a ruthenium catalyst, this time
resulting in higher molecular weight polymers (Figure 1.29). The increased polymeric
activity lead to higher molecular weight polymers featuring increased thermal stability and
tunable Ty by changing the length of the linker used in the synthesis of the diene. lemma et
al. took a more direct approach and copolymerized ferulic acid with methacrylic acid
(MAA)205, While the exact polymeric structure was unable to be elucidated they speculate
that both the “styrene-like” double bond and phenolic radical could be incorporated into
the resulting polymer. The copolymer had high antifungal and antioxidant properties,
suggesting possible use in biological applications.
1.4. Polymers from lignin-derived chemicals

As discussed in Section 1.2.4.3, the number of lignin-derived chemicals is actually
quite small with the relatively high cost of production in comparison to petroleum-derived
chemicals. While a host of aromatic chemical products were previously synthesized from
lignin, only vanillin is currently produced from lignin on a commercial scale. With this in
mind, only vanillin and vanillin-derivatives will be discussed as feedstocks for monomer
and polymer synthesis. Chemicals as scaffolds for monomer and polymer synthesis
discussed in this section will be vanillin, vanillic acid, and vanillic alcohol.
1.4.1 Vanillin

Vanillin is a phenolic aldehyde commonly used as a flavoring compound in food,

beverage and pharmaceutical products. While vanillin can be extracted from natural
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sources, synthetic vanillin from lignin or guaiacol is more commonly available. With its
functionalities and large-scale availability, vanillin is an ideal scaffold for monomer
synthesis. Amarasekara et al. prepared polyvanillin through the reductive coupling of
divanillin in an electrochemical cell?%. Divanillin is a vanillin dimer synthesized through
either metal-based or enzymatic methods. The resulting polyvanillin had poor solubility in
most organic solvents but high thermal stability at modest molecular weights (M,=11,784).
Chauhan synthesized a vanillin-based condensation terpolymer by polymerizing vanillin
oxime, 4-hydroxyacetophenone and formaldehyde?%’. Vanillin oxime was prepared by
reacting vanillin with hydroxylamine hydrochloride under basic conditions. The resulting
terpolymer had high thermal stability and antimicrobial activity. Holmberg et al.
synthesized a series of block copolymers via reversible addition-fragmentation chain
transfer (RAFT) with wvanillin methacrylate and laurel methacrylate?%8. Vanillin
methacrylate was synthesized by reacting vanillin with methacrylic anhydride. A
homopolymer of vanillin methacrylate was synthesized and used as a macro-chain transfer
agent in block copolymer synthesis with laurel methacrylate (Figure 1.30). Not only did
these block copolymers have excellent thermal properties (Tg above 100 °C and Tq greater
than 300 °C), they were also shown to self-assemble into nanospheres. Modifying the

comonomers and ratios used lead to block copolymers with different thermal properties
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Figure 1.30 Synthesis and RAFT polymerization of vanillin and fatty acid-based
copolymer. Reproduced with permission from ref. 208. Copyright 2014 American
Chemical Society.
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and morphologies. Stanzione and coworkers condensed vanillin methacrylate (synthesized
in the same method as above) with glycerol dimethyacrylate to form a vinyl ester resin299.
The resulting resin was a low viscosity resin at room temperature, requiring curing with
Trigonox 239 (a hydroperoxide) to form a hard, transparent polymer. The resin had a
broad Ty and high thermal stability, similar to that of commercial vinyl ester resins.
Renbutsu et al. utilized vanillin methacrylate derivatives, functionalized either with
glycidyl methacrylate or methacrylic acid, to modify chitosan by conjugating the chitosan
amine to the aldehyde of the functionalized vanillin?!0. The resulting material was
photocrosslinked using Irgacure 1000 as a photoinitiator, resulting in biocompatible,
natural hydrogels. Rao and Samui synthesized a series of vanillin-based polyester epoxides
that exhibited photoactive liquid crystalline behavior?11-212, Diols were synthesized by the
dimerization of vanillin with either acetone or cyclohexanone linkers. The diols were then
epoxidized by reacting with epichlorohydrin under basic conditions. The resulting epoxides
were copolymerized with either terephthalic or trimesic acid resulting in linear or
branched architecture, respectively (Figure 1.31)2!1. Sini and coworkers synthesized a
benzoxazine monomer from the condensation of vanillin and furfurylamine with
formaldehyde?13. The thermal initiated ring-opening of the benzoxazine monomer was
estimated to occur between 170 and 190 °C. The presence of the formyl group yielded
additional crosslinking at higher temperatures, leading to increased char yield, thermal
stability and Ts. Pemba et al. synthesized a series of cyclic and spriocyclic polyacetal ethers
from vanillin?4. The synthesis of these polymers is complicated, beginning with the
synthesis of a vanillin dimer linked with dibromoethane. This dimer was then condensed

with either pentaerythiritol or di(trimethylolpropane) to yield the corresponding

59



o

Borioacid 1~
HCl, 0°C
Y o v
HO on
X X

H
X=H,OCH,
Y=0CH,

X o

OH

n=0,1

[ ‘ Boric acid
L(vy HCI,0°C
n
Y. o Y
HOOH
X n X

o
o._<] a <8
TBAC, 110°C TBAC, 110 °C
Y, o Y Y, o Y
>0 Q AN O o~ >0 S ~ o<1
o o [} o
X X X n X
Oy, OH Oy, OH
o
\ EN
¢ oac r oo .
PN A
110°C, 24 h bl T 110°C, 24 h [ 1

O-Polymer

(
k OH ~Polymer
o

*__OH

\[ _Polymer

Polymer.,

o
( OH
oH
0-Polymer

O-Polymer

Figure 1.31 Synthesis of branched and hyperbranched vanillin and 4-hydroxy-3,5-
dimethoxybenzaldehyde epoxide dimers. Reproduced with permission from ref. 211.
Copyright 2008 John Wiley and Sons.

spriocyclic polyacetal ether or cyclic polyacetal ether, respectively. The resulting polymers
featured relatively high Tg, and are susceptible to acid-catalyzed acetal hydrolysis, making
them potentially useful replacements for commodity plastics. Mialon et al. synthesized a
biorenewable polyethylene terephthalate mimic from acetylated vanillin215. Vanillin was
acetylated with acetic anhydride to yield acetylferulic acid, which was then hydrogenated

to remove the styrenic double bond before condensation polymerization catalyzed by zinc
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Figure 1.32 Synthesis of vanillin-based PET mimic poly(dihydroferluic acid).
Reproduced with permission from ref. 215. Copyright 2010 Royal Society of Chemistry.

acetate to poly(dihydroferulic acid) (Figure 1.32). The resulting thermal properties (Tg
and Tn) of the polymeric material are close to that of polyethylene terephthalate making it
a potential biobased mimic of the well-known petroleum based chemical.
1.4.2 Vanillic Acid

Vanillic acid is formed through the oxidation of vanillin to the corresponding
carboxylic acid. This is easily achieved either in oxidative lignin processing (harsh reaction
conditions) or in a one-step reaction from vanillin. Mialon et al. synthesized several
hydroxyl-acid monomers from vanillic acid through functionalization with chloroalkanols
such as 2-chloroethanol or 3-chloropropan-1-ol (Figure 1.33)216. By decreasing the length

X H\ X X
Oxidation HO Cl o] Sb,y03 o
HO — > HO —————= Ho{ /.0 —— > H+O0 o) OH
Nal,NaOH OH  200-250 °C n X
% % %

HZO reflux, 24h

Figure 1.33 Synthesis of polyalkylene 4-hydroxybenzoates, polyalkylene vanillates, and
polyalkylene syringates from lignin-based aldehydes. Reproduced with permission from
ref. 216. Copyright 2011 John Wiley and Sons.

of the alkane spacer, they were able to obtain higher molecular weight polyesters with
higher T; and T but with slightly lowered thermal stability (Table 1.2). Despite this, all
polyesters generated exhibited relative thermal stability (in comparison to other materials)
and the simplistic monomer functionalization could allow for the rapid synthesis of a
diverse set of monomers and polymers with tunable properties. Based on similar structural

motifs between terephthalic acid and vanillic acid, Pang et al. created two analogous
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Table 1.2 Thermal and physical properties of polyalkylenes acid - with  chloroacetic

featuring different length spacers from lignin-based
aldehydes. Reproduced with permission from ref. 216.
Copyright 2011 John Wiley and Sons.

acid?l’, Both monomers

were copolymerized with

aliphatic diols of differing lengths ([CHz]x = 2,3,4, or 10) resulting in a series of
thermoplastic poly(ester-ether)s. The copolymers were amorphous, had a random
microstructure, and exhibited good thermal stability. The mechanical properties improved
with decreasing the length of the aliphatic diol, suggesting potential use as a commodity
material. Pang et al. synthesized two other monomers from the corresponding methyl
ester, methyl vanillate, using the same methods specified previously yielding either dimeric
or monomeric vanillic acid diesters?!8. These diester vanillic acid monomers were
copolymerized with a series of diol or ester-alcohol terminated aliphalic monomers
synthesized from 10-undecanoic acid and thiolene addition. The resulting copolyesters
were semicrystalline or amorphous (depending on the comonomers used), had moderate
molecular weights and good thermal stability (Table 1.3). The tensile properties of the
materials were shown to improve with the addition of vanillic acid into the copolymeric
structure.

Aouf and coworkers synthesized a series of vanillic acid based epoxide monomers in
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Table 1.3 Thermal and physical properties of polyesters synthesized from vanillic acid
and aliphatic diols of differing lengths. Reproduced with permission from ref. 218.
Copyright 2014 Royal Society of Chemistry.

two steps, beginning with the allylation of vanillic acid with allyl bromide and then
epoxidation of the allylated compound with m-chloroperoxybenzoic acid?1°. A dimeric
epoxide monomer was also synthesized via an additional synthetic step prior to the
allylation. Vanillic acid was dimerized with 1,5-dibromopentane to yield a diol that was
then functionalized with allyl bromide and epoxidized with m-chloroperoxybenzoic acid.
This method allowed for the development of a series of epoxide prepolymers from vanillic
acid without the use of epichlorohydrin or bisphenol A. Fache and coworkers took a more
comprehensive approach by synthesizing six different monomers from vanillic acid
(Figure 1.34)°’. They first synthesized two different monomers by functionalizing vanillic
acid with either epichlorohydrin to generate an epoxide monomer or with allyl bromide to

generate an allylated monomer. The allylated monomer was then functionalized with three
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Figure 1.34 Synthetic scheme for six different monomers from vanillic acid. Reproduced
with permission from ref. 97. Copyright 2014 Royal Society of Chemistry.

different aliphatic thiols via thiol-ene addition to generate a diol, diamine or dicarboxylic
acid monomer. The epoxide functionalities on the epoxide monomer were converted to
cyclic carbonates by CO: insertion (catalyzed by LiBr) into the oxirane rings. This
multifaceted approach led to the synthesis of a wide range of vanillic acid based monomers
in minimal synthetic steps making this an ideal method for the rapid development of novel
materials.
1.4.3 Vanillic Alcohol

Vanillic or vanillin alcohol is a disubstituted benzyl alcohol formed via reduction of
the aldehyde functionality in lignin to an alcohol. This product is easily obtained either in
reductive lignin processing or via a one-step chemical reduction and is commercially
available. Firdaus and Meier synthesized an allylated vanillic alcohol monomer through the
reaction of vanillic alcohol with 11-bromo-1-undecene?20. They then utilized this monomer
as a platform species for the creation of other monomers and polymers. Firdaus

synthesized two different diene monomers by transesterification to create either an allyl
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Figure 1.35 Synthesis of vanillic alcohol-based dienes via ADMET. Reproduced with
permission from ref. 220. Copyright 2013 Elsevier.

vanillic alcohol dimer with dimethyl adipate or a monomer with methyl 10-undecenoate
(Figure 1.35). These two monomers were then either polymerized in a controlled fashion
via ADMET with a ruthenium catalyst or via radical initiated thiol-ene polymerization with
dithiols. The thiol-ene polymerizations had relatively low conversion and low Ty and Tp.
While the ADMET polymerizations featured a higher degree of polymerization, the
resulting products were amorphous and had low T,. Fache et al. utilized the same synthetic
routes discussed in Section 1.4.2 to synthesize six unique monomers from vanillic alcohol?’.
This platform-based approach allowed for the synthesis of a series of vanillic alcohol-based
monomers without significant modifications to the synthetic pathway.
1.5 Lignin-based composites

Lignin has many properties ideal for use in polymers such as high thermal stability,
biodegradability, antioxidant and antimicrobial behavior, and relative abundance.
However, as an amorphous polymer with diverse properties and structures depending on

both the identity of the plant source and method of isolation, using unmodified lignin as a
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macromonomer for controlled polymer synthesis is difficult. With these difficulties in mind,
lignin has received the most attention as a component of lignin-based composites.
Composites are materials with two or more chemically and physically different phases that
are separated by an interface, meaning each component retains its own identity but the
resulting combined material has bulk properties that differ from the individual
components?21, Lignin features many desired properties, as mentioned above, rendering it
an increasingly common choice to reinforce composites. Several reviews or book
chapters?22-227 discussing the use of lignin in polymer composites or blends have been
recently published. Additionally, this introduction focuses only on the polymerization of
monolignols and lignin derivatives and thus composites and blends will not be discussed in
detail.
1.6 Perspective

The field of lignin-based polymeric materials and composites has seen great growth
in the past ten years, although the field still has room to grow. To develop bio-based
polymeric materials to replace those from petroleum-based sources will require significant
progress in several different areas. Methods to isolate more useful lignin-based chemical
products, such as benzene, toluene or xylenes, must be developed. In addition, methods to
chemically functionalize lignin to synthetically useful products without the use of
expensive reagents or complicated synthetic routes must be identified. While lignin model
compounds have been used to elucidate the potential reactivity of lignin, more structurally
relevant systems such as those prepared by Lancefield and Westwood?28 should be utilized
to study new depolymerization and upgrading techniques. By investigating the most

structurally relevant and well-defined materials, newly developed techniques are more
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likely applicable to naturally occurring lignin. Polymerization systems and reactions should
be designed to allow for “high-throughput type screening” to easily modify polymeric
materials towards commercially relevant targets. The combination of these developments
will allow not only for the synthesis of polymeric materials capable of competing with
commodity commercial polymeric materials but also allow for the development of more
sustainable synthetic practices.
1.7 Dissertation Overview

Towards the aforementioned goals, this dissertation is focused on the development
of a series of monolignol-based polymers and copolymers. While the specifics of each
system will be discussed in greater detail in the following chapters, in general, the systems
were designed to be easily modified and sourceable from lignin or other biomass
components. Chapter 2 focuses on the synthetic development, thermal properties, and
degradation (hydrolysis) of a series of monolignols-based poly(ester-amides) via
interfacial polymerization with a monolignol-based acid chloride dimer and aliphatic or
aromatic diamines. These polymers were found to have differing thermal and degradation
properties depending on the length (aliphatic) or structural (aromatic versus aliphatic)
characteristics of the diamine utilized. Chapter 3 focuses on the development of the
analogous monolignol-based poly(ether-amide) system. As seen previously, the identity of
the diamine linker played a role in the observed physical characteristics of the resulting
polymers. Finally, Chapter 4 will focus on the development of a series of copolymers from
monolignols and citraconic anhydride as biologically-derived analogues to petroleum-
based polystyrene-co-maleic anhydride and their use in polymer blends with commodity

polymers. The monomers were polymerized using either BF3Et;0, as an initiator for
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cationic polymerization, or AIBN, as an initiator for radical polymerization. The structure

and physical properties of the resulting oligomers were thoroughly studied. The oligomers

were then used in polymer blends with polystyrene and poly(lactic-acid). In summary, this

dissertation focused on the synthesis and study of several classes of polymeric materials

generated from monolignols with a focus on tunability and direct translation from lignin,

monolignols, or biomass as a chemical source to useful polymeric materials with varying

properties.
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Chapter 2: Biodegradable aromatic-aliphatic poly(ester-amides) from monolignol-
based ester dimers
2.1 Introduction

Due to declining petroleum reserves, the utilization of alternative and renewable
feedstocks for chemical and materials synthesis have recently garnered increased attention.
More specifically, researchers have identified the targeted upgrading of biomass to
commodity chemical or material products as a critical goal to offset an increasing
dependence on petroleum worldwidel. Because of its abundance and accessibility,
lignocellulosic biomass has been the key focus of environmentally-friendly alternatives to
petroleum feedstocks?.

Lignocellulosic biomass features three components: cellulose, hemicellulose, and
lignin. Lignin is an amorphous, aromatic polymer formed in the cell wall of plants via the
oxidative radical polymerization of p-hydroxycinnamyl alcohol monomers, known as
monolignols. Comprising 15-30% of biomass, lignin is the second most abundant natural
polymer. Unlike the other components of lignocellulosic biomass (cellulose or
hemicellulose), lignin has yet to find a commodity industrial application. Approximately 70
million tons of lignin is isolated from the pulp and paper industry annually, but less than 2%
is used as a high-value product. The rest is simply burned as a low-value fuel3. In addition to
its low cost and abundance, lignin also has other useful physical properties such as high
thermal stability, high carbon content, and structural rigidity*>¢. However along with its
strengths, lignin displays undesirable properties such as brittleness, incompatibility with
other polymers, and a highly-varying polymeric structure, making its incorporation into high

performance materials challenging. While lignin itself features an ill-defined polymeric
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structure, lignin monomers (monolignols) are well-defined, aromatic small molecules that
offer great potential as scaffolds for monomer and polymer synthesis?.

Aromatic units are typically introduced to polymers to improve the thermal and
mechanical properties of the resulting material, as seen in the difference in thermo-
mechanical properties of aliphatic and aromatic polyesters. Aliphatic polyesters are typically
amorphous, have a low softening point, and readily degrade in both acidic or basic
conditions®. Conversely, aromatic polyesters are known for their structural rigidity, thermal
stability, and lack of biodegradation, as exemplified by polyethylene terephlatate (PET)°.
Similar effects can also be seen in polyamides, where wholly aromatic polyamides, such as
Nomex and Kevlar, feature high strength and thermal stability in comparison to aliphatic
analogues, such as Nylon 6.

Poly(ester-amide)s (PEAs) are polymers which contain both an ester and amide
linkage in their backbone. These materials are interesting as they commonly exhibit a
mixture of properties of both polyesters and polyamides!®. Polyesters readily degrade
through hydrolysis of their ester linkage, generally feature better solubility in organic
solvents, and are typically more flexible. Polyamides are thermally and mechanically robust
due to hydrogen bonding between the amide linkages of individual polymer chains.
Polyamides are also generally considered non-degradable, due to the slow rate of amide
hydrolysis!l. With the combination of these properties, poly(ester-amide)s are typically
sought for applications that require good thermo-mechanical properties, as well as
biocompatibility and biodegradation, such as biomedical applications or high-performance
polymers with reduced environmental impact!?. Poly(ester-amide)s are typically

synthesized either by the polycondensation of bis-functionalized monomers!3 or by the ring-
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opening polymerization of depsipeptides!#15. While a multitude of PEAs from petroleum-
based feedstocks have been synthesized and characterized, there are few examples of
poly(ester-amide)s from alternative, bio-based feedstocks. Development of these materials
is a critical goal to mitigate petroleum dependence. Lebarbé et al. developed a series of
poly(ester-amide)s from caster oil, via the base-catalyzed condensation of C20 dimethyl
esters and diols (all from methyl 10-undecenoate)®. The resulting polymers featured high
thermal stability, with Tqs>330 °C, and semi-crystallinity. Zuo generated a series of poly
(ester-amide)s from alanine-functionalized oleic acid and azelaoyl dichloride!”. By altering
the ratios of the monomers, they were able to raise or lower the Ty of the materials by
increasing or decreasing, respectively, the percentage of amide bonds present. Triki and
coworkers described the synthesis of a series of PEAs from a bis-functional furan monomer,
hexamethylenediamine, and 1,2-ethanediol!8. The glass transition temperature of these
materials was similarly shown to increase with increasing amide content, but the synthesis
of these materials featured several side reactions. End-group etherification and the
formation of non-reactive end groups inhibited poly(ester-amide) formation while amide-
amine crosslinking lead to the formation of poorly-defined crosslinked materials. Pinilla et
al. reported the synthesis of poly(ester-amide)s from a linear carbohydrate derivative of D-
xylitol and commercial aromatic diacid halides!®. Wang et al. recently reported the synthesis
of a series of linear PEAs from bio-based chemicals that featured controllable degradation
based on monomer feedstock ratios?0. However, to the best of our knowledge, aromatic-
aliphatic poly(ester-amide)s from bio-based feedstocks have yet to be developed.

With this in mind, we synthesized a series of twenty-one poly(ester-amide)s from

monolignol-based ester dimers to study the effects of diamine linker identity and methoxy-
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substitution on the thermal properties and degradation of the resulting polymers. The
addition of methoxy side groups should increase the hydrophilicity and therefore the
increase degradation of the poly(ester-amide)s, while increased aromatic content or
aliphatic chain length should increase the hydrophobicity and reduce the extent of
hydrolysis. Five aliphatic and two aromatic diamine linkers were chosen for polymer
synthesis, as well as three monolignol-based carboxylic acid ester dimers. Ethylene diamine,
1,4-butanediol, hexamethylenediamine, 1,8-diaminooctane, and 1,10-diaminodecane were
chosen as aliphatic linkers due to their availability from biological feedstocks. The
production of ethylene diamine, 1,4-butanediol, and hexamethylenediamine has been
reported from C5 and C6 plant sugars?! while 1,8-diaminooctane?? and 1,10-
diaminodecane?3 have been produced from castor oil. While neither aromatic diamine used
is commercially available from biological sources yet, other small functionalized aromatics
such as catechol and styrene?! have been successfully sourced from lignin, providing
encouragement that these chemicals could eventually also be biologically sourced.
Additionally, these monomers were chosen so that a modular approach could be used to
generate a series of polymers with tunable properties. With these starting materials in hand,
a series of poly(ester-amide)s were synthesized via interfacial polymerization. The resulting
family of bio-based polymers was then studied for the effects of each structural variation on
thermal stability, glass transition temperature (Tg), melting temperature (Tm), and
decomposition in both neutral and acidic conditions.
2.2 Results and Discussion

Dimer synthesis. Petroleum-based polymers are the majority of commodity

polymeric materials currently on the market, despite the decline of petroleum reserves.
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While some bio-based polymers, such as polylactide (PLA), polyhydroxyalkanoates (PHA),
and thermoplastic starch, have been developed and are produced commercially?4, there are
only a few examples of well-defined, scalable, aromatic-aliphatic polymers from plant-based
sources?>-27, To add to this new class of aromatic-aliphatic materials, we sought to utilize
monolignols as a scaffold for polymer synthesis. In particular, we were interested in
developing a series of poly(ester-amide)s due to their thermo-mechanical stability and
degradability, which could increase their potential as a replacement for current commodity
materials. Three monolignol-based carboxylic acid ester dimers were generated in three
steps from the precursor aldehyde (Scheme 2.1). Two dimers, starting from either 4-
hydroxybenzaldehyde?® or vanillin?®, had been previously reported by Ouimet et al,
however we were unable to replicate the reported one-pot synthesis of 2a and 2b from
Meldrum’s acid in high yield. Instead, we isolated tert-butyl malonate, as reported by Smith
et al.30, prior to the Doebner-modified Knoevenagel condensation to form 2a, 2b, and 2c.
While this condensation reaction was generally low yielding, the increasing degrees of
methoxy-substitution increased the yield significantly. Additionally, previous reports

required significant excess of the malonate (as high as 2.5 equivalents) for the Knoevenagel

O
H_.O
HO
1.2eq 1 NaH, DMF, 30 min ( 2 \ﬂ/\/\)J\
R Ro Piperidine (cat.), Pyridine 2. Ad|poy| chloride,
o reflux, 12h 0 °C to RT, DMF, 4h
3. TFA, RT, 4h
1a: Ry=R,=-H 2a: Ry=Ry=-H 4a: Ry=R,=-H
1b: Ry=-H 32.1% yield 92.3% yield
R,=-OCH3 2b: Ry=-H 4b: Ry=-H

1c: Ry=R,=-OCHj3 R,=-OCHj3 R,=-OCHj3

65.3% yield 94.8% yield
2c¢: Ry=Ry=-OCHg 4c: Ry=Ry=-OCHjy

73.1% yield 93.1% yield

Scheme 2.1: Synthesis of monolignol-based carboxylic acid ester dimers from precursor
aldehydes in three steps via Knoevenagel condensation, dimerization with adipoyl
chloride, and deprotection with trifluroroacetic acid
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condensation, but we obtained similar yields when lowering the quantity of tert-butyl
malonate to 1.2 equivalents. After isolation of each cinnamaic tert-butyl ester monomer, the
sodium salt of each monomer was generated in situ and then dimerized via a salt metathesis
reaction with adipoyl chloride to afford protected dimers 3a, 3b, and 3c. The dimers were
then deprotected, in near quantitative yield, with trifluroroacetic acid (TFA) to yield the
dicarboxylic acid monomers 4a, 4b, and 4c. The reaction time for this deprotection had to
be closely monitored and optimized, as the ester dimer could also be cleaved under the
deprotection conditions.

Poly(ester-amide) synthesis. Inspired by work by Kwolek and Morgan31, we sought
to generate a series of aromatic-aliphatic poly(ester-amide)s from monolignol-based acid
chloride ester dimers via interfacial polymerization. Interfacial polymerization is a useful
polymerization technique as it is usually done under mild reaction conditions, only requires
short polymerization times, is less influenced by impurities, and does not require a strict
adherence to stoichiometry32. The largest limitation to this polymerization method is the
possibility of acid chloride hydrolysis, which will limit polymerization and decrease both the
molecular weight and yield of any polymer generated. However, due to the hydrophobicity
of our aromatic monolignol-based acid chloride ester dimer, we believed the hydrolysis side-
reaction would be minimal and not greatly affect the polymerization reaction. We first
attempted to draw a single fiber from the interface, similar to the Nylon Rope Trick31, but the
poly(ester-amide)s formed proved to be too brittle to permit this. Additionally, allowing the
poly(ester-amide) to form as a film at the interface led to low conversion and low molecular
weight polymers. During polymerization, the poly(ester-amide)s rapidly precipitated from

solution, limiting their ability to react and generate high molecular weight polymers33. To
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Scheme 2.2: Interfacial polymerization of poly(ester-amide)s via monolignol-based
diacid chloride monomers and seven different diamines

eliminate solubility and brittleness issues, the solution was rapidly stirred during the
interfacial polymerization reaction to maximize surface area and eliminate mechanical
dependence on polymer formation.

Interfacial polymerization was conducted with the desired aliphatic or aromatic
diamine and desired monolignol-based diacid chloride ester dimer (Scheme 2.2). The diacid
chloride dimer was generated in situ, via refluxing in thionyl chloride for six hours. After the
reaction time was complete, volatiles were removed under reduced pressure and the diacid
chloride ester dimer was used without further purification or characterization. The diacid
chloride ester dimer was dissolved in distilled methylene chloride and added to a rapidly
stirring, dilute sodium hydroxide solution containing the diamine. Poly(ester-amide)s were
isolated as pale yellow powders from the biphasic solution. The resulting polymers were
insoluble in standard organic solvents (i.e. acetone, diethyl ether, tetrahydrofuran) and only
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Table 2.1 Insolubility of
poly(ester-amide)s in DMF
after 24ha

Wt%

Polymer insoluble?
P1 62.3

= P2 32.0
< P3 38.5
E  p4 47.5
$ P5 52.5
= P6 23.3
P7 46.6

P8 49.7

P9 67.4

= P10 18.5
27 P11 74.3
< P12 57.3
P13 25.4
P14 26.7
P15 27.2
P16 64.8
“E P17 45.8
s P18 39.2
» P19 45.2
P20 76.3
P21 40.8

21.0 mL of 10 mM LiBr in DMF was
added to weighed polymer samples
(10 mg) and allowed to sit at room
temperature for 24 h. Solvent was
decanted and the residual solid was
dried in a vacuum oven overnight.
Solid was weighed to determine
wt% insoluble.

sparingly soluble in N,N-dimethylformamide (DMF), as seen
in Table 2.1. For P1, P5,P9,P11,P12,P16,and P20, more than
50% of the polymer sample was insoluble in DMF after 24
hours, with some polymers featuring insolubility as high as
76.3% (P20). The other polymers in the series were slightly
more soluble, mostly between 50 and 35% insoluble after 24
hours. This insolubility affected the ability to perform
standard solution phase characterization and limited
characterization to solid-phase techniques. Formation of
amide linkages was confirmed by IR spectroscopy, with the
shift of the carboxylic acid C=0 stretch to lower
wavenumbers (1665-1650 cm-1) with amide bond formation
and the appearance of N-H bending (1540-1550 cm1), as
seen in Figure 2.1 (and Figures S7 -S8). As expected, the C=0
(1765-1750 cm) and C-O stretches (1030-1025 cm! and
980-975 cm) from the dimer ester bonds remain largely

unchanged between the dimer starting material and final

polymeric product, confirming the dimer remains intact throughout the polymerization

procedure.

Molecular weight characterization. As mentioned previously, the series of

poly(ester-amide)s were insoluble in common organic solvents and only sparingly soluble

in DMF (Table 2.1), hindering the characterization of the resulting materials. While

poly(ester-amide)s are generally considered more soluble than polyamides, they are also
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known to be largely insoluble in
common organic solvents34,
depending on the polymeric
structure. Due to the amount of
polymeric material not soluble in
DMF, we speculate that the
poly(ester-amide)s produced
could be of even higher molecular
weight than those reported
below. In general, the poly(ester-
amide)s generated in this work
were of moderate molecular
weight (by GPC) and, as expected

due to the polymerization

C=0 Amide N-H
Ester C=0O Bending C-O Ester

A1 V8 NN N2 2y M

P10
P11

P12

P13

P14

Ferulyl
diacid
dimer

\\/\\_/‘./“/\/\/\/‘/\N\_,JJ\/\/WM

1900 1700 1500 1300 1100 900 700

Wavenumbers (cm™!)

Figure 2.1: Fingerprint region of IR spectra of ferulic-
acid based poly(ester-amide)s (P8-P14) in comparison
to ferulic-acid dimer

method, featured moderate dispersity. As seen in Table 2, the number-average molecular

weight (M,) and weight-average molecular weight (Mw) of each polymer in the series varies

greatly depending on the identity of both the monolignol-based ester dimer and the diamine

linker. While the majority of the polymers generated were of moderate molecular weight,

several polymers featured molecular weights lower than what would be typically expected

utilizing interfacial polymerization. With the lack of any methoxy-substituents, p-coumaryl

derivatives either precipitate more quickly from solution, generating polymers of lower

molecular weight, or the isolate polymers feature drastically reduced solubility in DMF. Both

scenarios would drastically lower the molecular weight observed by GPC. Polymers
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Table 2.2 Molecular weight characterization of poly(ester-amide)s by gel permeation

chromatography
Polymer Dimer Diamine Mp2 M2 bp
P1 p-Coumaryl Ethylene diamine 8,580 16,490 1.92
P2 1,4-diaminobutane 4,050 9,320 2.32
P3 Hexamethylenediamine 7,830 12,660 1.62
P4 1,8-diaminooctane 9,500 11,730 1.24
P5 1,10-diaminodecane 9,190 11,410 1.24
P6 m-phenylenediamine 18,770 54,540 2.90
P7 p-phenylenediamine 7,560 29,850 3.95
P8 Ferulyl Ethylene diamine 11,300 16,910 1.50
P9 1,4-diaminobutane 16,710 28,430 1.70
P10 Hexamethylenediamine 16,280 29,440 1.81
P11 1,8-diaminooctane 8,552 9,562 1.12
P12 1,10-diaminodecane 9,280 15,020 1.62
P13 m-phenylenediamine 13,720 58,230 4.24
P14 p-phenylenediamine 11,880 24,561 2.07
P15 Sinapyl Ethylene diamine 18,450 36,700 1.99
P16 1,4-diaminobutane 13,110 19,170 1.46
P17 Hexamethylenediamine 27,470 65,780 2.39
P18 1,8-diaminooctane 17,010 31,420 1.84
P19 1,10-diaminodecane 5,130 9,750 1.90
P20 m-phenylenediamine 8,170 25,460 3.12
P21 p-phenylenediamine 4,780 22,260 4.66

aDetermined by GPC, 10 mM LiBr in DMF, 40 °C, 1.0 mL/min; ®"P=M,,/ M,

synthesized from 1,8-diaminooctane or 1,10-diaminodecane, regardless of the identity of the
monolignol-based ester dimer, were typically of lower molecular weight, due to the reduced
solubility of long aliphatic diamines in the basic aqueous solution. Reducing the amount of

soluble diamine present in solution to react during polymerization likely reduced the

molecular weight of the polymer generated.

using thermogravimetic analysis (TGA). Samples were heated from 30 to 800 °C at 10 °C/min
under nitrogen (Figure S15-17). All polymers featured good thermal stability, with the onset

of decomposition (Tqs) typically between 220 and 260 °C (Table 2.3). The high degree of

Thermal properties. The thermal stability of the poly(ester-amide)s were examined

thermal stability makes these materials likely candidates for melt processing. Most
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Table 2.3 Thermal characterization of poly(ester-amide)s by DSC and TGA

Polymer  Tgy(°C)? Tm(°C)? Tgs(°C)be Ta10(°C)Pd  Tgzs(°C)be
P1 94.5 - 2554 297.8 3719
= P2 88.5 - 251.2 307.1 369.5
< P3 84.5 - 264.2 314.4 410.3
§ P4 90.3 - 2941 324.8 394.6
g P5 83.4 - 260.2 302.1 357.6
= P6 79.3 - 233.3 300.0 358.3
P7 914 - 252.5 321.6 364.5
P8 103.3 - 266.9 286.6 340.3
P9 92.3 - 255.8 287.9 343.9
= P10 91.7 - 249.5 298.3 353.8
Z P11 92.7 - 253.9 283.0 330.8
< P12 89.8 - 255.4 297.8 3719
P13 119.7 - 231.2 290.1 356.0
P14 125.9 - 240.1 2734 332.9
P15 95.9 - 235.6 272.9 322.7
P16 71.3 - 246.9 285.1 378.6
'_é P17 - 63.6 256.3 277.4 340.9
s P18 84.3 127.9 2521 291.8 376.9
w P19 - 141.9 2224 279.5 396.1
P20 91.3 - 221.8 254.6 385.8
P21 67.8 - 203.0 220.1 303.8

aDetermined by differential scanning calorimetry (DSC), scanned -10 to 200 °C at 10 °C/min; b Determined by
TGA, heated from 25 °C to 800 °C at 10 °C/min; < Tgs = temperature at 5% mass loss; 4Tq10 = temperature at 10%
mass loss; €Tq25 = temperature at 25% mass loss

commercial thermoplastics are processed between 100 and 250 °C, depending on their
melting temperature3s. While thermogravimetric analysis cannot identify the melting point
of each polymer, the overall thermal stability of these materials is a key aspect to consider
when selecting a processing method.

Amorphous aliphatic polymers typically exhibit lower glass transition temperatures
in comparison to aromatic amorphous polymers, due to high chain flexibility. Furthermore,
the addition of bulky side groups to both aliphatic and aromatic amorphous polymers
commonly increases the glass transition temperature, due to reduced chain flexiblity. As the

poly(ester-amide)s in this system feature both aromatic and aliphatic components as well as
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varying degrees of methoxy substitution, T; should increase with increasing aromatic
content and substitution due to reduced backbone flexibilty. While methoxy groups are
hardly considered bulky substituents, this addition could affect the observed thermal
properties of the poly(ester-amide)s. As shown in Table 3, the majority of this series of
polymers is amorphous in nature, exhibiting T; between 64.7 and 138.2 °C. Glass transition
temperature should also decrease as the length of the aliphatic chain increases, due to
increased flexability of the polymer backbone. While the majority of the polymers follow this
trend, there are several notable exceptions (Figure 2.2). Poly(ester-amide)s containing 1,8-
diaminooctane (P4, P11) exhibit increased glass transition temperatures. The eight carbon
aliphatic spacer offers flexibility and optimal spacing between the amide and ester linkages
to allow for increased intermolecular and intramolecular interactions between the chains. A
similar effect was seen by Wang et al. in their synthesis of aromatic-aliphatic poly(ester-
amide)s containing different length polyethylene glycol (PEG) spacers3¢. The polymers
showed increasing T, as the length of PEG spacer increased, due to decreased molecular
mobility with increased interactions. The addition of an aromatic linker, instead of an

aliphatic linker, had varied effects on the glass transition temperature. P6, P7, P20, and P21

105 feature glass transition temperatures
p-Coumaryl

100 . . .
o —o—Feruly! comperable to their aliphatic analgoues.
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Number of carbons in aliphaticlinker

. . can be facilitated by n-n interactions. With
Figure 2.2: Glass transition temperature as a

function of aliphatic linker length these poly(ester-amide)s, the increased
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aromatic content provides structural rigidity, but does not have strong n-n interactions,
limiting the formation of strong hydrogen bonding interactions. This can be seen even more
directly in the effect of aromatic substitution on glass transition temperature. For example,
P6, which is synthesized with m-phenylenediamine, has a T; 12.1 °C lower than P7, which is
synthesized with p-phenylenediamine. The meta-substitution prevents the formation of
additional n-n interactions and thus interchain interactions, lowering the observed glass
transition temperature.

While the degree of methoxy-substitution has little effect on the glass transition
temperature, it affects the crystallinity of several poly(ester-amide)s. P17 and P19 exhibit
only a single melting temperature (Tm) and no observable glass transition temperature,
while P18 exhibits both a Ty and a Tg. The dimethoxy-substitution of the sinapyl-acid based
ester dimer in addition to the increased length of the aliphatic linkers allowed for the
formation of a crystalline phase upon cooling from the first heating cycle in DSC. While the
insolubility of the poly(ester-amide)s would render solution-phase processing difficult, the
observed melting temperatures and high thermal stability should allow for heat processing
with minimal decomposition. While only P17, P18, and P19 have clearly defined melting
temperatures, the other polymers in this series could be expected to have a similar melting
points for melt processing. The glass transition temperatures for the majority of the
polymers are similar to commodity aromatic polymers, such as polyethylene terephthalate
(Tg=70 °C)37 or polystyrene (Tg=100 °C)38, rendering these materials potentially suitable
replacements for commodity materials.

Degradation of poly(ester-amide)s. While aliphatic poly(ester-amide)s are
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typically capable of degradation under a variety of enzymatic and non-enzymatic conditions,
wholly aromatic poly(ester-amide)s are generally considered less degradable than aliphatic
analogues3?. Due to the aromatic-aliphatic structure of our system, we were interesting in
studying the degradation of our polymers in both neutral and acidic conditions. Additionally,
varying the degree of methoxy substituents should affect the hydrophilicity and therefore
the hydrolysis of each respective polymer. Due to the large number of polymers in this study,
P15 to P21 (sinapyl acid-based) were compared to determine the role of diamine linker
identity in degradation, while P1, P8, and P15 were compared to determine the role of degree
of methoxy-substitution in degradation. As mentioned previously, all polymer samples
feature moderate dispersity due to the non-controlled, bulk polymerization method utilized
and therefore contain both higher and lower molecular weight fractions. Polymer samples
were stirred in either pH 5.00 sodium acetate buffer or pH 7.04 water for 30 days, at a
concentration of 10 mg/mL. 0.1 mL aliquots of each suspension were taken on day 7, 14, and
30, diluted to a concentration of 1 mg/mL with DMF before analysis by GPC. Due to the low
signal intensity in each aliquot, traces were smoothed and normalized for comparison to
non-decomposed polymers. As seen in Figure 2.3 (and Figures S18 to S27), all samples did
undergo decomposition at both pH 5 and 7, however some large molecular weight fractions
remained even after 30 days and increased degradation was observed in the pH 7 solution.
Increasing the length of aliphatic linker decreased the amount of degradation in both
solutions. This can be seen in the comparison of P15 (Figure 2.3a and 2.3b), synthesized with
ethylene diamine, to P17 (Figure 2.3c and 2.3d), synthesized with hexamethylenediamine.

The increased length of the aliphatic linker increases the hydrophobicity of the polymer, thus
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Figure2.3: Stacked GPC traces of poly(ester-amide) degradation a) P15 pH 5
solution; b) P15 pH 7 solution; c) P17 pH 5 solution; d) P17 pH 7 solution; e) P21
pH 5 solution; f) P21 pH 7 solution; g) P8 pH 5 solution; h) P8 pH 7 solution
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reducing its ability to undergo hydrolysis. The use of an aromatic diamine linker also shows
increased resistance to hydrolysis for higher molecular weight fractions. As seen in Figure
2.3e, the amount of lower molecular weight polymer in solution decreases relative to the
higher molecular weight polymer, suggesting that the lower molecular weight fractions are
more soluble and thus more readily undergo hydrolysis while the larger molecular weight
polymers remain intact.

The degree of methoxy substitution affects solubility and thus the degree of
hydrolysis. The ferulic acid (P8; Figure 2.3g and 2.3h) and p-coumaryl analogues (P1; Figure
S26 and S27) featured minimal hydrolysis, in comparison to sinapyl-based polymers, even
after 30 days in both acidic and neutral solutions. Overall, the degradation of the poly(ester-
amide)s was moderate, suggesting that these materials would be appropriate for single use
applications requiring good thermal properties and biodegradation. Other bio-based
materials, such as poly(lactic acid), undergo hydrolysis too rapidly for widespread
commercial use, which would not be a limitation of this system. If an increased rate of
hydrolysis was desired, the aliphatic ester linkage could be replaced with an ethylene glycol
linker to increase hydrophilicity and the rate of degradation, as seen in work by Ouimet et
al.40
2.3 Conclusions

In this work, we have described the synthesis and characterization of a series of
aromatic-aliphatic poly(ester-amide)s from monolignol-based ester dimers. The interfacial
condensation polymerization of diamines and monolignol-based carboxylic acid ester
dimers yielded a series of twenty-one polymers with varying molecular weights and

dispersity. By selecting this method of polymerization and readily interchangeable
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structural components, we were able to rapidly generate a full series of polymers with
tunable properties in a high-throughput manner. Further tuning of this system could yield
additional materials with different properties. Moreover, this system is unique as it contains
two unreacted double bonds per monolignol-based dimer, allowing it to be further modified,
such as the addition of hydrophilic or hydrophobic groups, used as a backbone for graft-co-
polymers, or cross-linked into a polymer network. Further research in our group will focus
on the development of new applications and functionalization of this poly(ester-amide)
system.

2.4 Experimental Section

Materials. 4-hydroxybenzaldehyde (98%, TCI America), vanillin (99%, Alfa Aesar), 3,5-
dimethoxy-4-hydroxybenzaldehyde (98%, Acros), malonic acid (99%, Alfa Aesar), tert-
butanol (99%, Alfa Aesar), acetic anhydride (99.5%, Fisher), acetone (ACS Grade, Fisher),
sulfuric acid (conc., ACS Grade, Fisher), adiopyl chloride (99%, Acros), piperidine (99%,
Spectrum), trifluoroacetic acid (99.5%, Fisher) 1,4-diaminobutane (98+%, Alfa Aesar), 1,8-
diaminooctane (98%, Acros), 1,10-diaminodecane (97%, Acros), p-phenylenediamine
(99+%, Acros), m-phenylenediamine (99+%, Acros), sodium hydroxide (ACS Grade, Fisher),
and N,N-dimethylformamide (HPLC grade, Alfa Aesar) were purchased and used as received.
Pyridine (99%, Fisher) was distilled over KOH prior to use. Dichloromethane (ACS Grade,
Fisher) was distilled over calcium hydride prior to use. Hexamethylene diamine (99.5%,
Acros) was sublimed under reduced pressure prior to use. Ethylenediamine (98%, Acros)
was distilled prior to use to remove discoloration. Meldrum’s acid*! and tert-butyl
malonate3? were synthesized according to published procedures. Silica gel 60 (230-400

mesh, Fisher) was used for column chromatography. Thin layer chromatography (TLC) was
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conducted with silica gel 60-F245 plates and visualized with a handheld UV lamp. NMR
solvents de-DMSO, CDCl3, and C¢Ds were obtained from Cambridge Isotope Laboratories and
used as received.

1H, 13C, and FTIR Spectroscopy. 'H NMR spectra were recorded on Bruker AV-300 or
Bruker DRX-500 spectrometers at room temperature in de-DMSO, CDCl3, or C¢Ds. Chemical
shifts are reported with respect to internal solvent, 2.50 ppm (ds-DMSO0), 7.26 (CDCI3) or
7.16 (C¢Des) for TH NMR spectra. 13C NMR spectra were recorded on a Bruker AV-500
spectrometer with a dual cryoprobe (13C, 1H). Chemical shifts are reported with respect to
internal solvent, 39.52 ppm (ds-DMSO), 77.16 ppm (CDCl3z), or 128.06 (CsD¢) for 13C NMR
spectra. Infrared absorption spectra were collected using a Jasco 4210-FT/IR spectrometer
from 4000 to 400 cm ! from KBr pellets. All samples were dried at 100 'C in a vacuum oven
overnight (at least 12 h) prior to characterization.

Molecular Weight Characterization. Molecular weight (M, and My) and dispersity
(D=Mw/M,) were determined using gel permeation chromatography (GPC). Samples were
dissolved in 10 mM LiBr in N,N-dimethylformamide (DMF) at a concentration of 2-5 mg/mL
and were passed through a 0.20 pm PTFE filter before injection. GPC for all polymers was
conducted on a Jasco system equipped with a refractive index detector, a UV detector, a
Waters Styragel guard column, and four Waters HR Styragel 5 pm columns (100-5K, 500-
30K, 50-100K, 5-600 K) using 10 mM LiBr in N,N-dimethylformamide (DMF) at 40 'C and a
flow rate of 1.0 mL/min. Calibration was performed using nine near-monodisperse
polystyrene standards (Mn=1,250 to 549,000 Da) from Jordi Laboratories and
chromatograms were analyzed using ChromNAV chromatography software. For the

degradation studies, due to the low sample concentration in each aliquot, raw GPC traces
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were smoothed using a median filter (n=15) and normalized in Microsoft Excel.

Thermal Characterization. All samples were dried at 100 C in a vacuum oven overnight
(at least 12 h) prior to all thermal characterization. Thermogravimetric analysis (TGA) was
conducted on a Perkin Elmer Pyris Diamond TG/DTA Thermogravimetric/Differential
Thermal Analyzer. The TGA instrument was operated under an argon atmosphere, using
platinum crucibles. Samples (6-12 mg) were heated from 25 to 800 C at a rate of 10 'C/min
and held at 800 C for five minutes. Pyris Manager was used to analyze the data.
Decomposition temperatures Tqgs, Ta10, and Tazs were measured at 5, 10, and 25% mass loss,
respectively. Differential scanning calorimetry (DSC) was performed on a Perkin Elmer DSC
8000 to determine glass transition (Tg) and melting (Tm) temperatures, as applicable.
Samples (5-8 mg) were heated from -10 to 200 'C at a rate of 10 'C/minand cooled to -10 'C
at a rate of 10 'C/min. A minimum of two heating and cooling cycles were performed and T
and Tm were measured from the second heating cycle. Pyris Manager was used to analyze
the data.

Tert-butyl ester monomer synthesis. p-Coumaroyl tert-butyl ester (2a). 4-
hydroxybenzaldehyde (6.99 g, 57.3 mmol, 1 eq) was weighed and added to a round bottom
flask along with tert-butyl malonate (11.01 g, 68.7 mmol, 1.2 eq). 30.0 mL of pyridine and 0.3
mL of piperidine were added to the reaction mixture and the reaction was heated to reflux
overnight. After refluxing, the reaction was cooled to room temperature and concentrated
under reduced pressure. The resulting residue was dissolved in diethyl ether (70 mL) and
washed with saturated sodium bicarbonate (2x70 mL), 1 M HCl (2x40 mL), and deionized

water (1x40 mL). The organic layer was dried over MgS04 and solvent was removed via
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rotary evaporation to yield the crude product. The compound was purified on silica gel via
flash column chromatography using 3:2 hexanes:ethyl acetate as the elutant. Yield: 4.04 g,
32.1% 'H NMR (300 MHz, de-DMSO0): 6H 7.67 (d, 2H, Ar-H), 7.62 (d, 1H, CCH=CHCOO(CH3)3),
7.20 (d, 2H, Ar-H), 6.54 (d, 1H, CCH=CHCOO(CH3)3), 1.48 (s, 9H, COO(CHs3)3).

Feruloyl tert-butyl ester (2b). Yield: 6.49 g, 65.3% 'H NMR (300 MHz, de-DMSO): 6H 7.48 (d,
1H, CCH=CHCOO(CH3)3), 7.27 (s, 1H, Ar-H), 7.08 (d, 1H, Ar-H), 6.80 (d, 1H, Ar-H), 6.37 (d, 1H,
CCH=CHCOO(CH3)3), 3.81 (s, 3H, Ar-OCH3), 1.47 (s, 9H, COO(CH3)3).

Sinapoyl tert-butyl ester (2c). 3,5-dimethoxy-4-hydroxybenzaldehyde (3.17 g, 17.4 mmol, 1
eq) was weighed and added to a round bottom flask along with tert-butyl malonate (3.90 g,
24.4 mmol, 1.2 eq). 20.0 mL of pyridine and 0.2 mL of piperidine were added to the reaction
mixture and the reaction was heated to reflux overnight. After refluxing, the reaction was
cooled to room temperature and concentrated under reduced pressure. The resulting
residue was dissolved in diethyl ether (50 mL) and washed with saturated sodium
bicarbonate (2x50 mL), 1 M HCI (2x30 mL), and deionized water (1x30 mL). The organic
layer was dried over MgSO4 and solvent was removed via rotary evaporator to yield the
product as a white solid. The compound was purified on silica gel via flash column
chromatography using 3:2 hexanes:ethyl acetate as the elutant. Yield: 3.57 g, 73.1% 'H NMR
(300 MHz, ds-DMSO): 6H 8.89 (s, 1H, Ar-OH), 7.47 (d, 1H, CCH=CHCOO(CH3)3), 6.98 (s, 2H,
Ar-H), 6.44 (d, 1H, CCH=CHCOOtBu), 3.79 (s, 6H, Ar-OCH3), 1.48 (s, 9H, COOC(CHz3)3). 13C
NMR (500 MHz, ds-DMSO): 6C 166.46 (CCH=CHCOO(CH3)3), 148.46 (C-OCH3), 144.87
(CCH=CHCOO(CH3)3), 138,50  (C-OH), 12497  (CCH=CHCOO(CHs)3), 117.26

(CCH=CHCOO(CHs)3), 106.49 (Ar C-H), 79.90 (C(CH3)3), 56.53 (0CH3), 28.39 (C(CHz)s).
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Tert-butyl ester dimer synthesis. p-Coumaroyl tert-butyl ester dimer (3a)?8 and feruloyl
tert-butyl ester dimer (3b)?2° were synthesized as reported previously by Ouimet et al.
p-Coumaroyl tert-butyl ester dimer (3a). Yield: 2.33 g, 70.1% 'H NMR (300 MHz, d¢-DMSO):
0H 7.65 (d, 2H, Ar-H), 7.61 (d, 1H, CCH=CHCOOH), 7.21 (d, 2H, Ar-H), 6.56 (d, 1H,
CCH=CHCOOH), 2.69 (brs, 2H, -OCH:CHz), 1.77 (br's, 2H, -OCH2CHz2), 1.49 (s, 9H,COO(CH3)3).
Feruloyl tert-butyl ester dimer (3b) Yield: 2.61 g, 74.4% H NMR (300 MHz, ds-DMSO): 6H
7.50 (d, 1H, CCH=CHCOO(CHs)3), 7.31 (s, 1H, Ar-H), 7.20 (d, 1H, Ar-H), 6.99 (d, 1H, Ar-H ),
6.46 (d, 1H, CCH=CHCOO(CH3)3), 3.80 (s, 3H, Ar-OCHs), 2.81 (br s, 2H, -OCH2CHz) 1.79 (brs,
2H, -OCH2CH>), 1.48 (s, 9H,CO0(CH3)3)

Sinapoyl tert-butyl ester dimer (3c). Sinapoyl tert-butyl ester (4.99 g, 17.8 mmol, 2 eq) was
weighed and added to a two-necked round bottom flask along with 30 mL of N,N-
dimethylformamide (DMF). The reaction mixture was cooled to 0 C and sodium hydride
(0.64 g, 26.7 mmol, 3 eq) was added portionwise. After 30 minutes, a solution of adipoyl
chloride (1.3 mL, 8.9 mmol) in 5 mL DMF was added dropwise over 30 minutes via an
addition funnel. The reaction was allowed to slowly warm to room temperature and stir for
5 hours. After 5 hours, the reaction was diluted with ethyl acetate (70 mL) and washed with
deionized water (2x70 mL). The organic layer was separated, dried over MgSQOg4, and volatiles
were removed via rotary evaporator to yield the crude product as a white solid. The product
was purified on silica gel via flash column chromatography using 3:2 hexanes:ethyl acetate
as the elutant. Yield: 1.89 g, 31.7%H NMR (300 MHz, C¢Ds¢): 6 7.84 (d, 1H, CCH=CHCOO(CH3)3
), 6.52 (d+s, 3H, Ar-H + CCH=CHCOO(CH3)3), 3.23 (s, 6H, Ar-OCH3), 2.44 (br s, 2H, OCH2CH>),

1.73 (br's, 2H, OCH2CH5), 1.52 (s, 9H, C(CH5)3).
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13C NMR (500 MHz, C¢Ds): 6 170.49 (COOCCH2CH2), 166.04 (CCH=CHCOO(CH3)3), 153.19
(COCHs3), 143.96 (CCH=CHCOO(CH3)3), 132.99 (CCH=CHCOO(CH3)3), 131.29 (COOCCH2CH),
120.69 (CCH=CHCOO(CHz)3), 104.74 (Ar), 80.16 (C€(CHz)3), 55.58 (COCHs), 33.73
(COOCCH2CH), 28.29 (C(CH3)3), 24.59 (COOCCH2CH).

Diacid ester dimer synthesis. p-Coumaryl diacid dimer (4a)?8 and ferulyl diacid dimer
(4b)?° were synthesized as reported previously by Ouimet et al.

p-Coumaryl diacid dimer (4a) Yield: 1.08 g, 92.3% 'H NMR (300 MHz, ds-DMSO): 7.67 (d, 2H,
Ar-H), 7.62 (d, 1H, CCH=CHCOOH), 7.20 (d, 2H, Ar-H), 6.54 (d, 1H, CCH=CHCOOH), 2.67 (br
s, 2H, -OCH:CHz), 1.75 (br s, 2H, -OCH:CHz).

Ferulyl diacid dimer (4b) Yield: 1.12 g, 94.8% 'H NMR (300 MHz, ds-DMSO): 7.51 (d, 1H,
CCH=CHCOO(CHz3)3), 7.29 (s, 1H, Ar-H), 7.20 (d, 1H, Ar-H), 6.98 (d, 1H, Ar-H ), 6.46 (d, 1H,
CCH=CHCOO(CH3)3), 3.82 (s, 3H, Ar-OCH3), 2.82 (br s, 2H, -OCH.CH:) 1.78 (br s, 2H, -
OCH:2CH?)

Sinapyl diacid dimer (4c). Sinapoyl tert-butyl ester dimer (1.69 g, 2.5 mmol, 1 eq) was
weighed and added to a round bottom flask along with trifluoroacetic acid (7.7 mL, 100.6
mmol, 40 eq). Reaction was stirred at room temperature for 4 hours. Volatiles were removed
via rotary evaporation to yield the product as a white solid. Yield: 1.31 g, 93.1%'H NMR (300
MHz, de-DMSO0): 6 7.59 (d, 1H, CCH=CHCOOH), 7.09 (s, 2H, Ar-H), 6.64 (d, 1H, CCH=CHCOOH),
3.79 (s, 6H, COCHs3), 2.62 (br s, 2H, OCH2CH3), 1.77 (br s, 2H, OCH2CH?) 3C NMR (500 MHz,
de-DMSO): & 170.54(COOCH:CH2), 167.63 (CCH=CHCOOH), 151.98 (COCH3), 143.82
(CCH=CHCOOH), 132.63 (CCH=CHCOOH), 129.43 (COOCCH2CH2), 119.71 (CCH=CHCOOH),

105.18 (Ar), 56.14 (COCH3), 32.74 (COOCCH2CHz), 23.83 (COOCCH,CHz).
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Poly(ester-amide) synthesis. General polymerization procedure. The desired diacid dimer
(1 eq) was weighed and added to a round bottom flask. Thionyl chloride (20 eq) was added
to the flask along with a drop of DMF, and the reaction was heated to reflux for 6 hours.
Volatiles were removed under vacuum to yield the diacid chloride dimer. The desired
diamine (3 eq) was weighed and added to a 100 mL beaker along with 15 mL of 0.5 M NaOH
and a stir bar. The isolated diacid chloride dimer was dissolved in 15 mL of distilled
dichloromethane and added quickly to the rapidly stirring diamine solution. A solid
precipitate formed immediately and the resulting slurry was allowed to stir for two minutes.
The slurry was transferred to an Eppendorf tube and centrifuged at 4.4x103 rpm for 20
minutes. The biphasic solution was decanted from the Eppendorf tube and the residual solid
was washed with water (2x15 mL). After each washing, the slurry (water & polymer) was
centrifuged at 4.4x103 rpm for 10 minutes. The resulting solid was dried under reduced
pressure to yield the corresponding polymer as a pale yellow solid. The resulting polymers
were insoluble to common solvents and sparingly soluble in DMF. Characterization data for

each poly(ester-amide) can be found in Appendix A.
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2.5 Appendix A

Figure S1: 1H spectrum of 2¢
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Figure S2: 13C spectrum of 2¢
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Figure S3:1H spectrum of 3¢
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Figure S4: 13C spectrum of 3¢
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Figure S5: 1H spectrum of 4c
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Figure S6:13C spectrum of 4c
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Polymer Characterization

p-Coumaryl diacid + ethylenediamine (P1). Yield 0.4002 g, 70.3%
p-Coumaryl diacid + 1,4-diaminobutane (P2). Yield 0.4773 g, 94.1%
p-Coumaryl diacid + 1,6-diaminohexane (P3). Yield 0.3493 g, 62.7%
p-Coumaryl diacid + 1,8-diaminooctane (P4). Yield 0.4023 g, 64.4%
p-Coumaryl diacid + 1,10-diaminodecane (P5). Yield 0.4614 g, 62.1%
p-Coumaryl diacid + m-phenylenediamine (P6). Yield 0.4384 g, 89.4%
p-Coumaryl diacid + p-phenylenediamine (P7). Yield 0.4564 g, 89.0%
Ferulic diacid + ethylenediamine (P8). Yield 0.4056 g, 83.6%

Ferulic diacid + 1,4-diaminobutane (P9). Yield 0.4298 g, 93.5%
Ferulic diacid + 1,6-diaminohexane (P10). Yield 0.3942 g, 87.1%
Ferulic diacid + 1,8-diaminooctane (P11). Yield 0.1054 g, 19.5%
Ferulic diacid + 1,10-diaminodecane (P12). Yield 0.2439 g, 55.8%
Ferulic diacid + m-phenylenediamine (P13). Yield 0.1056 g, 83.2%
Ferulic diacid + p-phenylenediamine (P14). Yield 0.4092 g, 59.7%
Sinapyl diacid + ethylenediamine (P15). Yield 0.3115 g, 67.0%
Sinapyl diacid + 1,4-diaminobutane (P16). Yield 0.3168 g, 66.9%
Sinapyl diacid + 1,6-diaminohexane (P17). Yield 0.4091 g, 56.1%
Sinapyl diacid + 1,8-diaminooctane (P18). Yield 0.5345 g, 85.0%
Sinapyl diacid + 1,10-diaminodecane (P19). Yield 0.1078 g, 98.8%
Sinapyl diacid + m-phenylenediamine (P20). Yield 0.4377 g, 70.9%

Sinapyl diacid + p-phenylenediamine (P21). Yield 0.5810 g, 83.9%
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Infrared (IR) spectroscopy
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Figure S7: IR fingerprint region of p-Coumaryl-based poly(ester-amide)s (P1-P7)
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Figure S8: IR fingerprint region of Sinapyl-based poly(ester-amide)s (P15-P21)
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Gel Permeation Chromatography (GPC)
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Differential Scanning Calorimetry (DSC)
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Figure S12: Stacked DSC traces of p-Coumaryl-based poly(ester-amide)s (P1-P7)
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Figure S13: Stacked DSC traces of Ferulyl-based poly(ester-amide)s (P8-P14)
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Figure S14: Stacked DSC traces of Sinapyl-based poly(ester-amide)s (P15-P21)
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Thermogravimetric Analysis (TGA)

Figure S15: Stacked TGA traces of p-Coumaryl-based poly(ester-amide)s (P1-P7)
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Figure S16: Stacked TGA traces of Ferulyl-based poly(ester-amide)s (P8-P14)
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Figure S17: Stacked TGA traces of Sinapyl-based poly(ester-amide)s (P15-P21)
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Decomposition Studies

Method

Polymer samples (10-20 mg) were weighed and added to 20 mL scintillation vials (two
vials were prepared for each polymer sample). An aliquot of either pH 5.00 sodium acetate
(0.5 M) buffer or pH 7.04 DI water was added to each vial (one solution of each for each
polymer) to reach a concentration of 10 mg/mL. A small stir bar was added to each vial, the
vials were capped, and the resulting suspensions were allowed to stir for 30 days. 0.1 mL
aliquots of solution were taken on Day 7, 14, and 30 and stored in a -80 °C freezer until
analysis via gel permeation chromatography (GPC). Samples were diluted to a final volume
of 1.0 mL with 10 mM LiBr in N,N-dimethylformamide (DMF) and were passed through a
0.20 um PTFE filter before injection. GPC for all polymers was conducted on a Jasco system
equipped with a refractive index detector, a UV detector, a Waters Styragel guard column,
and four Waters HR Styragel 5 pm columns (100-5K, 500-30K, 50-100K, 5-600 K) using 10
mM LiBr in N,N-dimethylformamide (DMF) at 40 °C and a flow rate of 1.0 mL min-.
Calibration was performed using nine near-monodisperse polystyrene standards
(Mn=1,250 to 549,000 Da )from Jordi Laboratories and chromatograms were analyzed
using ChromNAV chromatography software. Due to the low sample concentration in each
aliquot, raw GPC traces were smoothed using a median filter (n=15) and normalized in

Microsoft Excel to minimize noise due to the absorptivity of DMF.
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Figure S18: Stacked GPC traces of decomposition of P16 in pH 5.00 sodium acetate buffer
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Figure S19: Stacked GPC traces of decomposition of P16 in pH 7.04 water
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Figure S20: Stacked GPC traces of decomposition of P18 in pH 5.00 sodium acetate buffer
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Figure S21: Stacked GPC traces of decomposition of P18 in pH 7.04 water
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Figure S22: Stacked GPC traces of decomposition of P19 in pH 5.00 sodium acetate buffer
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Figure S23: Stacked GPC traces of decomposition of P19 in pH 7.04 water
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Figure S24: Stacked GPC traces of decomposition of P20 in pH 5.00 sodium acetate buffer
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Figure S25: Stacked GPC traces of decomposition of P20 in pH 7.04 water
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Chapter 3: Aromatic-aliphatic poly(ether-amides) from monolignol-based ether
dimers
3.1 Introduction

The synthesis of bio-based polymers centers on the direct production of bio-polymers
or bio-monomers from biological sources!. The demand for bio-based polymers has surged
recently, due to declining petroleum reserves and an increased public awareness of the
environmental issues surrounding the accumulation of petroleum-based plastic wasteZ.
Commercial products produced from bio-based polymers are available, but generally feature
weak thermo-mechanical properties in comparison to other commodity materials. Some bio-
based materials exhibiting useful properties, similar to those of petroleum-based materials,
have been produced but analogues of specialty polymers have yet to be developed.
Specifically, few bio-based equivalents to commodity, aromatic polymers3# have been
produced, in stark contrast to the vast number of bio-based aliphatic polymeric materials
available>-7. The difficulty in the production of these bio-based materials results from a lack
of sources for biologically-derived aromatic monomers.

Lignin is the only naturally-occurring, aromatic polymer and is one of three
components of lignocellulosic biomass. Unlike cellulose and hemicellulose, lignin is regularly
isolated and discarded as a byproduct of several industrial processes. Polymerized in plant
cell walls by the oxidative radical polymerization of p-hydroxycinnamyl alcohol monomers,
lignin contains both ether and carbon-carbon linkages. Due to the uncontrolled
polymerization method and functional groups present that are capable of chain transfer, the
resulting polymeric structure is poorly defined and highly varying. In turn, the unpredictable

polymeric structure makes utilizing lignin in polymers or composites difficult. However, as
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an aromatic polymer, lignin features commercially relevant properties, such as high strength
and thermal stability8-10. While lignin itself is poorly defined, its monomers (monolignols)
are well-defined, aromatic small molecules, making them ideal starting materials for
polymer synthesis, without the difficulties associated with using lignin.

Modified monolignol-precursors have been used to synthesize polyesters311.12
poly(ester-urethane)s!314, and poly(anhydride-ester)s.1>-17  Before incorporation,
monolignols are commonly reduced to remove the unsaturation in their aliphatic side chain.
A notable exception by Nguyen et al. features the comparison between polyesters with either
modified or unmodified monolignols (Scheme 3.1)18. Copolymers from both monolignol

O . . .
0 Ho (/\2] o y variations were also synthesized.
/ 0 OH
HOO_/_«()H HOA!

n Retention of the double bond

increased the glass transition

o@ﬂ OH i
Ho ! temperature (Tg) of the resulting

Q 1mol% Sb,0, Mmaterials. Tg of polymers
/ 150-250 °C

1 mol% Sb203
150-250 °C

containing unsaturated

o)
m
O
o, : m monomers was higher due to the

Scheme 3.1: Synthesis and characterization of limited rotational freedom about
polyesters containing modified and unmodified
monolignols by Nguyen et al.15 the sp? carbon-carbon bonds.

Additionally, when unmodified monolignols were incorporated into copolymers in desired
ratios, the Tg could be tuned to match that of commodity materials.

Our group recently reported the synthesis and characterization of a series of
monolignol-based poly(ester-amide)s as bio-based, biodegradable analogues to commodity

aramids (Figure 3.1). The aromatic-aliphatic poly(ester-amide)s were insoluble in common
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organic solvents, had moderate thermal

stability, and were generally amorphous.

o R o
H
OMOW‘N
(0]
R2

n Only three polymers in the series were

Figure 3.1: Previously synthesized and crystalline, —showing single  melting
characterized monolignol-based poly(ester-

amide)s temperatures on the second heating cycle in

differential scanning calorimetry (DSC). The melting temperature of these polymers was
between 70 and 140 °C, which is within temperatures typically used for thermal processing.
When considered in addition to the thermal stability of these polymers, poly(ester-amide)s
synthesized in that study offer promise for use in melt processing applications. While these
polymers had useful physical properties, they were subject to degradation over an extended
period of time, due to hydrolysis of the ester linkages. Depending on the targeted application,
the degradation pathway could limit these materials to only short-term applications and
create issues with shelf-life and/or storage. As an expansion of our previous work, we were
interested in the synthesis and characterization of a series of poly(ether-amide)s from
monolignols, replacing the ester linker in the dimer with an ether unit, to eliminate
degradation, improve the observed thermal properties, and improve polymer solubility.
Poly(ether-amide)s are polymers that feature both ether and amide linkages in their
backbone. The most common example of these types of polymers are block co-polymers
featuring rigid polyamide segments and flexible polyether segments, yielding materials with
highly tunable properties!®. Depending on both the identity and equivalents of each segment
used, the resulting material can be tailored for use in a diverse range of applications.
Aliphatic-aromatic poly(ether-amide)s are of particular interest, as adding ether linkages,

pendant groups, or flexible linkers are mechanisms frequently used to increase the solubility
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and lower the Ty of aromatic polyamides while maintaining their desirable thermal
properties?0-24, Garcia et al. studied the thermal and physical properties of a series of
aliphatic-aromatic poly(ether-amide)s by adding short polyethylene glycol (PEG) chains
between aromatic diamines2>26, The resulting properties varied, but control over Ty and Tw
was acheived by varying the length of the aliphatic spacer. Additionally, the use of different
aromatic substitutions (para versus meta) was shown to affect both T and Tw. The use of
meta-substituted linkers was shown to decrease the observed T, due to reduced interchain
interactions.

With this in mind, we synthesized a series of 21 poly(ether-amide)s from three
monolignol-based carboxylic acid ether dimers and a series of seven aliphatic or aromatic
diamines. While amide linkages are susceptible to hydrolysis over extended time scales, the
degradation of these bonds is slow enough that amides are typically considered non-
degradable in aqueous conditions. Additionally, the incorporation of an ether linkage into
the monolignol dimer eliminates hydrolysis of the polymer backbone as a degradation
mechanism, as ethers are only cleavable under harsh chemical conditions. p-0-4 ether
linkages are the most common polymeric linkage found in native lignin (Figure 3.2). The
high degree of incorporation of this chemically-resistant bond aids in the observed chemical

and thermal robustness of lignin. We speculate that the incorporation of a structurally

r 7 similar linkage into the poly(ether-amide)

HO
o f QM backbone, should impart additional

OCH,4

OCHs OCHj, durability to the isolated materials. We also

OH

hypothesized that the incorporation of an
Figure 3.2: Dimerization of coniferyl alcohol

leading to the formation of a 3-0-4 linkage ether linkage would not only lower the T of
147



the resulting materials with increased chain flexibility, but also improve polymer solubility
by reducing interchain interactions.
3.2 Results and Discussion

Dimer synthesis. Based on our previous work synthesizing a series of monolignol-
based poly(ester-amide)s, we sought to create a set of monolignol-based poly(ether-amide)s
that would be resistant to hydrolysis, feature increased solubility in common organic
solvents, and exhibit lower melting and glass transition temperatures while retaining
thermal stability. Towards this goal, we envisioned the synthesis of a series of monolignol-
based ether dimers and their polycondensation with a series of diamine linkers to yield the
desired polymers. A series of three monolignol-based ether dimers were synthesized in
three steps from the precursor aldehydes (1a, 1b, and 1c). As shown in Scheme 3.2, the tert-
butyl protected esters (2a, 2b, and 2c) were synthesized in one step from a Doebner-
modified Knoevenagel condensation with tert-butyl malonate and 4-hydroxybenzaldehyde,
vanillin, or 3,5-dimethoxy-4-hydroxybenzaldehyde, respectively. While the yields for this
condensation reaction were lower than expected, the yield increased with increasing

methoxy substitution. While the electronic effects of aldehyde substitution are rarely

0.0
H._O 7 7 j
= R
B 1 . .
< €q 1. NaH, DMF, 30 min
e O /N
R R Piperidine (cat.), Pyridine R R 2. 1,4-dibromobutane,
1 2 reflux, 12h ! 2 0°C toRT 12h o R
OH ’ OH ’ R2
RT to Reflux, 6h
1a: Ry=Ry=-H 2a: Ry=Ry=-H 4a: Ry=Ry=-H
1b: Ry=-H Yield: 32.1% 3. TFA, RT, 4h Yield: 94.4%
R,=-OCHjz 2b: Ry=-H 4b: Ry=-H
1c: Ry=Ry=-OCHj3 Ry=-OCHj3 Ry=-OCHj3
Yield: 65.3% Yield: 92.4%
2¢: Ry=Rp= -OCHg 4c: Ry=Ry= -OCHj4
Yield: 73.1% Yield: 97.8%

Scheme 3.2: Synthesis of monolignol-based ether dimers from precursor aldehydes 1a, 1b,
and 1c
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discussed for Knoevenagel condensation reactions, the inclusion of electron donating groups
clearly affected the yield of the isolated enolates. The sodium salt of the protected ester
monomers was synthesized with sodium hydride and then dimerized with 1,4-
dibromobutane in N,N-dimethylformamide (DMF). The dimerization reaction did not

proceed to completion at room temperature after 18 hours, so it was subsequently heated to

reflux, in an attempt to increase

%ZM—QO\/\/\O/\/\/O@_/:?

conversion to the desired \P

SN Major product
product. After heating to reflux [ -
O
for six hours, the reaction still did [, yOMQO\/\/\C,@_//_/{o
S -
not reach full conversion, Minor product

however increasing the reaction Scheme 3.3: Non-optimized reaction conditions led to
the formation of side products over the desired ether

time led to the formation of dimer

undesired side products. Alternative methods (such as using a different base to deprotonate
the protected ester monomers) were also attempted. These modifications increased the
yield of side products (dimers with the addition of multiple ether linkers) rather than the
desired ether dimer (Scheme 3.3). Despite the lack of full conversion, the desired ether
dimers (3a, 3b, and 3c) were achieved in moderate yield (48.6% to 52.5%) after purification
via column chromatography. Additionally, the unreacted tert-butyl ester monomers were
also recovered via column chromatography, allowing their use in later reactions. The pure
ether dimers were then deprotected using trifluroroacetic acid (TFA), to yield 44, 4b, and 4c,
in nearly quantitative yield. Similar to the previously synthesized ester analogues, a key
structural property of these ether dimers is the retention of the degree of unsaturation in

their aliphatic side chain. The retention of this functionality should increase the thermal
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stability and glass transition temperature of the resulting poly(ether-amide)s'8. We
hypothesize that the balance between the rigidity associated with carbon-carbon double
bond and the flexibility associated with ether linkages should generate a series of materials
with tunable physical properties.

Poly(ether-amide) synthesis. In the literature, poly(ether-amide)s are commonly
aliphatic block co-polymers synthesized by condensation reactions of aliphatic polyether
and polyamide segments. While aliphatic materials are useful, they typically feature low
thermal stability and glass transition temperatures, due to high chain flexibility and minimal
interchain interactions. In contrast to these materials, we were interested in isolating
aromatic-aliphatic poly(ether-amide)s, as bio-based mimics to aramids, such as Kevlar or
Nomex. We hypothesized utilizing monolignol-based dimers would yield polymers with
physical strength similar to aramids, while utilizing aliphatic diamine linkers would increase
the solubility and processability of the isolated polymers. Commercial aramids are typically
produced via solution-phase methods, however due to difficulty identifying a common
solvent, we utilized interfacial polymerization for poly(ether-amide) synthesis. Interfacial
polymerization is an ideal polymerization technique as it does not require strict
stoichiometric conditions, is less sensitive to impurities, requires short reaction times, and
is commonly performed under mild reaction conditions?’. Two immiscible monomer
solutions, typically one aqueous and one non-aqueous, are prepared and carefully combined
for polycondensation either by drawing a fiber from the interface, as utilized in the ‘Nylon
Rope Trick’?8, or as a precipitate from a vigorously stirring solution. Acid chloride hydrolysis
is the largest limiting factor for this polymerization method, however due to the hydrophobic

nature of the aromatic carboxylic acid ether dimer used, hydrolysis should be minimal. We
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initially attempted to draw fibers from the interface between the two solutions, but the
poly(ether-amide)s produced were too brittle for isolation by this method. When polymers
were allowed to form at the interface of the two solutions without stirring, the insolubility
of the poly(ether-amide)s caused the resulting polymers to precipitate too rapidly to yield
high molecular weight products. Due to these issues, we determined vigorous stirring was
required during polycondensation to form high molecular weight poly(ether-amide)s??,
similar to what was required for synthesis of the poly(ester-amide)s presented in Chapter 2.

Three acid chloride ether dimers were generated in situ by refluxing the carboxylic
acid ether dimer in thionyl chloride for six hours. After removal of excess thionyl chloride,
the acid chloride dimers were then dissolved in distilled dichloromethane and added to a
dilute sodium hydroxide solution containing the desired diamine (Scheme 3.4). The
condensation polymerizations yielded twenty-one different aromatic-aliphatic poly(ether-

amide)s. The resulting polymers were insoluble in most common organic solvents, but were

R, 0
HO, (0]
MQ MOWOH SOCIZ (neat) »_/—Q* i > / al

DMF (cat.), reflux, 6h

R, Rz insitu
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Ro=-OCHj
4c: Ry=R,=-OCHj3
H2N—.—NH2
Ry R, o HN—G»—NH: = HeN\/\NH2
o 4 ( H
J \/\/\0@7/ HN'N HZN\/\/\NHZ
o R
R HN o~ ~~nH
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n HZN\/\/\/\/\NH
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HZN\/\/\/\/\/\NHQ

NH,
©/ HZN@NH

NH,

Scheme 3.4: Synthesis of poly(ether-amides) from monolignol-based ether dimers and
diamine linkers via interfacial polymerization
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Figure 3.3: IR fingerprint region of P8-P14 and the
corresponding ferulyl dimer starting material showing
the formation of the amide linkage and presence of the
ether linkage in the dimer.

sparingly soluble in DMF at room
temperature. Poly(ether-amide)s
from p-coumaryl acid and
aliphatic  diamines  (P1-P5)
featured exceedingly limited
solubility in DMF, due to the lack
of methoxy substitution. Even
after soxhlet extraction in DMF
for 24 hours, P1-P5 remained
largely intractable. Due to
poly(ether-amide) insolubility,
polymerization was confirmed
(P1-P21) using FT-IR
spectroscopy. As seen in Figure

3.3, the C=0 stretch in the ferulic

acid carboxylic acid ether monomer shifted from ~1786 cm to 1650-1660 cm-! in P8-P14,

confirming formation of the amide linkage. Additionally, N-H bending was seen from 1530-

1560 cm! and C-O stretching was seen from 1033-968 cm-!, confirming formation of amide

bonds as well as the retention of the ether dimer throughout the polymerization reaction.

Similar stretching frequencies can be seen in both the sinapyl and p-coumaryl-based

polymers (Figures S1 & S2), confirming formation of the series of poly(ether-amide)s.

Molecular weight characterization. The number and weight average molecular

weights (M, and My, respectively) of P1- P21 were determined using gel permeation
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Table 3.1 Molecular weight characterization of poly(ether-amide)s by gel permeation

chromatography
Polymer Dimer Diamine Mp2 M2 bb

P1 p-Coumaryl Ethylene diamine 3,700 5,060 1.37

6,740¢ 11,020¢ 1.64¢
P2 1,4-diaminobutane 3,950 5,680 1.44

5,620¢ 15,780¢ 2.80¢
P3 Hexamethylenediamine 6,330 9,240 1.46

6,280¢ 16,500¢ 2.62¢
P4 1,8-diaminooctane 6,410 9,130 1.42

8,110¢ 38,360¢ 4.73c¢
P5 1,10-diaminodecane 3,650 4,380 1.20

4,060¢ 5,130¢ 1.26¢
P6 m-phenylenediamine 15,210 21,800 1.43
P7 p-phenylenediamine 7,690 9,460 1.23
P8 Ferulyl Ethylene diamine 12,780 24,830 1.94
P9 1,4-diaminobutane 18,490 37,470 2.03
P10 Hexamethylenediamine 19,420 38,510 1.98
P11 1,8-diaminooctane 13,870 21,900 1.58
P12 1,10-diaminodecane 12,800 26,630 2.08
P13 m-phenylenediamine 12,920 20,080 1.55
P14 p-phenylenediamine 12,220 16,430 1.34
P15 Sinapyl Ethylene diamine 26,640 47,560 1.79
P16 1,4-diaminobutane 28,270 51,060 1.81
P17 Hexamethylenediamine 28,630 49,050 1.71
P18 1,8-diaminooctane 12,160 26,300 2.16
P19 1,10-diaminodecane 7,550 10,600 1.40
P20 m-phenylenediamine 14,580 34,730 2.38
P21 p-phenylenediamine 8,430 19,290 2.29

aDetermined by GPC, 1.0 mLmin-1, 0.01 M LiBr in DMF; P D=M,,/M,; ‘Molecular weight determined after
soxhlet extraction, 24 h, with 0.01 M LiBr in DMF

chromatography (GPC) (Table 3.1). As mentioned previously, the isolated poly(ether-
amide)s were sparingly soluble in DMF (Table 3.2), with a large fraction remaining
intractable. This insolubility suggests that the molecular weights of the poly(ether-amide)s
are higher than those determined by GPC, as GPC only characterizes the soluble fraction. This
is clearly demonstrated in polymers P1-P5, which exhibited extremely low molecular

weights by GPC (Mn: 3 to 6 kDa) when the polymers were added to DMF at room

temperature. A similar effect was seen by Kwolek and Morgan, in the synthesis and
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Table 3.2 Insolubility of characterization of aromatic-aliphatic polyamides3°. In their
poly(ether-amide)s in DMF
after 24ha work, polyamides containing aliphatic linkers less than nine
Polymer Wt%
insoluble2  carbons in length or aromatic units without functional

P1 62.3
=, P2 32.0 groups, were insoluble in all common organic solvents, even
< P3 38.5
g P4 47.5 DMF. Suspensions of the aromatic-aliphatic p-coumaryl-
$ P5 52.5
U P6 23.3 based polymers were heated using several different methods
P7 46.6
P8 49.7 to improve the solubility of high molecular weight
P9 67.4
= P10 18.5 components. Boiling DMF was added to each polymer sample
2 P11 74.3
& P12 57.3 and stirred until the suspension had cooled to room
P13 25.4
P14 26.7 temperature. After filtration, GPC traces showed that the
P15 27.2
P16 64.8 addition of heated DMF resulted in a slight increase in the
> P17 45.8
§ P18 392 solubility of higher molecular weight fractions (Figure 3.4).
B P19 45.2
P20 76.3 To determine if additional heating improved solubility, a 24-
P21 40.8

21.0 mL of 10 mM LiBr in DMF was 10Ul extraction with a soxhlet extractor was performed.

added to weighed polymer samples

(10 mg) and allowed to sit atroom Samples prepared via this method exhibited a significant
temperature for 24 h. Solvent was
decanted and the residual solid was
dried in a vacuum oven overnight.

Solid was weighed to determine L .
wt% insoluble. in Table 3.1. However, even after utilizing soxhlet extraction,

increase in the observed molecular weight of P1-P4, as seen

molecular weights observed for P5 were still low. Limited molecular weights were also
observed for ferulyl and sinapyl-based polymers synthesized with 1,10-diaminodecane, P12
and P19 respectively. Because P19 was the most soluble of the series, its overall molecular
weight (soluble + insoluble) was likely lower than P5 or P12, which had larger insoluble
fractions. One explanation for these lower molecular weights is the reduced solubility of

1,10-diaminodecane in the aqueous solution, as only lower molecular weight polymers were
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isolated for P5, P12, and P19. Similar results Pl No Heat

——P1 Heat 18h
——P1 Soxhlet 24h

were seen in our previously studied
poly(ester-amide) system.

Generally, the poly(ether-amide)s

25 30 35 40 45 50

exhibited weight average molecular weights
Retention Time (min)

(Mw) between 20 and 40 kDa and Figure 3.4: GPC traces of P1 using different
extraction techniques to improve high

dispersities between 1.5 and 2.2. The molecular weight polymer solubility

highest molecular weight polymers were produced from sinapyl acid-based ether dimers,
likely due its increased solubility with the dimethoxy substitution pattern. The broad
diversity of polymers obtained show the effectiveness of this polymerization method for the
rapid generation of a series of polymers with tunable properties. Based on the
polymerization method used, the dispersity of the resulting materials is not well controlled.
However, values obtained are within acceptable values for commercial applications,
suggesting that this polymerization method could be appropriate for use in an industrial
setting.

Thermal properties. The thermal behavior of polymers P1-P21 were studied using
both differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
Generally, aromatic polymers exhibit higher glass transition temperatures (Tg) than aliphatic
polymers due to a lack of rotation about bonds between aromatic monomers, in comparison
to aliphatic sp? bonds. This lack of rotational freedom causes reduced chain mobility and
backbone flexibility. Additionally, with the inclusion of bulky side groups, Ty should also
increase, as these modifications cause decreased chain mobility by limiting rotation about

bond in the backbone. As the polymers in this study feature both aromatic and aliphatic
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Table 3.3 Thermal characterization of poly(ether-amide)s by DSC and

TGA
Polymer  Tg(°C)?2 Tas(°C)bc Tai0(°C)Pd  Tgps(°C)be
P1 90.8 243.6 290.3 335.8
= p2 91.8 213.3 280.9 327.0
< P3 84.3 238.3 294.0 340.4
g P4 80.6 254.4 291.7 328.1
g P5 66.2 121.6 142.4 301.0
= P6 79.1 150.3 175.9 410.8
P7 112.3 139.1 185.1 368.9
P8 103.1 143.9 276.7 3445
P9 92.4 123.5 2519 3539
= P10 98.1 170.9 241.6 317.9
E P11 110.1 194.2 264.8 310.8
= P12 82.3 123.3 157.6 307.5
P13 108.3 216.5 317.9 404.3
P14 124.7 233.7 310.9 386.5
P15 106.9 226.5 271.4 317.7
P16 102.3 133.5 2255 350.3
'_é P17 85.2 106.2 166.7 289.4
< P18 84.9 121.6 154.5 328.3
@ P19 77.9 177.8 254.8 309.0
P20 84.8 170.8 192.8 248.8
P21 81.1 204.8 2474 333.7

aDetermined by DSC; PDetermined by TGA; <T4s= temperature at 5% mass loss; 4Tq10= temperature at 10% mass
loss; eTq25= temperature at 25% mass loss

components, as well as varying degrees of methoxy substitution, structural effects on Ty are
complex.

All of the poly(ether-amide)s were shown to be amorphous by DSC, as only a single
glass transition temperature (Tg) was observed. Due to high backbone flexibility, polyethers
typically exhibit extremely low Tg. In contrast, the poly(ether-amide)s synthesized featured
moderately high Ty, as seen in Table 3.3. The glass transition temperature (Tg) should
decrease as the length of the aliphatic spacer increases due to increased chain mobility and
backbone flexibility, while the utilization of aromatic diamines as linkers should increase the

observed T;. While these trends are generally seen throughout the series of isolated
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120 poly(ether-amide)s, there are

—o—p-Coumaryl
=) Sinapyl also several significant
< 100
5 . .
& — exceptions.
o e
£ 80 -
S As seen in Figure 3.5, both
60 the length of the aliphatic linker,
2 4 6 8 10
Number of carbons in aliphatic linker as well as the identity of the
Figure 3.5 Glass transition temperature as a function of
aliphatic linker length monolignol dimer, have Ilarge

effects on the observed Tg. The incorporation of substituted aromatic dimers (sinapyl-based
dimers instead of p-coumaryl-based dimers), increases the observed T; by limiting the
rotational flexibility of the polymer chains. As expected, T; generally increased with
increasing degrees of methoxy substitution, as seen in the overall increase in T; between P1-
P7 and P15-P21. Similarly to our previous study, poly(ether-amide)s with long aliphatic
linkers (such as hexamethylenediamine, 1,8-diaminooctane, 1,10-diaminodecane) exhibited
Tg higher than expected, as seen in P10 and P11. These deviations in glass transition
temperature likely occurred due increased chain interactions, which prevent polymer chain
movement. Wang et al. saw a similar effect in the synthesis of poly(ether-amide)s with
polyethylene glycol spacers3!. As the length of the PEG spacer increased, the observed Tg also
increased due to increased interchain interactions. In addition to effects seen by the
incorporation of longer aliphatic spacers, the substitution pattern of aromatic diamines also
significantly affected the observed glass transition temperature. The use of m-
phenylenediamine instead of p-phenylenediamine showed a decrease in the observed Tg,
seen in a comparisons between P13 and P14. The meta-substitution pattern causes a non-

linear structure, which will minimize n-n interactions and prevent the formation of strong
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hydrogen bonds between chains. In turn, the reduced interchain interactions cause a
significant reduction in the observed Ts.

Molecular weight also played a significant role in the observed Ty of the poly(ether-
amide)s. Polymer chain ends are less dense than interchain units, exhibiting greater free
volume. A larger concentration of chain ends in a polymer sample (by the presence of smaller
molecular weight polymers or a greater fraction of smaller molecular weight polymers) will
lower the observed Tg as free volume is inversely proportional to glass transition
temperature. With this in mind, a large fraction of smaller molecular weight polymers in a
non-monodisperse sample can have effects similar to that observed with the addition of
plasticizers. As exemplified by their higher dispersity, P9 and P12 feature an increased
fraction of smaller molecular weight polymers, which yields lower glass transition
temperatures than would expected based on the length of their linker and T, observed for
other ferulyl-based polymers. As seen in Table 3.3, P11 featured a higher T, than P18. While
both polymers are synthesized with 1,8-diaminooctane, P11 is synthesized with the ferulyl-
based dimer (single methoxy substitution) and should feature a lower glass transition
temperature than P18. However, P11 exhibits a weight-average molecular weight more than
5 kDa greater than P18. This difference in molecular weight, and thus decreased number of
chain ends present, is responsible for the observed increase in Tg. Additionally, P18 is more
polydisperse with a dispersity of 2.16, in comparison to P11 which features a dispersity of
1.58. The higher dispersity of this sample causes broadening of the glass transition, which
may play a role in the observed decreased Tg, as glass transition temperature is defined as
the midpoint of the glass transition.

The thermal stability of the poly(ether-amides) was studied using thermogravimetric
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analysis (TGA). Polymer samples were heated from 30 to 800 °C under a nitrogen
atmosphere (Figures S9-11). Most of the polymers in this series featured initial mass loss
(Tqs) between 120 and 210 °C, lower temperatures than would be typically expected for
these materials (Table 3.3). Despite efforts to remove water prior to the thermal
decomposition studies, water loss was likely the cause of low initial decomposition
temperatures. As these materials contain amide linkages, they are inherently hydroscopic
and the retention of water is not surprising. The presence of water in the polymer samples
can be further exemplified by the high temperatures required to reach 25% mass loss (Tazs).
For example, P6 exhibits an initial decomposition temperature (Tqs) of 150.3 °C but requires
the polymer sample to be heated to 410.8 °C to cause 25% mass loss. The length of the
aliphatic diamine linker appeared to have no significant effect on the thermal stability of the
poly(ether-amide)s. The incorporation of aromatic diamine linkers also did not have a
substantial effect on thermal stability, regardless of the pattern of substitution. Overall, the
polymers have mild thermal stability and potential for use in melt processing. Most
commercial thermoplastics are processed between 100 and 250 °C, depending on their
melting temperature32. Prior to large scale thermal processing, these poly(ether-amide)s
should undergo more rigorous methods to remove residual water. After removal of the
residual water, these materials will likely exhibit increased thermal stability in contrast to
the data discussed here.
3.3 Conclusions

In this work, we have described the synthesis of a series of aromatic-aliphatic

poly(ether-amide)s from monolignol-based ether dimers and various aliphatic and aromatic
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diamines. Aliphatic diamines were chosen as co-monomers to improve the solubility and
processability of monolignol-based polymers. Additionally, the five aliphatic diamines used
in this study are available from biological sources. While the isolated poly(ether-amide)s
were insoluble in standard organic solvents (excluding DMF), the moderate glass transition
temperatures and thermal stability observed offer promise for these materials in melt
processing applications. Additionally, the modularity of this synthetic approach could be
used to rapidly generate a series of diverse polymers with well-tuned properties. The
versatility of this method increases the potential applications for this polymer system
industrially.

In the future, our group will explore processing options with the series of poly(ether-
amide)s generated, as well as utilizing these polymers as a framework for the creation of
higher-order materials. With two grafting sites per monolignol-based ether dimer, these
materials could easily be used in the preparation of densely grafted copolymers or three-
dimensional polymer networks. Additionally, the distance between grafting sites could be
well-controlled and tuned by altering either the length of the aliphatic spacer in the
monolignol-based dimer or the length of the aliphatic diamine linker. In conclusion, this
system allowed for the rapid preparation of a series of poly(ether-amide)s from biological-
based components, which can easily be adapted and used for a variety of purposes. This
targeted upgrading of underutilized bio-based materials has provided a unique set of
functional materials, with the prospect of their use in the development of other novel

materials.
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3.4 Experimental Section

Materials. 4-hydroxybenzaldehyde (98%, TCI America), vanillin (99%, Alfa Aesar), 3,5-
dimethoxy-4-hydroxybenzaldehyde (98%, Acros), malonic acid (99%, Alfa Aesar), tert-
butanol (99%, Alfa Aesar), acetic anhydride (99.5%, Fisher), acetone (ACS Grade, Fisher),
sulfuric acid (conc., ACS Grade, Fisher), piperidine (99%, Spectrum), trifluoroacetic acid
(99.5%, Fisher) 1,4-diaminobutane (98+%, Alfa Aesar), 1,8-diaminooctane (98%, Acros),
1,10-diaminodecane  (97%, Acros), p-phenylenediamine (99+%, Acros), m-
phenylenediamine (99+%, Acros), sodium hydroxide (ACS Grade, Fisher), and N,N-
dimethylformamide (HPLC grade, Alfa Aesar) were purchased and used as received. Pyridine
(99%, Fisher) was distilled over KOH prior to use. Dichloromethane (ACS Grade, Fisher) was
distilled from CaH: prior to use. Hexamethylene diamine (99.5%, Acros) was sublimed under
reduced pressure prior to use. Ethylenediamine (98%, Acros) was distilled prior to use to
remove discoloration. Meldrum’s acid?3, tert-butyl malonate34, and 1,4-dibromobutane3®>
were synthesized according to published procedures. Silica gel 60 (230-400 mesh, Fisher)
was used for column chromatography. Thin layer chromatography (TLC) was conducted
with silica gel 60-F245 plates and visualized with a handheld UV lamp. NMR solvents de-
DMSO, CDCl3, and C¢Ds were obtained from Cambridge Isotope Laboratories and used as
received.

1H, 13C, and FTIR Spectroscopy. 'H NMR spectra were recorded on Bruker AV-300 or
Bruker DRX-500 spectrometers at room temperature in de-DMSO, unless either wise noted.
Chemical shifts are reported with respect to internal solvent, 2.50 ppm (d¢-DMSO), 7.16

(CeDs), or 7.26 (CDCI3) for TH NMR spectra. 13C NMR spectra were recorded on a Bruker AV-
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500 spectrometer with a dual cryoprobe (13C, 1H). Chemical shifts are reported with respect
to internal solvent, 39.52 ppm (ds-DMSO0), 128.06 ppm (CeDs), or 77.16 ppm (CDCI3) for 13C
NMR spectra. Infrared absorption spectra were collected using a Jasco 4210-FT/IR
spectrometer from 4000 to 400 cm -1 from KBr pellets. All samples were dried at 100 °C in a
vacuum oven overnight (at least 12 h) prior to characterization.

Molecular Weight Characterization. Molecular weight (M, and M) and dispersity
(D=Mw/M,) were determined using gel permeation chromatography (GPC). Samples were
dissolved in 0.01 M LiBr in N,N-dimethylformamide (DMF) at a concentration of 2-5 mg/mL
and were passed through a 0.20 pm PTFE filter before injection. GPC for all polymers was
conducted on a Jasco system equipped with a refractive index detector, a UV detector, a
Waters Styragel guard column, and four Waters HR Styragel 5 pm columns (100-5K, 500-
30K, 50-100K, 5-600 K) using 0.01 M LiBr in N,N-dimethylformamide (DMF) at 40 °C and a
flow rate of 1.0 mL/min. Calibration was performed using near-monodisperse polystyrene
standards (Mn=1,250 to 549,000 Da) from Jordi Laboratories and chromatograms were
analyzed using ChromNAV chromatography software.

Thermal Characterization. All samples were dried at 100 °C in a vacuum oven overnight
(at least 12 h) prior to all thermal characterization. Thermogravimetric analysis (TGA) was
conducted on a Perkin Elmer Pyris Diamond TG/DTA Thermogravimetric/Differential
Thermal Analyzer. The TGA instrument was operated under an argon atmosphere, using
platinum crucibles. Samples (6-12 mg) were heated from 25 °to 800 °C at a rate of 10 °C
min/mL. Pyris Manager was used to analyze the data. Decomposition temperatures Tqs, Ta1o0,
and Tq25 were measured at 5, 10, and 25% mass loss, respectively. Differential scanning

calorimetry (DSC) was performed on a Perkin Elmer DSC 8000 to determine glass transition
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temperature (Tg). Samples (5-8 mg) were heated from -30 to 200 °C at a rate of 10 °C/min
and cooled to -30 °C at a rate of 10 °C/min. A minimum of two heating and cooling cycles
were performed and T; was measured from the second heating cycle. Pyris Manager was
used to analyze the data.

Tert-butyl ester monomer synthesis. p-Coumaroyl tert-butyl ester (2a). 4-
hydroxybenzaldehyde (6.99 g, 57.3 mmol, 1 eq) was weighed and added to a round bottom
flask along with tert-butyl malonate (11.01 g, 68.7 mmol, 1.2 eq). 30.0 mL of pyridine and 0.3
mL of piperidine were added to the reaction mixture and the reaction was heated to reflux
overnight. After refluxing, the reaction was cooled to room temperature and concentrated
under reduced pressure. The resulting residue was dissolved in diethyl ether (70 mL) and
washed with saturated sodium bicarbonate (2x70 mL), 1 M HCl (2x40 mL), and deionized
water (1x40 mL). The organic layer was dried over MgSO4 and the solvent was removed via
rotary evaporation to yield the crude product. The crude product was purified on silica gel
via flash column chromatography using 3:2 hexanes:ethyl acetate as the elutant. Yield: 4.04
g, 321% 'H NMR (300 MHz de-DMSO): 8H 7.67 (d, 2H, Ar-H), 7.62 (d, 1H,
CCH=CHCOO(CH3)3), 7.20 (d, 2H, Ar-H), 6.54 (d, 1H, CCH=CHCOO(CH3)3), 1.48 (s, 9H,
COO(CH3)3).

Feruloyl tert-butyl ester (2b). Yield: 6.49 g, 65.3% 'H NMR (300 MHz, de-DMSO): 6H 7.48 (d,
1H, CCH=CHCOO(CH3)3), 7.27 (s, 1H, Ar-H), 7.08 (d, 1H, Ar-H), 6.80 (d, 1H, Ar-H), 6.37 (d, 1H,
CCH=CHCOO(CH3)3), 3.81 (s, 3H, Ar-OCH3), 1.47 (s, 9H, COO(CH3)3).

Sinapoyl tert-butyl ester (2c). 3,5-dimethoxy-4-hydroxybenzaldehyde (3.17 g, 17.4 mmol, 1

eq) was weighed and added to a round bottom flask along with tert-butyl malonate (3.90 g,
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24.4 mmol, 1.2 eq). 20.0 mL of pyridine and 0.2 mL of piperidine were added to the reaction
mixture and the reaction was heated to reflux overnight. After refluxing, the reaction was
cooled to room temperature and concentrated under reduced pressure. The resulting
residue was dissolved in diethyl ether (50 mL) and washed with saturated sodium
bicarbonate (2x50 mL), 1 M HCI (2x30 mL), and deionized water (1x30 mL). The organic
layer was dried over MgS04 and solvent was removed using a rotary evaporator to yield the
product as a white solid. Yield: 3.57 g, 73.1% 'H NMR (300 MHz, de-DMSO): &H 8.89 (s, 1H,
Ar-OH), 7.47 (d, 1H, CCH=CHCOO(CH3)3), 6.98 (s, 2H, Ar-H), 6.44 (d, 1H, CCH=CHCOOtBu),
3.79 (s, 6H, Ar-OCHs), 1.48 (s, 9H, COOC(CHs)3). 13C NMR (500 MHz, ds-DMSO): 6C 166.46
(CCH=CHCOO(CH3s)3), 148.46 (C-OCH3z), 144.87 (CCH=CHCOO(CH3)3), 138.50 (C-OH), 124.97
(CCH=CHCOO(CH3)3), 117.26 (CCH=CHCOO(CHs)3), 106.49 (Ar C-H), 79.90 (C(CHs)3), 56.53
(OCH3), 28.39 (C(CH3)3).

Tert-butyl ether dimer synthesis. p-Coumaroyl tert-butyl ether dimer (3a). p-Coumaroyl
tert-butyl ester (4.04 g, 18.4 mmol, 2.2 eq) was weighed and added to a two-necked round
bottom flask along with 30 mL of N,N-dimethylformamide (DMF). The reaction mixture was
cooled to 0 °C and sodium hydride (0.44 g, 18.4 mmol, 2.2 eq) was added portionwise. After
30 minutes, a solution of 1,4-dibromobutane (1.0 mL, 8.3 mmol, 1 eq)) in 5 mL DMF was
added dropwise over 30 minutes via an addition funnel. The reaction was allowed to slowly
warm to room temperature and stir overnight. After 12 hours at room temperature, the
reaction was then heated to reflux for 6 hours. The reaction was then cooled to room
temperature, diluted with ethyl acetate (70 mL), washed with deionized water (2x70 mL)

and brine (1x50 mL). The organic layer was separated, dried over MgS04, and volatiles were
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removed via rotary evaporation to yield the crude product as an off-white crystalline solid.
The crude product was purified on silica gel via flash column chromatography using a
gradient of 7:3 to 3:2 hexanes:ethyl acetate as the elutant. Yield: 2.08 g, 50.4%'H NMR (300
MHz, CsDs): 8H 7.88 (d, 1H, CCH=CHCOOtBu), 7.15 (d, 2H, Ar-H), 6.63 (d, 2H, Ar-H), 6.45 (d,
1H, CCH=CHCOOtBu), 3.49 (br s, 2H, -OCH2CH:), 1.60 (br s, 2H, -OCH2CH), 1.51 (s, 9H,
C(CH3)3). 13C NMR (500 MHz, CsDs): 6C 166.72 (COOC(CH3)3), 161.18 (COCH2CHz), 143.82
(CH=CHCOOtBu), 130.19 (Ar), 128.39 (CCH=CHCOOtBu, under CeDs), 118.75
(CH=CHCOOtBu), 115.32 (Ar), 80.04 (C(CHs)s), 67.66 (COCH2CHz), 28.66 (C(CHs)s3), 26.34
(COCH:2CH).

Feruloyl tert-butyl ether dimer (3b). Yield: 2.10 g, 52.5%'H NMR (300 MHz, CsD¢): 5H 8.04 (d,
1H, CCH=CHCOOtBu), 6.97 (d, 1H, Ar-H), 6.94 (s, 1H, Ar-H), 6.63 (d+d, 2H, Ar-H and
CCH=CHCOOtBu), 3.70 (br's, 2H, OCH>CH2), 3.38 (s, 3H, Ar-OCH3), 1.84 (br s, 2H, OCH2CH>),
1.64 (s, 9H, C(CH3)3). 13C NMR (500 MHz, CeDe¢): 6C 166.75 (COOtBu), 151.56 (C-OCH3),
150.58 (COCH:CH2), 144.43 (CCH=CHCOOtBu), 128.37 (CCH=CHCOOtBu), 122.69 (Ar),
118.61 (Ar), 113.10 (CCH=CHCOOtBu), 110.81 (Ar), 80.08 (OC(CH3)3), 68.65 (COCH2CH2),
55.56 (C-OCH3), 28.67 (OC(CH3)3), 26.60 (COCH2CH2).

Sinapoyl tert-butyl ether dimer (3c). Yield: 1.98 g, 48.6%'H NMR (300 MHz, CsD¢): 5H 7.88 (d,
1H, CCH=CHCOOtBu), 6.54 (d+s, 3H, CCH=CHCOOtBu and Ar-H), 4.15 (br m, 2H, OCH2CH3),
3.27 (s, 6H, Ar-OCHs3), 2.09 (br m, 2H, OCH:CH>), 1.52 (s, 9H, C(CHz)3). 13C NMR (500 MHz,
CeD6): 6C 166.26 (COOtBu), 154.43 (C-OCH3z), 144.34 (CCH=CHCOOtBu), 140.56 (COCH2CH2),
130.14 (CCH=CHCOOtBu), 119.52 (CCH=CHCOOtBu), 105.82 (Ar), 79.97 (0OC(CH3)3), 73.14

(COCH.CH,), 55.68 (C-OCH3), 28.32 (OC(CH3)3), 27.35 (COCHCHz).
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Diacid ether dimer synthesis. p-Coumaryl diacid ether dimer (4a). p-Coumaryl tert-butyl
ether dimer (2.08 g, 4.2 mmol, 1 eq) was weighed and added to a round bottom flask along
with trifluoroacetic acid (12.9 mL, 168.3 mmol, 40 eq). Reaction was stirred at room
temperature for 4 hours. Volatiles were removed under vacuum to yield the product as a
white solid. Yield: 1.52 g, 94.4%'H NMR (300 MHz, ds-DMSO, sparingly soluble): 6H 7.64 (d,
2H, Ar-H), 7.56 (d, 1H, CH=CHCOOH), 6.98 (d, 2H, Ar-H), 6.39 (d, 2H, CH=CHCOOH), 4.09 (br
s, 2H, OCH>CH?), 1.88 (br s, 2H, OCH2CH). 13C NMR (500 MHz, de-DMSO, sparingly soluble):
6C 167.84 (COOH), 160.33 (COCH:2CH2), 143.78 (CH=CHCOOH), 129.96 (Ar), 126.76
(CCH=CHCOOH), 116.44 (CH=CHCOOH), 114.83 (Ar), 67.30 (OCH2CH2), 25.29 (OCH2CH2).
Ferulyl diacid ether dimer (4b). Yield: 1.5433 g, 92.4% 'H NMR (300 MHz, ds-DMSO): 6H 7.55
(d, 1H, CH=CHCOOH), 7.31 (s, 1H, Ar-H), 7.20 (d, 1H, Ar-H ), 6.99 (d, 1H, Ar-H ), 6.46 (d, 1H,
CH=CHCOOH), 4.08 (brs, 2H, OCH2CH2), 3.81 (s, 3H, Ar-OCH3), 1.89 (br s, OCH2CH>). 13C NMR
(500 MHz, ds-DMSO, sparingly soluble): 6C 167.90 (COOH), 150.12 (COCHs3), 149.09
(COCH2CHz), 144.19 (CCH=CHCOOH), 127.02 (CCH=CHCOOH), 122.64 (Ar), 116.65 (Ar),
112.48 (CCH=CHCOOH), 110.49 (Ar), 67.92 (OCH:CHz), 55.67 (COCH3), 25.44 (OCH2CH).
Sinapyl diacid ether dimer (4c). Yield: 1.59 g, 97.8%'H NMR (300 MHz, ds-DMSO): 8H 7.56 (d,
1H, CH=CHCOOH), 7.02 (s, 2H, Ar-H), 6.56 (d, 1H, CH=CHCOOH), 3.93 (br s, 2H, OCH2CH3),
3.79 (s, 6H, Ar-OCH3), 1.78 (br s, 2H, OCH2CH>). 13C NMR (500 MHz, ds-DMSO): 6C 167.76
(COOH), 153.27 (COCHs3), 144.25 (CCH=CHCOOH), 13843 (COCH:CH2), 129.67
(CCH=CHCOOH), 118.37 (CCH=CHCOOH), 105.78 (Ar), 72.16 (COCH:CHz), 56.01 (COCH3),
26.18 (COCH2CH2).

Poly(ether-amide) synthesis. General polymerization procedure. The desired diacid ether
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dimer (1 eq) was weighed and added to a round bottom flask. Thionyl chloride (20 eq) was
added to the flask along with a drop of DMF, and the reaction was heated to reflux for 6 hours.
Volatiles were removed under vacuum to yield the diacid chloride dimer. The desired
diamine (3 eq) was weighed and added to a 100 mL beaker along with 15 mL of 0.5 M NaOH
and a stir bar. The isolated diacid chloride dimer was dissolved in 15 mL of distilled
dichloromethane and added quickly to the rapidly stirring diamine solution. A solid
precipitate formed immediately and the resulting slurry was allowed to stir for two minutes.
The slurry was transferred to an Eppendorf tube and centrifuged at 4.4x10% rpm for 20
minutes. The biphasic solution was decanted from the Eppendorf tube and the residual solid
was washed with water (2x15 mL). After each washing, the slurry (water & polymer) was
centrifuged at 4.4x103 rpm for 10 minutes. The resulting solid was dried under reduced
pressure to yield the corresponding polymer as a yellow solid. Characterization data for each

poly(ether-amide) can be found in Appendix B.
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3.5 Appendix B

Figure S1: H spectrum of 3a
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Figure S2: 13C spectrum of 3a
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Figure S3: 1H spectrum of 3b
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13C spectrum of 3b

Figure S4
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Figure S5: 1H spectrum of 3¢
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Figure S6: 13C spectrum of 3¢
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Figure S7: 1H spectrum of 4a
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Figure S8: 13C spectrum of 4a
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Figure S9: 1H spectrum of 4b
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Figure S10: 13C spectrum of 4b
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Figure S11: 1H spectrum of 4c
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Figure S12: 13C spectrum of 4c
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Polymer Characterization

p-Coumaryl diacid + ethylenediamine (P1). Yield 0.2321 g, 77.2%
p-Coumaryl diacid + 1,4-diaminobutane (P2). Yield 0.2346 g, 71.6%
p-Coumaryl diacid + 1,6-diaminohexane (P3). Yield 0.2486 g, 68.7%
p-Coumaryl diacid + 1,8-diaminooctane (P4). Yield 0.2161 g, 55.2%
p-Coumaryl diacid + 1,10-diaminodecane (P5). Yield 0.2622 g, 64.5%
p-Coumaryl diacid + m-phenylenediamine (P6). Yield 0.2604 g, 70.6%
p-Coumaryl diacid + p-phenylenediamine (P7). Yield 0.2994 g, 81.9%
Ferulic diacid + ethylenediamine (P8). Yield 0.1977 g, 56.3%

Ferulic diacid + 1,4-diaminobutane (P9). Yield 0.1789 g, 51.0%
Ferulic diacid + 1,6-diaminohexane (P10). Yield 0.2637 g, 70.6%
Ferulic diacid + 1,8-diaminooctane (P11). Yield 0.2529 g, 62.8%
Ferulic diacid + 1,10-diaminodecane (P12). Yield 0.3104 g, 73.9%
Ferulic diacid + m-phenylenediamine (P13). Yield 0.1892 g, 51.3%
Ferulic diacid + p-phenylenediamine (P14). Yield 0.2494 g, 68.4%
Sinapyl diacid + ethylenediamine (P15). Yield 0.2228 g, 65.1%
Sinapyl diacid + 1,4-diaminobutane (P16). Yield 0.2549 g, 68.6%
Sinapyl diacid + 1,6-diaminohexane (P17). Yield 0.2219 g, 56.5%
Sinapyl diacid + 1,8-diaminooctane (P18). Yield 0.4804 g, 87.9%
Sinapyl diacid + 1,10-diaminodecane (P19). Yield 0.4164 g, 74.4%
Sinapyl diacid + m-phenylenediamine (P20). Yield 0.4564 g, 78.7%

Sinapyl diacid + p-phenylenediamine (P21). Yield 0.3877 g, 78.8%
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Infrared (IR) Spectroscopy
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Figure S13: IR fingerprint region of p-Coumaryl-based poly(ether-amide)s (P1-P7)
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Figure S14: IR fingerprint region of Sinapyl-based poly(ether-amide)s (P15-P21)
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Gel Permeation Chromatography (GPC)
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Figure S15: Stacked GPC traces of p-Coumaryl-based poly(ether-amide)s (P1-P7)
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Figure S16: Stacked GPC traces of ferulyl-based poly(ether-amide)s (P8-P14)
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Figure S17: Stacked GPC traces of sinapyl-based poly(ether-amide)s (P15-P21)
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Thermogravimetric Analysis (TGA)
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Figure S18: Stacked TGA traces of p-Coumaryl-based poly(ether-amide)s (P1-P7)
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Figure S19: Stacked GPC traces of ferulyl-based poly(ether-amide)s (P8-P14)
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Figure S20: Stacked GPC traces of sinapyl-based poly(ether-amide)s (P15-P21)
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Differential Scanning Calorimetry
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Figure S21: Stacked DSC traces of p-Coumaryl-based poly(ether-amide)s (P1-P7)
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Figure S22: Stacked DSC traces of ferulyl-based poly(ether-amide)s (P8-P14)
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Figure S23: Stacked DSC traces of sinapyl-based poly(ether-amide)s (P15-P21)
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Chapter 4: Monolignol-based oligomers as plasticizers in polystyrene and poly(lactic
acid) polymer blends
4.1 Introduction

Poly(styrene-co-maleic anhydride) (pSMA) is a nearly-perfect alternating copolymer
of styrene and maleic anhydride. Maleic anhydride is unable to be homopolymerized, but
when copolymerized with styrene, the copolymer is readily formed!. The exact mechanism
for this polymerization is still debated, however the alternating copolymer is likely formed
by one of two mechanisms?. The complex participation model relies the formation of charge-
transfer complexes between electron-rich styrene and electron-poor maleic anhydride to
describe the alternating behavior. The penultimate unit model states the identity of the
penultimate unit controls radical reactivity to generate the alternating structure. pSMA is
most commonly produced using uncontrolled free radical polymerization methods, however
controlled radical polymerization methods, such as nitroxide-mediated polymerization
(NMP)3-5 or reversible addition-fragmentation chain transfer polymerization (RAFT)¢-19,
have been studied. Both high and low molecular weight pSMA are commercially available;
high molecular weight pSMA is typically used for engineering plastics while low molecular
weight pSMA is used as a surfactant, as a papermaking additive, or in polymer-protein
conjugates?. While these materials have a wide range of applications, both monomers used
in this process are derived from petroleum!!. With the decline of petroleum reserves!? and
an increase in environmental effects of petroleum-based plastic wastel3, both consumers
and producers are seeking bio-based alternatives to traditional materials.

In addition to concerns regarding the environmental impact of polymeric materials,

with the prevalence of additives increasing in everyday products and an increased chance of
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exposure due to polymer degradation or plasticizer leaching, the health effects and safety of
certain polymeric materials have come into question. Most recently, there has been a large
push to remove commonly utilized aromatic monomer and plasticizer additive bisphenol A
(BPA) from polymeric products due to known health effects with significant exposure.
Bisphenol A was first synthesized in the 1890s and later tested as a synthetic form of
estrogen by Dodds in the 1930s.14# BPA was found to be drastically less effective as a synthetic
form of estrogen than other synthetic compounds, and instead was later utilized in the
formation of plastics, such as polycarbonates, or as an antioxidant in plasticizers. Despite
widespread commercial use, a BPA is a known endocrine disruptor and a significant body of
literature has been published suggesting that BPA may adversely affect humans, even at low-
dose exposures!>16, Therefore, consumer and scientific concerns have led to the search for
alternative aromatic polymers with useful properties but without the associated adverse
effects.

The only commercial non-petroleum source of aromatic chemicals is from the
degradation of lignin. Found in the cell wall of plants, lignin is an aromatic polymer
composed of three different cinnamaic acid monomers known as monolignols. While lignin
features a poorly defined polymeric structure, monolignols are well-defined, aromatic small
molecules, making them ideal for use in polymer synthesis. Moreover, monolignols can be
described as [B-substituted styrenes, as they feature a degree of unsaturation in their
aliphatic side chain. Monolignols have yet to be isolated from lignin, however their precursor
aldehydes are readily accessible, as exemplified by the commercial production of vanillin
from lignin!’. Beginning from the corresponding aldehyde, monolignols can be synthesized

on large scales and in high yields in three steps!8. While these pseudo-styrene monomers are
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typically polymerized using oxidative coupling methods, other polymerization methods
could also be employed.

Itaconic acid is an aliphatic, dicarboxylic acid featuring an o,-unsaturated double

[a] bond. With a worldwide production volume of
HO
- T\:\ 80,000 tons per year, itaconic acid is prepared
“\ ‘ “s‘ industrially via the fermentation of carbohydrates
! CI)H 2 with Aspergillus terreus®. In addition to its high
Styrene Monolignols
5] production volume, the preparation of itaconic acid
b
6. O 0O _0 is relatively inexpensive, costing approximately $2
< N\=0 \ 7]
\=/ / per kg (USD) to produce?. Citraconic anhydride is
Maleic anhydride Citraconic anhydride

rapidly prepared from itaconic acid in a one-pot,

Figure 4.1 Structural similarities
between a) styrene and monolignols two-step synthesis?!. Citraconic anhydride has a

and b) maleic anhydride and
citraconic anhydride. complimentary structure to maleic anhydride, and

thus is considered a bio-based mimic (Figure 4.1). With vigorous heating of itaconic acid,
itaconic anhydride is rapidly formed by the elimination of water. Upon additional heating,
itaconic anhydride undergoes a double bond rearrangement to form citraconic anhydride.
While monolignols and citraconic anhydride possess structural similarities to styrene
and maleic anhydride, respectively, their polymerization and copolymerization is inherently
more complicated. Monolignols feature two hydroxyl functional groups which could both
serve as chain transfer sites during radical polymerizations, causing a reduced degree of
polymerization, branching, or even inhibiting polymerization. In addition to the hydroxyl
functional groups, monolignols are also pseudo-B-substituted styrenes, which typically

feature reduced polymerization rates compared to unsubstituted styrenes, due to steric
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7 ROP  0xO~_0 1,2addition hinderance?223. Citraconic anhydride
N O% - . - - n
n o ¢

© © possesses an additional methyl group,

Figure 4.2 Polymerization of citraconic anhydride
either via ring-opening polymerization (ROP) or
1,2-addition

which again could reduce the

polymerization rate due to steric

hindrance. Furthermore, citraconic anhydride is capable of undergoing polymerization
either by ring-opening or by 1,2-addition, complicating possible reaction pathways or the
resulting polymeric structures (Figure 4.2). With this in mind, we looked into the literature
for previous work regarding the polymerization or copolymerization of similar monomers.
Synthetic lignin is typically prepared via a radical oxidative coupling process using
horseradish peroxidase and hydrogen peroxide. However, as monolignols feature several
sites capable of radical formation, the resulting polymer has a poorly defined final structure
similar to that of native lignin. Due to the high degree of functional groups found in
monolignols, simplified phenylpropanoid monomers such as isoeugenol, isosafrole, and
anethole are typically chosen to represent monolignols instead. Satoh et al. reported the
synthesis of linear lignin analogues by the cationic polymerization of anethole and
isoeugenol initiated by boron trifluoride etherate (Scheme 4.1)24 With the addition of
excess water and 4-methoxy-a-methylbenzyl alcohol, Satoh and coworkers were able to

produce perfectly alternating co-polymers with molecular weights from 3.2 to 8.9 kDa and

dispersity
= S
© +
OH H ©

HeC—C' 'O BFgEt,0 OCH, between 1.25 and

BFaE1,0 H OH OCHj n

—_— -
O O 1.54. Nonoyama
OCHs
OCH OCH, OCH; OH

et al. studied the

Scheme 4.1 Aqueous-controlled cationic copolymers from naturally
ocenrring B-methvl stvrenes hv Satoh et al24, copolymerization
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of a series of naturally occurring -methylstyrenes and acrylate monomers using either
uncontrolled free radical polymerization or RAFT?5. With the use of fluoroalcohols, such as
1,3-bis(2-hydroxyhexafluoroisopropyl)benzene, instead of toluene, they were able to
increase molecular weight of the copolymers, as well as the incorporation of the B-
methylstyrene monomer. The relative reactivity rate of the 3-methylstyrene to the acrylate
was shown to increase two to three times in fluorinated solvents. While the conversion and
incorporation of the B-methylstyrene monomer was lower with RAFT in comparison to
uncontrolled free radical polymerization, the resulting copolymers exhibited lower
dispersity and higher glass transition temperatures, proving the utility of naturally occurring
B-methylstyrenes as comonomers. In addition to work with B-methylstyrenes, Satoh and
coworkers also synthesized a series of copolymers from naturally occurring terpenes and
maleimide derivatives. Unlike the previously utilized, naturally-occurring B-methylstyrene
monomers, terpenes are non-polar and do not feature any oxygenation. The use of these
monomers could enable a higher degree of polymerization by mitigating potential side and
chain transfer reactions. Matsuda et al. reported the selective 1:2 alternating
copolymerization of a series of terpenes and electron-poor malemides via uncontrolled free
radical polymerization in fluorinated solvents?¢. The copolymers obtained varied from 2.7
to 33.5 kDa and featured dispersities between 1.61 and 4.15. By varying quantities of both
monomers, they determined both the steric bulk of the terpene monomer as well as
hydrogen bonding between the fluorinated solvent and maleimide monomer units were
crucial to the formation of the 1:2 alternating copolymer. The compilation of this and other

work by Satoh and coworkers?’, provides inspiration that despite potential side reactions,
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monolignols could be utilized in the development of a bio-based poly(styrene-co-maleic
anhydride) mimics.

With this in mind, we set out to develop a series of copolymers from monolignols and
citraconic anhydride. Based on success in similar systems in the literature, we attempted to
utilize both uncontrolled free radical and cationic polymerization to form the desired
copolymer. However, despite several attempts and by modifying reaction conditions, we
were unable to form the desired copolymer. Instead, utilizing cationic polymerization (with
BF3Et20), we were able to generate small oligomers of monolignols featuring an alternating
pattern of intact and partially dehydroxylated monolignol monomers. There was no
incorporation or conversion of citraconic anhydride, possibly due to an undesired ring-
opening side reaction. These oligomers were then utilized as plasticizers in the preparation
of polymer blends with either recycled polystyrene or poly(lactic acid). Little effect was seen
in blends with polystyrene but, blends from PLA featured decreased glass transition
temperatures, suggesting improvement to the brittle nature of poly(lactic acid). This chapter
will focus on the synthesis of linear monolignol oligomers, the development of polymer
blends from polystyrene and poly(lactic acid), and the study of the physical and thermal
properties of the resulting polymer blends.

4.2 Results and Discussion

Synthesis of monolignols and citraconic anhydride. While many methods to
degrade lignin exist, methods to specifically isolate monolignols from lignin have yet to be
developed. Due to the promiscuous nature of the polymerization in planta, the double bond
in the aliphatic chain is typically reacted into the polymeric structure via the formation of

either ether or carbon-carbon bonds (Figure 4.3). Additionally, monolignol radicals favor
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coupling at the [-position,
resulting in primarily 3-0-4, -5,
and [B-B linkages in native
lignin?8. While ether bonds are
cleavable under harsh chemical
conditions, none of these
methods are able to restore the a-
p  double bond. Instead,
monolignols are produced in

three steps from precursor

Figure 4.3 Most common linkages formed in lignification
by radical coupling: B-0-4, 3-5, and 3-8

aldehydes, 4-hydroxybenzaldehyde, vanillin, or 3,5-dimethoxy-4-hydroxybenzaldehyde, all

of which are available from lignin (Scheme 4.2). The aliphatic side chain was added by a

Doebner-modified Knoevenagel condensation with malonic acid, yielding p-coumaryl,

ferulic, or sinapyl acid, respectively. The resulting carboxylic acid was converted to the

corresponding methyl ester and then reduced to the primary alcohol using

diisobutylaluminum hydride (DIBAL-H), yielding the desired monolignol as the final

product. Citraconic anhydride was prepared in a one-pot, two-step reaction from itaconic

HO acid (Scheme 4.3). Itaconic acid
O _H §

1. Malonic acid, Py, Piperidine, 75 °C, 12h . . .

2. MeOH, H,S0y, reflux, 18h was rapidly heated to form itaconic
R, R, 3.DIBAL-H,0°C toRT, 4h R R, . o
OH OH anhydride through the elimination
1a: Ry=Rp= -H 4a: Ry=Rp= -H

1e: S; ZSCHG b E‘; ZSCHS of water. Upon further heating,

1¢: Rj=R,= -OCHj

Scheme 4.2 Monolignol (4 a, b, and c) synthesis from

4c: Rj=R,= -OCHj

itaconic anhydride under goes a

precursor aldehydes (1a, b, and c) in three steps
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Oifo double bond rearrangement to yield citraconic

0
OH A OO0 4
(@) H,0

Scheme 4.3 Synthesis of citraconic
anhydride from itaconic acid

anhydride. The preparation of all four

monomers was facile and generally high

yielding. In the case of citraconic anhydride in particular, the synthesis is entirely green as it
is run neat, without the addition of other chemicals, and the only byproduct is water. With
these materials in hand, copolymerizations to produce bio-based poly(styrene-co-maleic
anhydride) mimics were attempted.

Polymerization of monolignols and citraconic anhydride. While numerous
components of previous work by Satoh and coworkers can be applied to our system, the
polymerization of phenylpropanoids as a linear lignin mimics feature the most structural
similarity to our targeted system. With this in mind, we first attempted the synthesis of

poly(monolignol-co-citraconic anhydride) utilizing conditions similar to that as reported by

HO Satoh et al. (Scheme 4.4)%4

HO
X 0.0 16) BFEt,O . ips .
. = n  Equimolar quantities of the desired
) o Q)
OH OH OH

monolignol and citraconic anhydride

OCH
R= -H, -OCH ° : :
were combined in an ampule, along

Scheme 4.4 Copolymerization of p-coumaryl or
coniferyl alcohol and citraconic anhydride with with 4-methoxy-o-methylbenzyl
boron trifluoride etherate and 4-methoxy-a-

methylbenzyl alcohol. alcohol (0.02 eq), water (0.005 eq),

and a mixture of acetonitrile and dichloromethane (4:1). The solution was frozen in liquid
nitrogen and a 10 mM solution of BF3Et20 in acetonitrile was added. Upon addition, the
mixture was rapidly frozen to prevent the reaction from occurring and the ampule was
sealed. The ampule was allowed to slowly warm to room temperature and stir for the desired

length of time before the product was isolated via precipitation.
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Table 4.1 Molecular weight characterization of oligomers via gel permeation
chromatography (GPC)

Monolignol  Catalyst Catalyst Reaction Time M, Mw D
loading (h)
01  p-coumaryl BF3Et,0 0.5 mol% 72 h 870 1490 1.72
02 168 h 670 1360 2.01
03 338 h 820 1690 2.09
05 678 h 900 1570 1.73
06 AIBN 1 mol% 48 h 1100 1660 1.51
07 5 mol% 48 h OR OR OR
08 1 mol% 96 h 950 1280 1.35
09 5 mol% 96 h OR OR OR
010 Coniferyl BF3Et,0 0.5 mol% 72 h 1140 1820 1.60
011 168 h 1490 2100 1.40
012 338 h 830 1470 1.77
014 678 h 2080 2680 1.29
015 AIBN 1 mol% 48 h 990 1420 1.43
016 5 mol% 48 h OR OR OR
017 1 mol% 96 h 1070 1470 1.38
018 5 mol% 96 h OR OR OR

GPC in THF (1.0 mL/min). OR= out of range. b= My, /M,

Initially, reactions were allowed to stir for 72 hours but low molecular weight
products obtained (Table 4.1) suggested the polymerization was slower than what is
typically observed in cationic polymerizations. Despite increasing the reaction time up to
678 hours, the molecular weight of the isolated oligomers did not increase beyond 2.1 kDa.
Additionally, regardless of the reaction conditions, none of the products isolated featured
any incorporation of the citraconic anhydride monomer. Homopolymerizations of citraconic
anhydride showed no conversion even after the increased reaction time, which is not
surprising given the similar behavior of maleic anhydride. Homopolymerizations of each
monolignol generated similar oligomeric products, suggesting that citraconic anhydride
served no role in monolignol oligomerization and was therefore eliminated from later
reactions featuring BF3EtO: as an initiator.

Citraconic anhydride is known to undergo ring-opening polymerization with Lewis
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acidic catalysts, such as magnesium diethoxide and aluminium triisopropoxide?®. We
speculate that citraconic anhydride was unable to be polymerized in this system via cationic
polymerization due to an undesired ring-opening side reaction. As boron trifluoride
etherate is a strong Lewis acid, we hypothesize that a stable, ring-opened citraconic
anhydride intermediate is formed, preventing polymerization. However, attempts to isolate
and characterize this proposed boron-based intermediate were unsuccessful. As removal of
citraconic anhydride did not increase the molecular weight of the final oligomer, this side
reaction is likely minimal and does not consume a large quantity of the polymerization
catalyst. This supported by 1B NMR (Figure S1), in which two products are seen upon
reaction of BF3Et20 and citraconic anhydride. Two boron products are formed with
citraconic anhydride only, the dominant of which appears to be different than that formed
with either ferulic alcohol only or the mixture. This is suggestive that either the monomers
feature staggeringly different reactivity ratios and citraconic anhydride is less reactive for
cationic polymerization, or the stable intermediate is observable but formed in low
quantities.

Despite the minimal side reactions, uncontrolled free radical polymerization with
azobisisobutylnitrile (AIBN) was also attempted. Once again, both monomers were
combined in a 1:1 ratio along with AIBN (either 1 or 5 mol%) and DMF. The solution was
transferred to an ampule, degassed, and the ampule was sealed. The sealed ampules were
heated to 70 °C for either 48 or 96 hours. Regardless of the monolignol, the product was
unable to be precipitated from solution with a several non-solvents, possibly due to high
product solubility in DMF. All polymerizations showed no incorporation of citraconic

anhydride and required lower initiator concentration to yield oligomers. At higher initiator
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concentrations, the products isolated appeared to be monomers or small molecule
byproducts by 'TH NMR due to lack of signal shifting and broadening. By GPC, observed
oligomeric products were below the molecular weight of the lowest polystyrene standard
used (M,=682), confirming the low molecular weight products seen in 1H NMR. Monolignol
identity did affect oligomerization however, as oligomers were only obtained from reactions
with either p-coumaryl alcohol or coniferyl alcohol.

As similar oligomers could also be isolated from free radical polymerization, the
proposed cationic mechanism from Satoh utilizing BF3Et:0-activated 4-methoxy-o-
methylbenzyl alcohol as an initiator complex is likely not the mechanism for this
polymerization reaction. While the exact initiator species is currently unknown, we are
working to elucidate the oligomerization mechanism and rationale for the observed
alternating structure. We are also working to determine a rationale for the lack of
polymerization or oligomerization with the dimethoxy-substituted monolignol, sinapyl
alcohol. Finally, regardless of polymerization method, increasing the reaction time had no
effect on incorporation of citraconic anhydride and minimal effect on the molecular weight
of the oligomeric product obtained.

Molecular weight and structural characterization. Oligomers from the cationic
and free radical polymerizations were characterized via 'H NMR spectroscopy, gel
permeation chromatography (GPC), and matrix-assisted laser-desorption/ionization
(MALDI) spectrometry to determine both relative molecular weight and structure of the
isolated oligomeric products. All oligomeric products obtained, regardless of polymerization
method, were less than 2.1 kDa (Table 4.1), relative to polystyrene, and showed moderate

dispersity. Lack of citraconic anhydride incorporation was seen by 'H NMR and confirmed
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of these oligomers is
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mass spectrometry

Synthesis of polymer blends. Bio-based polymers have the potential to eliminate

both environmental and sustainability issues found with petroleum-based plastics.

However, bioplastics are plagued with challenges such as high production cost, poor

performance, and variability of properties with feedstock variability. Plasticizers are

typically small, organic molecules added to polymers to improve processability, flexibility,

and durability3?. By reducing interchain interactions, the addition of plasticizers decreases

structural rigidity, allowing deformation without failure. Ideal plasticizers for bio-based

plastics are biodegradable, non-volatile, non-toxic, and significantly lower the material’s
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glass transition temperature (Tg)31.

Poly(lactic acid) (PLA) is a biodegradable, renewable, and biocompatible
thermoplastic with potential biological, medical, and pharmaceutical applications. While
poly(lactic acid) offers great potential as a replacement commodity material, it features poor
impact strength, limited thermal processability, brittleness, hydrophobicity, and high cost;
all of which impede its use commercially32. Due to its promise, significant effort has been put
in identifying new plasticizers for different commercial uses of PLA33. In addition to small

molecules, such as glycerol, or oligomers, such as oligomeric lactic acid, polymers have also

HO
Polymer + n__ Polymer blends
R ] ] R
OH OH
R= 'H,'OCH3

Table 4.2 Glass transition and melting temperatures for polymer blends
from poly(lactic acid) and polystyrene

Polymer R Oligomer %2 Tgb Tm¢

Poly(lactic acid) - - 61.1 152.9

PB1 -H 5 57.4 149.9

PB2 -H 10 56.9 148.7
PB3 -H 20 52.6 -
PB4 -H 30 50.1 -

PB5 -OCH3 5 60.8 150.8

PB6 -OCH3 10 58.8 149.2

PB7 -OCH3 20 50.4 147.1

PB8 -OCH3 30 43.6 143.3
Polystyrene - - 102.2 -
PB9 -H 5 101.4 -
PB10 -H 10 100.9 -
PB11 -OCH3 5 101.6 -
PB12 -OCH3 10 100.5 -

aQligomer %= w/w%; b Determined by DSC; ¢ Samples were not heated high enough to observe Ty, for
polystyrene
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been utilized to lower T; and improve mechanical properties3?. Limitations of current
plasticizers include lack of thermal stability, biocompatibility issues, cost, need for higher
loading to offset PLA cost, and need for increased ductility and performance3?. With this in
mind, we set out to determine if the monolignol-based oligomers obtained by BF3Et;0-
inititiated cationic polymerization could be used as plasticizers for poly(lactic acid) or
polystyrene.

For these experiments, poly(lactic acid) was obtained from recycled PLA-based salad
containers (Nature’'s PLAstic), as we were interested in using commercial materials and
improving their physical and mechanical properties. The containers were finely divided,
dissolved in chloroform, and precipitated from methanol to isolate PLA. Polymer blends
were formed from a PLA dissolved in a mixture of dichloromethane and acetone, with
varying amounts of oligomers from either coniferyl or p-coumaryl alcohol (PB1 and PB8).
The volatile mixture of solvents was allowed to evaporate and once dried, the films were
placed under vacuum overnight to ensure the removal of any volatile components.
Concentrations as low as 5% and as high as 30% (w/w%) were produced and studied (Table
4.2). Polymer blends were also produced with polystyrene, which was also isolated from a
recycled source, utilizing similar methods to those described above. For these blends,
polystyrene was isolated by dissolving and precipitating a Styrofoam cooler lid. The resulting
physical and mechanical properties of both the PLA and polystyrene blends were then
studied.

Characterization of polymer blends. As mentioned previously, one of the key
effects of a plasticizer is the reducing of polymer brittleness, as seen in a reduction of the

glass transition temperature (Tg). In addition, to identifying improved physical properties,
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Figure 4.5 Comparison of thermal stability of PLA and PB7 temperature than the

non-blended starting material. If the materials are immiscible (and the plasticizer has a Tg),
two glass transition temperatures will appear in the DSC trace, corresponding to each
component. By visual inspections, all PLA and polystyrene blends appeared macroscopically
miscible as pale orange, translucent films. In the case of the PLA blends produced, all blends
appeared miscible by DSC, as only one glass transition temperature was observed. Significant
lowering of T; was not noted until at least 10% oligomer was added, however at high
concentrations Ty and Tm were lowered significantly (Table 4.2). The high quantity of
plasticizer required can be seen as a benefit in this case, as the plasticizer would also act as
afiler to reduce the quantity of PLA needed ultimately lowering the cost of the final material.
Additionally, the oligomers used are markedly larger than small molecules typically utilized
as plasticizers. The increased size and non-volatility of these oligomers could minimize (or
even eliminate) leeching from the material, a known issue that occurs commonly with
plasticizers.

Polystyrene blends (PB9 to PB12) were also miscible, but less of an effect was seen
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by the addition of either oligomer. We believe this diminished effect may be due to the high
similarity of the structures, as both oligomers are produced from the polymerization of -
substituted styrenes. With this negligible improvement in performance, only PLA blends
were utilized in further physical and mechanical testing. PLA is known for poor thermal
stability, so we were interested to determine if the addition of an aromatic-based plasticizer
improved overall thermal stability. Unfortunately, the blends showed reduced initial thermal
stability in comparison to pure PLA (Figure 4.5). However, the materials showed a higher
char yield than pure PLA, due to the aromatic content of the plasticizer. Polystyrene blends
showed no significant change in their thermal decomposition profile.
4.3 Conclusions

This chapter has focused on the synthesis of monolignol-based oligomers from p-
coumaryl and coniferyl alcohol. While the obtained oligomers were not the initial synthetic
targets, they proved to exhibit interesting structural and chemical properties. Regardless of
the type of polymerization utilized (cationic or free-radical), we were unable to incorporate
citraconic anhydride as a monomer. We speculate this difficulty arises from either a side
reaction with the catalyst (in the case of BF3Et;0) or due to steric constraints, as the
monomer features a pendant methyl group. Additionally, Satoh et al. reported no interaction
of BF3Et20 and the hydroxyl functional group of isoeugenol, however by MALDI-TOF mass
spectrometry, we determined that oligomers were formed between intact and
dehydroxylated monolignols. While we speculate the pendant hydroxyl group reacted
instead of the aromatic hydroxyl, we are still in the process of determining the exact oligomer
structure. While the development of these materials was not intended, oligomers of p-

coumaryl and coniferyl alcohol proved to be miscible, effective, bio-based plasticizers for
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PLA. While the mechanical properties of these materials have yet to be tested, the significant
improvement in the T of PLA is suggestive that the mechanical properties will also exhibit

marked improvement compared to the initial material.
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4.4 Experimental Section

Materials. 4-hydroxybenzaldehyde (98%, TCI America), vanillin (99%, Alfa Aesar), 3,5-
dimethoxy-4-hydroxybenzaldehyde (98%, Acros), malonic acid (99%, Alfa Aesar),
piperidine (99%, Spectrum), aniline (99%, Sigma Aldrich), methanol (ACS grade, Fisher),
sulfuric acid (conc., ACS Grade, Fisher), 1.0 M DIBAL-H in hexanes (Acros), 4-methoxy-o-
methylbenzyl alcohol (95%, Alfa Aesar), itaconic acid (99%, Alfa Aesar), acetonitrile (HPLC
grade, Fisher), dichloromethane (ACS grade, Fisher) and N,N-dimethylformamide (HPLC
grade, Alfa Aesar) were purchased and used as received. Pyridine (99%, Fisher) was distilled
over KOH prior to use. Azobisisobutylnitrile (AIBN, 98%, Sigma Aldrich) was recrystallized
twice from methanol and dried under vacuum prior to use. Thin layer chromatography (TLC)
was conducted with silica gel 60-F245 plates and visualized with a handheld UV lamp. NMR
solvents CDClz and d¢-acetone were obtained from Cambridge Isotope Laboratories and used
as received. Poly(lactic acid) was obtained from unused Nature’s PLAstic salad boxes. The
boxes were cut into ~1 in squares and dissolved in chloroform. Due to the high crystallinity
of PLA, the viscous solution was stirred overnight to ensure the PLA was completely
dissolved. The viscous solution was then poured into methanol, resulting in a white
precipitate. The precipitate was collected on a coarse fritted filter and dried in a vacuum
oven for 24 hours. PLA starting material was confirmed and characterized by 'H NMR, GPC,
DSC, and TGA. Polystyrene was obtained from a Styrofoam cooler lid (specific brand
unknown, as box was not marked). The lid was broken into ~1 in cubes and dissolved in
chloroform. The viscous solution was then poured into methanol, resulting in a white
precipitate. The precipitate was collected on a coarse fritted filter and dried in a vacuum

oven for 24 hours. Polystyrene starting material was confirmed and characterized by H
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NMR, GPC, and DSC.

1H, 11B, and 13C Spectroscopy. 'H and 1B NMR spectra were recorded on Bruker AV-300 or
Bruker DRX-500 spectrometers at room temperature in CDCl3, unless either wise noted.
Chemical shifts are reported with respect to internal solvent, 7.26 (CDCl3), 2.50 (ds-DMSO),
or 2.05 (ds-acetone) for TH NMR spectra. 13C NMR spectra were recorded on a Bruker AV-
500 spectrometer with a dual cryoprobe (13C, 1H). Chemical shifts are reported with respect
to  internal  solvent, 77.16  ppm (CDCI3) for  13C NMR  spectra.
Molecular Weight Characterization. Molecular weight (M, and M) and dispersity
(D=Mw/M,) were determined using gel permeation chromatography (GPC). Samples were
dissolved in tetrahydrofuran (THF) at a concentration of 2-5 mg mL! and were passed
through a 0.20 um PTFE filter before injection. GPC for all polymers was conducted on a Jasco
system equipped with a refractive index detector, a UV detector, a Waters Styragel guard

column, and four Waters HR Styragel 5 1 m columns (100-5K, 500-30K, 50-100K, 5-600 K)

using tetrahydrofuran (THF) at 30 °C and a flow rate of 1.0 mL min-l. Calibration was
performed using near-monodisperse polystyrene standards (M,=684 to 549,000 Da) from
Jordi Laboratories and chromatograms were analyzed using ChromNAV chromatography
software.

Thermal Characterization. All samples were dried at 40 °C in a vacuum oven overnight (at
least 12 h) prior to all thermal characterization. Differential scanning calorimetry (DSC) was
performed on a Perkin Elmer DSC 8000 to determine glass transition (Tg) and melting (Tm)
temperatures. Samples (7-15 mg) were heated from 0 to 160 °C at a rate of 10 °C min-! and
cooled to 0 °C at a rate of 10 °C min-1. A minimum of three heating and two cooling cycles

were performed and Ty was measured from the second heating cycle, unless otherwise
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noted. Pyris Manager was used to analyze the data. Thermogravimetric analysis (TGA) was
conducted on a Perkin Elmer Pyris Diamond TG/DTA Thermogravimetric/Differential
Thermal Analyzer. The TGA instrument was operated under air, using platinum crucibles.
Samples (8-11 mg) were heated from 25 °to 500 °C at a rate of 10 °C min-1. Pyris Manager
was used to analyze the data.

Hydroxycinnemaic acid synthesis. p-Coumaric acid. 4-hydroxybenzaldehyde (7.0 g, 57.4
mmol) was weighed and added to a round bottom flask along with malonic acid (12.7 g,
122.3 mmol), pyridine (30 mL), and piperidine (300 uL). The reaction was heated to 60 °C
overnight (18 h) and then cooled to room temperature. The reaction mixture was poured
into a 600 mL beaker containing 200 mL of ice water. Concentrated HCl was added until the
product precipitated from solution. The product was collected by filtration, washed with a
small volume of cold water, and dried under vacuum to yield the product as an off-white
solid. Yield: 8.28 g, 87.7% 'H NMR (300 MHz, d¢-acetone) 6 12.23 (s, 1H, CCH=CHCOOH), 7.63
(d, 1H, CCH=CHCOOH), 7.55 (d, 2H, Ar-H), 6.91(d, 2H, Ar-H), 6.36 (d, 1H, CCH=CHCOOH).
Ferulic acid. Vanillin (6.57 g, 43.2 mmol) was weighed and added to a round bottom flask
along with malonic acid (9.59 g, 92.1 mmol), pyridine (30 mL), and piperidine (300 uL). The
reaction was heated to 60 °C overnight (18 h) and then cooled to room temperature. The
reaction mixture was poured into a 600 mL beaker containing 200 mL of ice water.
Concentrated HCl was added until the product precipitated from solution. The product was
collected by filtration, washed with a small volume of cold water, and dried under vacuum
to yield the product as a yellow solid. Yield: 6.83 g, 81.9% 'H NMR (300 MHz, ds-acetone) 6
7.63 (d, 1H, CCH=CHCOOH), 7.08 (m, 2H, Ar-H), 6.94 (d, 1H, Ar-H), 6.31 (d, 1H,

CCH=CHCOOH), 3.80 (s, 3H, Ar-OCHs).
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Sinapic acid. Synthesized as reported by Lancefield and Westwood.3* 3,5-dimethoxy-4-
hydroxybenzaldehyde (10.0 g, 54.9 mmol) was weighed and added to a round bottom flask
along with malonic acid (12.6 g, 12.1 mmol), pyridine (27 mL), and aniline (658 pL). The
reaction was heated to 60 °C overnight (18 h) and then cooled to room temperature. The
reaction mixture was poured into a 600 mL beaker containing ice (55 g) and concentrated
HCI (37%, 33 mL). The mixture was stirred once and left to crystallize for 30 minutes. The
product was collected by filtration, washed with a small volume of cold water, and dried
under vacuum to yield the product as a white crystalline solid. Yield: 10.31 g, 83.7% 'H NMR
(300 MHz, de-DMSO) & 12.16 (s, 1H, CCH=CHCOOH), 7.50 (d, 1H, CCH=CHCOOH), 6.99 (s, 2H,
Ar-H), 6.43 (d, 1H, CCH=CHCOOH), 3.80 (s, 6H, Ar-OCH3).

Methyl ester synthesis. Methyl p-coumarate. p-Coumaric acid (8.27 g, 50.4 mmol) was
weighed and added to a round bottom flask along with 50 mL methanol and concentrated
sulfuric acid (0.5 mL). The reaction mixture was heated to reflux overnight. The reaction was
cooled to room temperature and diluted with dichloromethane (100 mL). The reaction
mixture was washed with saturated sodium bicarbonate (3x30 mL). The organic layer was
collected and dried over MgSO.. Solution was filtered and volatiles were removed via rotary
evaporation to yield the product as a viscous colorless oil. Yield: 7.49 g, 83.5% 1H NMR (300
MHz, d¢-DMSO) 6 7.68 (d, 1H, CCH=CHCOOCH3), 7.43 (d, 2H, Ar-H), 6.91 (d, 2H, Ar-H), 6.33
(d, 1H, CCH=CHCOOCH3), 3.81(s, 3H, d, 1H, CCH=CHCOOCH?3).

Methyl ferulate. Ferulic acid (6.83 g, 35.2 mmol) was weighed and added to a round bottom
flask along with 60 mL methanol and concentrated sulfuric acid (0.6 mL). The reaction
mixture was heated to reflux overnight. The reaction was cooled to room temperature and

diluted with dichloromethane (100 mL). The reaction mixture was washed with saturated
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sodium bicarbonate (3x30 mL). The organic layer was collected and dried over MgSOa.
Solution was filtered and volatiles were removed via rotary evaporation to yield the product
as a viscous pale yellow oil. Yield: 5.59 g, 76.3% 'H NMR (300 MHz, deé-acetone) 6 7.67 (d, 1H,
CCH=CHCOOCH3), 7.10 (m, 2H, Ar-H), 6.95 (d, 1H, Ar-H), 6.34 (d, 1H, CCH=CHCOOCH3), 3.93
(s, 3H, CCH=CHCOOCHs3), 3.82 (s, 3H, Ar-OCH3).

Methyl sinapate. Synthesized as reported by Lancefield and Westwood.3* 100 mL of methanol
was added to a round bottom flask and cooled to 0 °C. Acetyl chloride (3.50 g, 44.6 mmol)
was added dropwise and the mixture was allowed to stir for 15 minutes. Sinapic acid (10.0g,
44.6 mmol) was added and the mixture was heated to reflux for 1 hour. The reaction mixture
was cooled to room temperature, causing crystallization of the product. The resulting slurry
was then concentrated to remove residual methanol. The product was then collected by
filtration and washed with a small amount of cold methanol to yield the product as a
crystalline white solid. Yield: 9.97 g, 93.8% 'H NMR (300 MHz, CDCl3) & 7.57 (d, 1H,
CCH=CHCOOCH3), 6.73 (s, 2H, Ar-H), 6.28 (d, 1H, CCH=CHCOOCH3), 3.88 (s, 6H, Ar-OCH3),
3.77 (s, 3H, CCH=CHCOOCH3).

Monolignol Synthesis. p-coumaryl, coniferyl, and sinapyl alcohol were synthesized as
reported by Quideau and Ralph!8. p-Coumaryl alcohol. Methyl p-coumarate (7.49 g, 42.0
mmol) was weighed and added to a round bottom flask along with 100 mL of toluene. The
solution was cooled to 0 °C and 176.7 mL of 1 M DIBAL-H solution (in hexanes) was added
over 45 minutes. After addition, the reaction was allowed to warm slowly to room
temperature. Reaction progress was monitored via TLC. After complete (~4 h), the solution
was cooled back down to 0 °C and 20 mL of ethanol was added slowly to quench unreacted

DIBAL-H. The solution was then diluted with 300 mL of ethyl acetate and poured into 500
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mL water. The biphasic solution was filtered using a coarse fritted filter to remove
precipitated aluminum salts. The isolated salts were washed with additional ethyl acetate.
The organic layers were separated, combined, and washed with DI water (2x50 mL) and
brine (1x50 mL). The organic layer was dried over MgS04 and volatiles were removed under
rotary evaporation to yield the product as a pale yellow solid. Yield: 3.31 g, 52.4%.'H NMR
(300 MHz, ds-acetone) 6 7.29 (d, 2H, Ar-H), 6.81 (d, 2H, Ar-H), 6.54 (d, 1H, CCH=CHCH:0H),
6.22 (dt, 1H, CCH=CHCH20H), 4.21 (m, 2H, CCH=CHCH-0OH).

Coniferyl alcohol. Yield: 2.88 g, 42.2% 'H NMR (300 MHz, de-acetone) § 7.05 (s, 1H, Ar-H),
6.88 (m, 2H, Ar-H), 6.55 (d, 1H, CCH=CHCH:0H), 6.28 (dt, 1H, CCH=CHCH:0H), 4.24 (m, 2H,
CCH=CHCH-0H).

Sinapyl alcohol. Yield: 1.43 g, 37.8% H NMR (300 MHz, CDCl3) & 6.63 (s, 2H, Ar-H), 6.52 (d,
1H, CCH=CHCH20H), 6.24 (d, 1H, CCH=CHCH:0H), 4.34 (br m, 2H, CCH=CHCH-20H), 3.90 (s,
6H, Ar-OCHs).

Citraconic Anhydride Synthesis. Synthesized as reported by Shriner et al.2! [taconic acid
(65.0 g, 0.50 mol) was weighed and added to a round bottom flask along with a stir bar. A
Vigreux column, Claisen adaptor, and cold-water condenser were added to the set up and the
reaction was rapidly heated using a heating mantle. Water and other decomposition
products were collected at temperatures below 200 °C. Once the temperature reached 200
°C, a new receiving flask was connected and the desired product was collected from 200-215
°C. The isolated crude product was distilled under vacuum (105 °C at 22 mmHg) to yield the
final product as a colorless oil. Yield: 36.11g, 64.4% 'H NMR (300 MHz, CDClz) 6 6.67 (s, 1H,
CH3C=CH), 2.17 (s, 3H, CH3C=CH).

Cationic Polymerizations. The desired monolignol (1 mmol) and citraconic anhydride (1
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mmol) were weighed and combined in an ampule, along with 4-methoxy-a-methylbenzyl
alcohol (0.02 mmol), water (0.005 mmol), and a mixture of 3.6 mL acetonitrile and 0.9 mL
dichloromethane (4:1). The solution was frozen in liquid nitrogen and 0.5 mL of a 10 mM
solution of BF3Et;0 in acetonitrile was added. The solution was frozen again and the ampule
was sealed under vacuum. Upon thawing, the solution became deep red. After stirring for
~24h solutions had become more orange in color. The reaction was allowed to stir for the
desired amount of time before the ampule was broken open and 0.1 mL methanol was added.
Volatiles were removed under rotary evaporation and oligomers were precipitated by
adding hexanes or dichloromethane as a non-solvent. The precipitate was washed with DI
water and hexanes before being dissolved in acetone. The acetone solution was dried over
MgS04 and volatiles were removed via rotary evaporation.

Free Radical Polymerizations. Free radical polymerizations were conducted in a similar
manner. The desired monolignol (1 mmol) and citraconic anhydride (1 mmol) were weighed
and combined in an ampule. The desired amount of AIBN (1 or 5 mol%) was then added in
the form of a stock solution in DMF. Then, DMF was added to the reaction mixture for a final
total solution volume of 5 mL. The solution was degassed via the freeze-pump-thaw method.
After degassing, the ampule was sealed and heated to 70 °C for the desired reaction time.
After reaction time was complete, ampule was cracked open and diluted with ethyl acetate.
Organic layer was washed with water (2x10 mL) and brine (1x10 mL), and dried over

MgSO04. Volatiles were removed using a rotary evaporator to yield the product.
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4.5 Appendix C
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Figure S1: Stacked 1B NMR spectra during in situ reaction. Blue: BF3Et;0 starting material;
Red: BF3Et;0 + Citraconic anhydride; Green: BF3Et20 + Ferulic alcohol; Purple: BF3Et20 +
Ferulic alcohol + Citraconic anhydride. Two boron products are formed with citraconic
anhydride only, the dominant of which appears to be different than that formed with either
ferulic alcohol only or the mixture. Suggestive that either is a competitive process and
citraconic anhydride is less reactive for cationic polymerization, or the intermediate is the

observed signal around 0 ppm but is formed in low quantities.
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Figure S2: MALDI-TOF spectrum for O2 showing alternating copolymer. Signal at 2465 m/z

is an artifact of the instrument.
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Figure S3: Second DSC heating scan for PB7 and PB8 in comparison to PLA.
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Chapter 5: Conclusions and future outlook
5.1 Conclusions

This doctoral work focused on the use of monolignols as alternative monomers for
polymer synthesis. While monolignols are used as monomers in planta, the resulting
polymer (lignin) is poor defined and highly variable. With this in mind, we set to create
polymers featuring not only well-defined monomer units but also well-defined polymeric
structures. In contrast to work by others, we wanted to work with monolignols to directly
compare the observed properties of our synthetic systems to the properties observed in
naturally occurring lignin. While monolignols are not currently a delignification product, as
new techniques and methods are continually developed, we speculate that this chemical
stream may soon become commercially available. Additionally, we were interested in the
creation of bio-based mimics to well-known and well-studied petroleum-based aromatic
polymers, such as Kevlar, Nomex, and poly(styrene-co-maleic anhydride). All of these
materials have unique and beneficial properties, but are all produced from petroleum-based
monomers. We wanted to determine if monolignols, as monomers from the only naturally-
occurring aromatic polymer, could be utilized in the synthesis of mimics to commodity
materials.

Chapter 2 focused on the synthesis of a series of 21 aromatic-aliphatic poly(ester-
amide)s via interfacial polymerization from monolignol-based ester dimers and diamines.
Although they are not yet biologically sourced, all aliphatic diamines utilized can be derived
from plants. However, due to higher cost in comparison to petroleum-derived products, the
biologically-derived diamines are not yet commercially available. As methods improve and

with the push away from petroleum-based materials, we speculate that the bio-sourced
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versions will eventually become available. We were interested to determine the effects of
aliphatic spacer length or aromatic spacer substitution patterns on the resulting physical and
degradation properties. The majority of the polymers obtained were amorphous, shown by
the lack of melting temperature (Tw), and showed moderate thermal stability (most T¢>230
°C). The largest drawback to this system was the lack of polymer solubility in common
organic solvents. Poly(ester-amide)s are usually sought over polyamides due to their
increased solubility, but due to the high aromatic content, degree of unsaturation found in
the aliphatic monolignol side chain, and strong interchain hydrogen bonding, the isolated
poly(ester-amide)s were only sparingly soluble in N,N-dimethylformamide (DMF). Based on
the melting temperatures for P17-19 and the moderate thermal stability observed for all
polymer, melt processing is a viable processing method for these materials. As these
materials also contain hydrolysable ester linkages, we were interested in their degradation
profile. Wholly aromatic poly(ester-amide)s are generally considered non-degradable due
to their hydrophobicity, minimizing hydrolysis. However, as the polymers synthesized were
aromatic-aliphatic poly(ester-amide)s, degradation was observed at both neutral (pH 7) and
acidic (pH 5) conditions. Increasing the length of the aliphatic linker decreased degradation,
while increasing the degree of methoxy-substitution (dependent on monolignol identity)
increased the rate of degradation. However, the long term degradation (up to 30 days) of
these materials was minimal, suggesting their usefulness in single use applications requiring
good thermal properties and slow biodegradation. Overall, while these materials do not
mimic the exact properties of well-known aramids, they feature robustness that can be
directly attributed to similar properties seen in lignin. Additionally, the modular synthesis

allows for the use of high-throughput techniques to rapidly generate a series of poly(ester-
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amide)s with tunable properties.

Chapter 3 focused on the synthesis of a series of 21 aromatic-aliphatic poly(ether-
amide)s via interfacial polymerization from monolignol-based ether dimers and diamines.
Based upon our work with poly(ester-amide)s from monolignols, we were interested in
creating an analogous set of polymers that were incapable of degradation. We were also
interested to see if replacing the ester linkage would improve solubility by reducing
interchain interactions and increasing overall backbone flexibility. There are few examples
of poly(ether-amide)s in the literature, but based on the strengths of polyamides and
polyethers individually, we envisioned the combination of functional groups in the polymer
backbone would yield useful materials. Unfortunately, the solubility of these polymers was
significantly reduced in comparison to the analogous poly(ester-amide)s, especially those
synthesized from p-coumaric acid. All polymers were only sparingly soluble in DMF, and p-
coumaric acid variants were so insoluble they required soxhlet extraction for 24 hours to
achieve a small degree of dissolution. Due to the decreased interchain interactions and
increase backbone flexibility, the amorphous polymers also featured lower glass transition
temperatures and reduced thermal stability. While these materials are less thermally stable,
they are still good candidates for melt processing. Their insolubility in common organic
solvents makes them ideal candidates for solvent-resistant applications. Additionally, as
they are not susceptible to hydrolysis, they could also be utilized in applications with strong
acids or bases.

Chapter 4 focused on the attempted synthesis of poly(styrene-co-maleic anhydride)
mimics from monolignols and citraconic anhydride. This approach was attractive for several

reasons, namely the use of naturally derived monomers rather than monomers derived from
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petroleum. Based on literature research regarding the polymerization of B-substituted
styrenes, two different polymerization methods were chosen: cationic (with boron
trifluoride etherate) and uncontrolled free radical (with azobisisobutyronitrile). Regardless
of reaction conditions, citraconic anhydride was not incorporated into the isolated oligomer
and oligomerization conversion of the monolignol was low. Even with increased reaction
times (28 days), the molecular weight of the oligomers isolated did not exceed 2.1 kDa.
Interestingly, oligomers isolated from cationic polymerizations showed an alternating
structure between intact and dehydroxylated monolignol units. While this was not the
targeted result, we utilized monolignol-based oligomers in polymer blends with recycled
polystyrene and poly(lactic acid). Little effect was seen in polystyrene but, oligomers from
coniferyl alcohol lowered the glass transition temperature of PLA by almost 20 °C, while
maintaining the crystallinity. The blends also featured a lower melting temperature,
suggesting these blends would be less likely to undergo degradation in melt processing, in
comparison to unblended PLA. These bio-based, oligomeric plasticizers could also show
improvement over other commercial plasticizers, by minimizing leaching and phase
separation in final products.
5.2 Future outlook

While the work in this dissertation has established a foundation for the development
of new polymeric materials from monolignols, significant work with these and other
materials remains to be done. One of the most interesting characteristics of the poly(ester-
amide) and poly(ether-amide) systems is the retention of the double bond found in the
aliphatic side chain of monolignols during polymerization. As each dimer contains two

double bonds in defined intervals, this system has endless possibilities in the formation of
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graft-co-polymers and polymer networks. For example, we envisioned this system could be
used as a backbone for the preparation of graft-co-polymers with other bio-based
monomers, such as itaconic acid and a.-methylene-y-butyrolactone. Due to their charged side
chains, the resulting copolymer could then be used as flocculants for heavy metal
sequestration. The double bond in the polymer backbone could also be used to form a three-
dimensional network by alkene hydrothiolation (thiol-ene click) or Michael addition
reactions. Through careful selection of the network linker, properties of the final network
could be controlled relatively easily. While the limited solubility could be an issue in co-
polymer or network formation, the modular synthesis of both poly(ester-amide)s and
poly(ether-amide)s allows for tuning of the materials used to create polymers with specific
properties, i.e. improved solubility. Based on the system design, the polymer systems
reported in the first two dissertation chapters serve only as a framework, from which
significant progress and material development are yet to come.

In addition to the polymers discussed in Chapters 2 and 3, the monolignol-based
oligomers synthesized in Chapter 4 also provide several interesting directions to be
explored. The cationic polymerizations of both coniferyl and p-coumaric alcohol, generated
oligomers with an alternating structure of intact and dehydroxylated monolignols. This is
particularly interesting, as the alternating structure is similar to what is known for
poly(styrene-co-maleic anhydride), but does not have the electronic or structural monomer
differences to explain selectivity during polymerization. Further mass spectrometry studies
to confirm the exact oligomeric structure, in addition to mechanistic studies may in turn
answer questions regarding which copolymerization model (penultimate or complex

participation) describes not only this system, but potentially other copolymerization
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reactions. The success of these materials as plasticizers for PLA and polystyrene also offers
great potential in their use in other commodity materials. A systematic study of blends with
other commercial polymers should also be undertaken to determine if they are effective,
comprehensive polymer additives. While the methods used in this system were unable to
generate oligomers of sinapyl alcohol, future efforts also should be placed on the synthesis
of sinapyl-base oligomers to study the effects of additional methoxy-substitution.

While a foundation for the implementation of monolignols as monomers in the
synthesis of commodity polymers has been outlined here, the potential growth and future
directions for this project are limitless. As social demand for bio-sourced materials grows
with an increasing awareness of diminishing petroleum resources and the environment
impacts of petroleum extraction, scientists must continue to develop materials that meet the
needs of both producers and consumers. While the work found in this dissertation is a
significant contribution to this goal, further strides must be made to yield suitable bio-based

materials for everyday life.
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