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Studies of Sustainable Polymers: Novel Lignins to Reprocessable Polymers
Tianyi Liu
ABSTRACT

This dissertation includes twesearch topicsThis firsttopic focuse®n fundamental studies
of monolignols and ligninincluding polymerization and degradatidrhe secongbart reports a

polymeic material thatvascrosslinked but can be reprocessed

In order to understaricgnin from amolecular level and promote biopolymer conversion, we
investigated the dehydrogenative copolymerization and degradation of two monolignols: caffeyl
(C) alcohol andp-coumaryl(H) alcohol. The copolymerization and degradation were monitored
by aquartz crystal microbalance with dissipatiQQM-D). Atomic force microscopyAFM) was
applied to investigate thepdogies of the copolymer and degraded filidsrseradish peroxidase
(HRP) was used as the enzyme file dehydrogenative polymerization wfonolignolsand
chelatormediated Fenton chemistry was used to degrade the lighth. constant monolignol
concentration, we found thas the fraction of kh the polymerization feeshcreased, the amount
of lignin formed increased, and the films became more rigid. For the degradation mfoitess
resultant lignins the presenceof more Cmonolignol during polymerizatiorfacilitated greater
degradationThis work demonstratethe chemical factors that influerttthe physical properties
of lignin and lignin degradation, which could impact biofuel production.

We further investigatedhe surfaceinitiated dehydrogenative polymerization afnew
monolignol 5-hydroxyconiferyl (5H) alcohol usinga QCM-D. HRP was immobilized on gold
sensors. Various experimental conditions were studied. The dehydrogenative polymerization of

5H-monolignolwasinfluencedby the concentratioaf monolignolsand temperature, but was not



affected by the hydrogen peroxide concemrgtwhichwasdifferent from other monolignols. We
also compared the polymerization kinetics5éf-monolignoland the topology of the resulting
lignin thin films with other monolignols Furthermore, we utilized enzymatic and chemical
degradation methado treat the 5Hignin. The 5Hlignin film wasdegraded thoroughly via
chelatormediated Fenton reaction. This study prodidecomprehensive understanding5bi-
monolignolpolymerization and degradation and could be used as a reféoerthe exploratio
of the applications of thBH-monolignol

In this dissertationa separate study involved\itrimer. It was a crosslinked polymedout
couldbe reprocessed and reshaped. The new vitrimebasesd on polymethyl methacrylateo-
hydroxymethyl methacrgke). Aromatic disulfides thainderwenta dynamc exchange reaction
wereincorporated asrosslinkes. The structure of the material was identifieddsgtonnuclear
magnetic resonanapectroscopy*H NMR) andFourier transform infrarespectroscopyFTIR).
Thermal propertieand mechanical propertiegere studied througthermogravimetric analysis
(TGA), dynamic mechanical analysiPMA), and Instrontests. Furthermore the chemical
resistancewas explored Notably, that new materialexhibited comparable mechanical

performance for three cyclegenreprocessed vialzot presgo reprocess.



Studies of Sustainable Polymers: Novel Lignins to Reprocessable Polymers
Tianyi Liu
GENERAL AUDIENCE ABSTRACT

Lignin is acomplex phenylpropanoid polymandis one of the most abundant biopolymers
in nature Conversion of lignin into biofuels or other fine chemicals has deagnificantattention
in recent years. Understanding molecular details of lignin formation and dddigra is of
fundamental importanctr the biorefinery. Although anumber of studies have improved our
knowledge about ligninpany importangspects remain unknaw

Lignin arises from dehydrogenative polymerization of thypesof monolignols,namedp-
coumaryl (H), coniferyl (G), and sinapyl (8)cohols Recently, anew monolignagl caffeyl (C)
alcohol has been found. In this work, teerfaceinitiated copolymerization of @nonolignol and
H-monolignol wasconductedthrough an in vitro synthesis.Furthermore, chelatemediated
Fenton reactionwereapplied to degrade the resulting lignin. The effect @fy@in incorporation
on degradation was studied. It was found that, when melign® was incorporatedthe
percentageof degradationwas larger These findings are likely to guide tlenversionof
lignocellulosic biomassto valueadded products.

A new monolignol 5-hydroxyconiferyl(5H) alcohol was investigateih this dissertation
The surfaceinitiated dehydrogenative polymertzan of 5H was conductedunder various
experimental conditias) including different temperature, monomer concentratmahydrogen
peroxide concentratiofrurthermoredegradatiofy enzymatic and neanzymatic methods were
studied. It was found that tf4-lignin was recalcitrant to enzymieut can be degraded byon

enzymatic procedure The synthesis and degradation were monitored by a quartz crystal



microbalance with dissipath (QCMD), which is a labefree method andanprovidereattime
data.

Thermosets are the materials thatstrectchroasle
stability and nteocvheawmearc,ald uper otpce rtth eeisr. per manen:
be reprocessed or recycdreas s llinn ktehdi sp od insTeee r t nac
vitri mer wlahse rnegptoerrtieadl. wawspn @ e Vmgd tqlpyeld nmetsteadcr y
( PMMAnadr ami ¢ di s wl fwhiessxticihnmknaggeea b | es. Tchhee meixccahla nhgoe
reaction ouiceaktIlsyeVeempgerdat ure. mad eai akkesglan, be
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Chapter 1: Overview

Lignin, a naturally occurringheterogeneoughenolic polymeris the second most ahdant
natural polymeon earth after cellulos€onversion of lignin into fine chemicalsiofuels or other
sustainable materialss drawrgreaterattention recently, because ofaisundaneand diversity.
To utilize lignin as a raw material, it must be detgdinto smaler molecules. However, the
heterogenoustructureand stable chemical bonds kgnin hinder economical degradation to
valuable raw material3Vhile a number of studies have improved aurderstanding ofignin,
many aspects remain unknown. This dissertation consists of two chapterdigiioytfrom
monolignol polymerization to lignin degradatiom addition to natural polymers, synthetic
polymeric materials play an important role in our daily lifenéw class of synthetic polymer
materials named vitrimers has been developed to replace conventional thermosets. This

dissertation also consists of one chapter about a new vitrimer material.

Chapter 2 gyes an overall introductioto lignin, including méecular structure, biosynthesis,
in vitro synthesis, and applications. Then, the degradation of lignin is discussed, including
enzymatic degradation anthelatormediated Fenton reactignin addition, fundamentals of
surface chemistry and surface analysthniquesa quartz crystal microbalance with dissipation
(QCM-D) andatomic force microscopyAFM), are presented. Finally, an introducttowvitrimers

is provided.

In Chapter 3, a surfadaitiated polymerization isisedto produce lignin filmsonsisting of
a newly discovered monoligndl caffeyl alcohol (Emonoligno), and a conventionahonolignol
0 p-coumaryl alcohol (Fmonoligno). When comparinghe HC copolymers to homopolymers

of H-monoligno| the effects ofC-monolignol are demonstrate A chelatormediated Fenton



system was used to evaluate degradatiorf theproduced homo C, homo H, aneHCcopolymer

lignin films. Therateof thesynthesis and degradation were studied by G@M

In Chapter 4, surfaeenmobilized horseradish petolasecatalyzed dehydrogenative
polymerizationwas used to synthesize a novel lignin froreh¥droxyconiferyl alcohol (5H
monoligno) on goldcoated QCMD sensor surface§ he influence of temperature, hydrogen
peroxide concentration, and monomer con@giun on their synthesiserestudied.The effects
of lignin peroxidase manganese peroxidgsend Fenton reagents on tdegradatio of the
generated films were examindd. addition, the production and degradatiorbéflignin films

were compared to lign films made fromconventional monolignols.

Chapter 5 reports a new vitrimprepared bypoly(methyl methacrylateo-2-hydroxyethyl
methacrylatejPMMA-HEMA) and aromatic disulfid&.hearomatic disulfidgrovides crosslinks
in PMMA-HEMA. Thermal properties mechanical properties, chemical resistance, and

reprocessability were investigated ammnpared tdinear PMMA-HEMA.

The main conclusions of this dissertation are presented in Chapter 6, along with some

recommendations for future research lidike the studies presented in this dissertation.

Three ¢herstudies that have been publishddring my time as a graduate student at Virginia

Techare presented in the Appeods



Chapter 2: Background
2.1 Natural Polymers

Natural polymers are defined as polyrsehat occurin nature.They are usually extracted
from plants, animals, or microorganisnihiere are main four types of natural polymers based
upontheir chemical compositiongl) polynucleotidessuch as DNA(2) polysacclaridessuch as
cellulose and star¢li3) polypeptides, such as collagen and a¢tihpolyphenols, such as lignin
and suberinNatural polymers have dravgneaterattention due to their abundance, sustainability,
and biocompatibility.Different from synhetic polymerswhich are derived from petroleum,
natural polymes are environmentally friendly. They have applicatiamgnany fieldsincluding
the food industry, manufacturing, packaging, and biomedical enginee@ng. of the most
remarkable applications is biofuglghichare considered to k@esource of renewable enerthat

can reducgreenhouse gas emissions.
2.2 Lignin
2.2.1 Introduction to Lignin

Lignin is one of the mostbundannatural polymers on earth. It accounts for approximately
30% of the dry weight of softwoods and 20% of the hardwdaddignin associates with cellulose
and hemicellulose to form the secondary cell svafl plantsand plays an important role. The
strong interaction betwedignin, cellulose, and hemicellulose preserves the integrity oblHre
cell wall. In additionto the rigid nature of lignin, it can provide mechanical supaodimpact
resistance. Brthermore, lignin is hard to biodegradedprotects plants from rotting. Finally, as

an aromatic polymer, lignin provides hydrophobicity to plaits.



Lignin usually hasa highly crosslinked and heterogenous structhegmainly arises from three
monolignols: 4-hydroxy-3-methoxycinnamyl (coniferyl, G) alcohok-hydroxycinnamyl g-
coumaryl, H) alcohol,and 4hydroxy3,5-dimethoxycinnamyl (sinapyl, S) alcohol. The
structures are shown Figure 2.1 (a), (b), and(c). In plants, hese monolignolsra derived from
phenylalanine in the cytosoAfter the monolignols are synthesized, they are tranegtot the

cell wall andare dehydrogenated to phenolic radicals by enzyiesmultiple reactive sites on
the monomers lead to a large numbermpefmutations in coupling reactions that yield many
possible interunit bonds between monolignols. The most common bond found in natural lignin is
b 1 @ as shown irFigure 2.2. The relative amount of H, G, and S monolignols varies among
different plants. Geerally speakinghardwoods are rich in G and S units, softwoods are rich in G
units, andgrasses are rich in G and S units. There are three commonly used sretlsadate
natural lignin from plants: ball milling, cellulolytic enzymetreatment, andenzymatic mild
acidolysis The molecular weight of the natural lignin is difficult to measure because of its

heterogeneityand degradation during isolation

@ wo (b) WO () wo

OH OH | OH
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Figure 2.1 Molecular structures of (a)4mhonolignol(b) G-monolignol(c) Smonolignol(d)

C-monolignol and(e) 5SHmonolignol
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Figure 2.2 Commonly found linkages in lignin

Figure 2.3 Representation alignin structure

To be isolated from wood, natural lignin usually undergoes strong base or acid treatment
during extraction, thus, most of its structuraliered To betterunderstand lignin, manwy vitro

lignin synthess systems have been developed. One of the most famasis trean vitro oxidase



catalyzed polymerization of lignin precursors into dehydrogenation polymer (DHP) initiated by
Freudenbergn the 1950¢ Two modes wer@roposed byreudenberghe Zulauf mode (ZL) and

the Zutropf mode (ZT). Inthe ZL mode, lignin is formed in a bulk solution of monolignol and
H20., while intheZT mode, monolignol and 4. are added slowly and continuously. Generally,
theZT mode delivers DHP lignin that has higher molecular weight and similar strdotnegural

lignin compared to thanade by th&L mode® ’

Although DHP lignin cannot fully mimioatural lignin it helps us understand mafactors
that influencelignification. Our knowledge about the radical coupling process, interunit bonds
between the monolignols, etchiased otn vitro DHP lignin.Studies have showthat monolignol

structure and contefit!® 1! pH % ¥solvent enviroment!® monolignol additioomode andatg®:’

and the presence oéllulose and pectinanaffect the molecular weight and structure of the final
product}®2° For example, druloyl ester can bimcorporated in lignification and generates more
O-4bonas® lower pH favosmoreb T -@ bond'® andthe molecular weight afoniferyl alcohol DHP

is slightly increased in the presence of padyichemicellulose and pectic acidl
2.2.20 N e Wignin

Recently, an urconventional lignin unithas been identified: caffeyl alcohol (C-
monolignol) (the structure is shown fRigure 2.4). Unlike the conventional monolignols, which
copolymerize and form heterogenous crosslinked polym@&fmonolignol tends to
homopolymerizevia a benzodioxane linkagerhe lignin formed byC-monolignolis named €
lignin, which has beefoundin a number of natal plant tissuesf vanilla orchids andh over
130 species of cactt??In nature, Gignin was foundo coexist with G/Slignin butgo through
independent biosynthesis A computationalstudy showed that the C-C homodimeris more

thermodynamically stabléanX-C heterodimes (X represents G, H, and %)
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Figure 24 Polymerizatiorof C-monolignol The resulting polymer ialinear structure with
benzodioxane linkage

The biosynthasc mechanism of dignin is well studied As illustrated inFigure 2.5, The
hydroxyl group inC-polymer end unitare first oxidizedy anenzymeto form hydroxylradicals.
Radical couplingo f t h e mo n-pasiton) withahe hydroxgtadibals occureind forms
guinone methide (QM) intermediatéinally, internal trappingand rearomatizatiorthrough the
3-OH group in Gpolymer end unitaind theQM intermediatgroduce thdenzodioxane borsd*!
The question ofvhether Clignin hasa distnct physiological functiorfor plants compared to

conventional lignirremairs elusive.

The unique linear structuref C-lignin provides considerable potential fovalueadded
products.There are many studies investigating the structures and applicationdigoirCLi et
al. usedhydrogenolysis tccatalytically depolymerize the dignin.?* Results showedhat the
depolymerization of €ignin produced90% single monomer selectivity urrdBt/C catalysis.
Stone et al. used reductive catalytic fractionation to study the depolymerization of naturally grown
C-lignin and found that the depolymerization products consisted of only propyl and propenyl

catechol, which largely reduced the costuwttier distillations®
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Figure 25 Generation of benzodioxane unitsGHdignin via aradicatcrosscoupling
mechanisnt! Mc & caffeyl alcohol monomer and Bc C-polymer.Adoptedfrom Chen et al.
(2012) (CGBY).

5 Hy dr o x yalcobah(3Hfmemolighol)is anothernewmonolignol that has been found
recently.As shown inFigure 2.1 (e) it is generated by the downregulation of the caffeic &eid
methyltransferase enzynDue to the presence ofOH groups,similar to Gmonolignol 5H-
monolignolis likely to form a benzodioxane interunihatresults inalinear structuregather than
a crosslinked structure derived from the conventional monolignols. Density functional theory
calculations have beeapplied to study the oxidation/dehydrogenation reactioHefrtonolignol
in lignin formation?%?” Recent studies haugsedgenetic modification to manipulate Skgnin
content in plantsarticulaty, Vanholme et aldemonstratee 70%5H-monolignolin Arabidopsis

usinggenetic manipulation®



2.3Lignin Degradation
2.3.1 Enzymatic Degradation

In nature, most lignin is degraded by enzymes produced by fungi. The major ligninolytic
enzymes involved in lignin degradation are lignin peroxidagee s i gnat ed a@&P)il i gna

manganese peroxidase (MnP), and laccase fac).

LiP has hidn redox potential, thus it can oxidize nphenolicstructurs, such a$ -O-4, one
of themost abundant chemical baid lignin, with assistancef H2O. and mediators.g.,veratryl
alcohol (VA). LiP can also oxidize phenolic structs® MnP can only oxidize phenolic
structurs and generageCQ,. Usually, MnP need theaddition of Mn?* to facilitate substrate
oxidation! The optimal pH environment differs for LiP and MnP. Typically, LiP requires lower

pH than MnP?2:33

Lac can oxidize phenolic structigeCompared to LiP and MnR.ac has relatively lower
redox potentigltherefore, La is not the key enzyme in natural lignin degradation. However, it
was found that Lacgssesses the ability to breakdowmei | i p@airni er 0 wi t h s mal

mediators oin the presencef other enzyme¥t
2.3.2 Chemical Degradatiord Fenton Chemistry

Besides enzymatic degradation, small molecules play an important role in lignin degradation
due to the fact that enzymes are too bulky to penetrate dense lignocellulose. Therfdaged
Fenton reaction (#D+F€*Y  HABOH +F€™) is the mainreaction In this processkEe* first
reacts with hydrogen peroxide yield Fé* and the hydroxyl free radical, which is a powerful
oxidant that can depolymerize lignin. Ther*fis reducedbackto Fe&”. In recent years, people

have utilized Feton reactios to facilitate the conversion of lignocellulosic biomass into



biofuels3>3® Compared to hydrogenolysis, oxidation, pyrolydiguefaction, and hydrolysis,
Fenton chemistryis a green process that can benductedunder mild conditiors at room
temperature. Catalysts or mediator are used to improve the Fenton reaction efficihigynin

degradation by enzymes and Fenton chemistry are summarizegine 2.6.
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Figure 2.6 Comparison of lignin degradation by lignin peroxidase (LiPdnganese peroxidase
(MnP), laccase (Lac), araFenton reactiod’ Adopted from Kumar et al. (2020)
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2.4 PolymerAdsorption and Lignin Thin Films

2.4.1 Adsorption

Adsorption is the adhesion of molecules from gas, liquid, or dissolved solid to a surface. For
an adsorption procesthefiad s or b e nt 0,theaubstraie, referotiveamatarial onto
which adsorptioroccurstheiad sor bat eo refers to thandthat eri al
fifadsorptiveodo refers t d° Thelteeare wo Itypes afdssrptionhi ng s
physisorption and chemisorption. Physisorptisra physical, weak interaction and reversible.

Chemisorption is chemicaly linked, strong interaction and usuallyirreversible®?4!

Desorption .

Physisorption Chemisorption /

Figure 2.7 Depiction of physisorption and chemisorption interactiogtween the substrate

surface (adsorbent) and the adsorbate molecatesdesorption.

Adsorption is usually described by isotherms. Adsorption isotherms descriamtumt of
adsorbate on the adsorbent as a funaifdts pressure or concentrationcainstant temperatufé.

Several isotherm models have been developed. In this chapter, two models will be introduced.

TheLangmuir model was first derived in 1918. This model is applied to gasses adsorbed onto
a solid surfacé? It is the most commdy usedisotherm equation due to its simplicity and its
ability to fit a variety of adsorption data. The Langmuir isotherm is based on four important
assumptionsl) the solid surface is homogenous, and there is no interaction beheeetsorbates
2) all binding sites on the solid surface are equiva@nthere is no phase transitjiand4) only

monolayerformation is allowean the surface. The Langmuir isotherm equation is described as

11
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wheres is the surface excess is the maximum surfaceoncentratiorat monolayer coverage,

0 is Langmuir constant, which is defined as the ratio of the adsorptidndesorption rate

constantsb ——, ando is adsorptiveconcentration.This equatiorcan be rearranged into a
linear form,

PP P P

3 03 0 3

thus, thea and0 can be derived from the intercept and the shuf@plot of3  vs.0

The Freundlichadsorption isothernmsianother moddbr adsorptionwhich is appliedor multi-
layer adsorbate on heterogeneous susfaiee Freundlichsothemassums binding sites on the
surfaceare non-equivalent for the adsorptiv®. The mathemati description of Freundlich

isotherm is

where0 is the capacityf the adsorbentand— is the adsorption affinity constarithe Inear

versionof the Freundlich adsorption isotherm is
O a8 é—a €0

Similarto the Langmuimdsorptiorisotherm,b. and— can be obtained from the intercept and the

slope respectivelyof a plot ofa € vs.a €.0
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2.4.1.1 PolymerPhysisorption

Polymers can adsorb oto a surface via physisorption or chemisorptioiWhether
physisorption happerdependsipon the solvent and the substrade. adsorption layewill form
on the substrate surface if the polymer prefers the substratthe solventA depletionlayerwill
occur if the polymer prefers the solvemter the substrateThe concentration of the poher
segmenvariesas a function of distance frotne substrateThe polymer segment concentration is
larger near the substrate surface than in the bulk sofati@asorptionFor depletion, the polymer
segment concentration is larger in the bulk soluand gradually decreases close to the substrate
surface. Figure 2.8)

(A) Adsorption B) Depletion
¢

Figure 2.8 Polymer adsorption onto solid substrates éthan adsorption layer (b) a depletion

layer. The parametekorepresents theegment density concentration as a function of distance

(z) from thesubstrate, wher#. represents the segment density at the surfacéanebresents
thebulk segment densif{# Adopted fromzZhang (Copyright 2014 Xiao Zhang).

At equlibrium,the conf or mati on of the ads-oopp i oo ca
model suggested I&ilberberd® and Hoevé®, as shown ifFigure 2.9 Only a few segmentsake
contact with the substrate surf aceareaitendngt | vy .

into the solutiommr e r ef ersd.edT haes TMitl @wiolpsd are the segmen

13



chains, which can rotate freel#’ It is noted that this mode is also used to describe grafted

adsorbing polymer§

Loop
Tail l

Train

Figure 2.9 A polymerchainadsobedonto a flat and homogeneous solid

substrae. Adopted from Zhang (Copyright 2014 Xiao Zhafigy).

2.4.1.2 Polymer Grafting

Polymer grafting ont@a surface habeen studied and applied in various industrial §eler
the yearsThe grafting methods can be cfirremdof aaed
AgrafoonginGramdi ngfers to the method that t h
substrate suaice. There are initiators on the surface that initiate the monomer to polymerize.
A Gr a- tousas the existing polymers with active sites that can bond with the substrate surface.
Both methods have theifrr oondn iad vnaoriot eangloetsang efinG r eanf
more widely appliedn industry. AGrtadd i @m@n contr ol the mol ecul

more precisely?
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() Short chains

with and without load

Long chains Sl

(b) without load

()

500 nm

Figure 2.10 Topographical models for short and long graft chains underviRérinted with
permission from Emiko Uchida and Yoshito Ikad&opyright (1997) American Chemical
Society

The conformation of the gra&ftl polymer can be influenced by the polymer architecture,
polymer density, and solvents. When placed in a good doliose interaction with polymer
chains is thermodynamically favoraptbe polymer chains tend to maximize their contact with
the solvent, so the chains are stretched away from the substrate surface forming a polymer brush.

When in a poor solvent conditi, the polymer chains collap¥e? Lai and BindeP? Grest and

Murat®* and Balazs et aP'®’ studied the conformation of graftpolymer in poor solvest The

chains clump together arfdrm isolated islands and dimpleBigure 2.11). The depths of the
dimples depend on the density and the polymer chain length. Emiko Uchida and Yoshito lkada
investigated the dynamic behavior of the grdfthains in poor solverf.It was found that when

thechains were long enough, they were stretidnd tiledalong the solvent flowlirection, while

15



the overall conformation perpendicular to the flow direction was not affeetgdré 2.11). The
conformation of polymer is also relatedthegrafteddensity when the number of polymer chains

per area is | ow, a N pvamimcedsiagopolhgnierrcham tdensitg, the s f o
structureis gradually stretcbd with conformations described &smu s hsb o @ m e@®hbnrau s h
densebrush state, théhickness of the polymer layer is proportional to the polymer molecular

weight>8 64

Pancakes Mushrooms Brushes

Grafting density

Figure 211 Schematic illustration of the structure of grafted polymer chains with increasing
grafting density, from 0p EiAdoptéddremdHildebramdtét mu s hr c
al. (2020) (CGBY)

2.4.2 Lignin Thin Films

So far,mostof our understanding of lignin structuaed propertiescomes from studies of
DHP lignin in bulk systems and dhe surface Lignin films can beproducedthrough spin
coating® % solventcasting’®’* surfaceinitiated polymerizatiorf>”® LangmuirBlodgett (LB)-

deposition’*">self-assembly®’”and electrodepositior® &

16



Spincoatingis the most widely usedechniquefor lignin film formation It can be used for
either isolated lignin or synthetic lignin on variaugstrate. The lignin films are usually prepared
from alkaline solutionThe film formed from spircoaing is rigid and smoothThe thickness of
the film is dozens of nanometers and can be easily tuned by the spinning rate and lignin
concentration.Norgen et al studied the stability of the sptpatd lignin film in aqueous
solutions® The film showed excellent stability in alkaline solution and only slight corrosion in
Nad solution. Tammelin et ahrepared sphtoatdlignin filmsusing the same mettipand tested
various properties usirgquartz crystal microbalance with dissipat@&M-D.%8

Solvent-casting is a straightforward and simple method to prepare the ligmndidthe
lignin solution or suspensidr directly dropped oto a substrate. Theampleis typically dried at
room temperature to maintain the structiviécic studied the topology oB-lignin on cellulose
substrata’® It was found that the ®Bgnin formed regular colloidal crystwith few defects on

cellulose sultsates (Figure 2.12).

Figure 2.12 G-lignin mode compound on cellulose substriteeused with permission
from Wiley Material. Copyright (2003)

Surfaceinitiated polymerization is another commonly used metfidere are two ways to

initiate the polymerization of the monolignols: enzymatic and photochemical polymerization.

17



Wang et al. sudied the topology gbure lignin synthesized bg-monolignol, Hmonolignol, and
S-monolignol using an immobilized enzymé& The horseradish peroxidaseas adsorbedh a
QCM-D instrument and then monolignolsolutionswere flowed overthe substrate surfae The
lignins weregrown from the substratélhe Glignin formed 208300 nm globes, while Hgnin
formed small but more uniform aggregatThere vereno aggregasformed for Slignin. Micic
et al. synthesized Ggnin on cellulose surfasevia UV irradiation’? which resulted irrandom

and probably noffiunctional structure

1 15
um 00 0s 10 15 20
ym

Figure 213AFM hei ght i Mafd 6-DHP2(B)IHDRP, andn(C) DHP
layers formed on gotdoated QCMD sensors. RMS roughnesses for each AFM image are (A)
D33, (B)D12, and (CD1.7 nm”3 Reproduced from Wang. Copyright (2013) American

Chemical Society

LangmuirBlodgett(LB) deposiion is a widely used technique to prepsegiousmonolayer
thin films. This technique was first used to prepare lignin thingiim1996 by Constantint'.
Lignin was dissolved in THF and thespread ontdhe water surface. After THF evapoeat a
monolger of lignin was formed on the water surface. Thefilld was obtained by dipping a
glass slide into the monolayer phadea controlled dipping rate. This method is relativetpre

complexthan other methadbut wuld precisely control the filnthickness

18



Another commonly used methodpeepare the lignin thin films selfassemblyDue to the
fact that lignin contains many electrdonating functional groups, it can easily adsorb onto
surface that are positively dirged. Maximova et alitilized this method to produce lignin films
on mica surface’® They rendezd mica surface positively chargedoy electrolyte and then
equilibrated the surfacasith lignin solutiors. The second method was to mix the lignin solutio
with the cationic polymerin solution, followed by immerson of mica surfacesnto the mixed

solution.

Electrodepositions anothercommonly usednethod to generate lignin films. It is often used
to depositignin films onto electrodes for electrode modificatidks an abundant natural polymer,
lignin is a cheap alternative to gold or Nafionaaselectrode modifierThe functional groups in
lignin can undergo reversible quinondéydroquinoneedox reactioa Thus, it can be used for
electrocatalytic applicatiorf$ To deposit lignin onto the electrodietlignin is usually dissolved
in a mixture of HSQy and HNQ solution. The deposition can be conducted potentiostatiaally
0.9V vs Ag/AgCl for 2 minor via cyclic voltammetryat a 100 mV $ scan ratdor dozens of

cycles.

2.5 Surface Analysis Techniqué® A Quartz Crystal Microbalance with Dissipation

Monitoring (QCM -D)

A quartz crystal microbalance with dissipation (Q@NI provides reatime information
about binding and adsorption by monitoring mass change a quartz crystal sensofhe
sensitivity of mass determination bQCM-D can be < 1 g/cn?. When an alternating voltage is
appliedto the two poles of a quartz crystal, the mechanical vibratitmeafuartz crystal generates
an alternating electric field due to its piezoelectric nature. The amplitude of mechanical vibration

and the amplitude of an alternating electric field are both extremely modest, but when the
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frequency of the applied alterrmagi voltagematches the resonant frequency at the cry#tal
amplitude grows dramatically, a phenomenon known as piezoelectric resonance. The resonance

frequency can beatculatedusing the followingequation:

Wt — &0

where Qs resonate frequency, is the acoustic speed traveling through the quartz crgsisl,
the overtonenumber where only odd numbes match the boundary conditions necessary for

mechanical shear wavefis the fundamental frequency of the resonaaod’Q is the thickness

of the quartz crystal

A B
Metal coating AR '\
i . _|
. " (A
 — &/,

1 |

Quértz

Figure 2.14 Depiction of aQuartz crystal microbalance with dissipation monitoring (QDM
(A) sensor and (B) shearaKation.

In 1959, GiinterSauerbrey, a German scientdiscovered that theibration of the crystalwas
diminished whera thin film was deposited on the crystal surface, and it was also found that the
decrease of vibration frequency was determined by the thickness and density of the film. Under
the assumption that the external holding capacity is uniformly and rigidighattato the gold
electrode surface of QCM, was concluded that the resonant frequency of Q@&k directly
proportional to the external mass. This relatitp wa mainly used to study gas deposition onto

metal surface In the 1980s,the Sauerbrey equatn was extendetb liquid phase. According to
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the Sauerbrey equation, the mass of the material adsorbed on the crystalvseststated to the

change of frequency as follows:

Ya

.. 6 CEG . 3 S’,I‘Q
€

where'Qis the resonant frequency ofetffiundamental modé&'Qis the normalized frequency

changeYd is the mass changé,is the piezoelectric crystal aréla, is the density of the quartz,

representthe shear modulus the quartzé is the overtoneumberandd is acrystal specific

constant.

The Sauerbrey equation provides an intuitive reference for the adsorbed substances on the
surface. Since the fundamental frequency, working area, density and shear modulus of the chip are
all known values, the addmed mass carbe directly calculateérom the equation. However, the
original intention of the equationas to calculate the oscillation of the chip in @ssuminghe
adsorbed materiad rigid. Therefore, wheaviscoelastic material, such apolymer, is adsorbed
onto the chip surfaceFromaliquid medium the equation wilbe subject tsignificanterror. The
reasonfor the erroris that the viscoelasticity of the adsorbed material will leackriergy
dissipaion that also influenceghe frequencyof the crystal A QCM with dissipation monitor

(QCM-D) can be used to study the viscoelasticity of the film by measuring the frequency decay.

The dissipation factorY) is relatedto describe the viscoelasticitf the systemwhich is
defined as the rat between the energy dissipat&didsipated and the energy storeHsfored during

a single oscillation period:
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A soft film causes largerO and thus leads talarge D value In constantarigid film

causes smallefO and thus leads tasmalker D value.

The adsorption of viscoelastic materials can be calculated accui@telgme systenby a
Voigt model. The model consists of a viscdaslpot and a Hoodanspring in parallel, which can

be used to analyze the creep behavior of polyniérs.model can be expressed as follows:

0 o0 W QY Q 0 -
whereG is the complex shear modulus,&is the shearstorage modulusGo is the shearloss
modulus, is the elastic shear modulus, is the shear viscosityQs the oscillation frequency
and is the angular frequency of oscillatidrour parameters, including thickng®), density

(" ), visceity (— ), and elastic shear modul§s ) of the film, are usually examined to

characterize the viscoelastic layer. Those parameters can be olitaimeghthe changes of

frequency and dissipatiarhanges:

- . vy — |
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where” is the density)Qis the thickness; is the viscosity subscript O represents bulk fluid,

subscript f represents film, subscript q represents quantk, is the penetration depth of the

shear wave towards thailk solution
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” —| “ "Q ‘8 (l‘Q!
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Figure 2.15 A schematic representation of the Vegtsed viscoelastic model

The rheological properties of protein and synthetic polymers at liquid/solid interfaces have
been studied using viscoelastic modeling for QDOMindings. Liu et al. investigated the
viscoelasticity otarboxymethyl cellulose adsorbed onto regeneratedas#isurfacessing this
model®? Gurdak et al. investigated the adsorption and viscoelastic characteristics of type |
collagen on polystyrene in both native and koEatatured form& Furthermore, QCND
combined withsurface resonance plasm@PR techiques allows for a better understanding of

thin film featuredike thin film densityandwater contenat liquid/solid interface&>®®
2.6 Vitrimers

Development of commodity polymeric materials that are robusalso recyclable is highly
desirableBroadly defined, polymeric materials are classified into two categahiesnoset and
thermoplastis. Thermosets are polymers that are crosslinked bglent bonds, named chemical
crosslinks. Due to the stable and irreversible covalent bonds, thermosets usually have superior
mechanical properties and chemical resistance but cannot be recycled and reshaped.
Thermoplastics are polymers that are crosslingedieak interactions, named physical crosslinks.

They can be recycled; however, they usually have lower strength and are easily corrodible by
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solvents. In recent years, the demand for {gjgality plastic products has increased along with the
atencant problem of growing quantities gblastic waste, which requires us to develop new
materials that are mechanically stable, solvent resistant, and also malleable and recyclable. To
solve this problem, a new type of polymeric materalled a vitrimehas attrated attention. These
polymers are as stable as thermosets and can be reshaped and recycled as easily as
thermoplastic§¥ °! Vitrimers are developed based on exchangeable chemical bonds (also known
as covalent adaptive netwarr CANs) that can be broken and reformed rapidly with a triggered
stimulus, such as heat or ligkitith the rapid topology changmacroscopic flow can be achieved,

and thus, rgrocessibility can be realized. Also, the covalent bond will provide medianic
strength so that the material is robifst! So far, the covalent adaptive networks have been
synthesized through various chemistri¢gsansesterification, transalkylatioriransamination,

disulfide exchangeandboroxine metathesis?¢-9293
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Table 21 Overview of Different Vitrimer Materials and Their Healing Conditi§hReprinted
from Krishnakumar et al., Copyright (2020), with permission from Elsevier

Mechanism Material Transition Healing conditions Mechanical
temperature strength
(Tg)
Transestrification Biobased triepox3? 187°C 220°C and slight 462.8 69.2MPa
pressure
Epoxy with tertiary amin®  130°C 160°C, 3h 20.461MPa
Amino-capped aniline 58°C IR laser b20i 22 MPa
trimer-Liquidcrystalliné”
Epoxy with Polydopamine 42°C Light, 120min b25MPa
modified gold nanospher®s
Transalkylation  poly(1,2,3triazolium ionic 1 &C to 23°C ) f15MPa
liquid)®®
poly(thioether}®° 12T 160°C, 45min f80 MPa
Disulfide Epoxy with silica hano 151.5°C- 180°C, 30120min  ©764+8
particlesg®! 155.5°C
Polyhydroxy urethari€? 66 °C 150°C, 5 10MPa  235MPa
for 30min
Epoxy with FRP3 127°C 200°C,100bar for 9242 292MPa
5min
Polycarbonaté* 19AC P34 160°C,510MPa ¢7+1MPa
Transamination  Poly (vinylogous 87°C 150°C, 30 mins €2*10°MPa
urethanelf®
Trans Polyhydroxy urethari€® 54°C 160°C, 4MPafor ©2.2+0.4 GPa
Carbamoylation 8h
Imine Polyimine®” 102°C 110°C for 30min a49MPa (dry

aTensile strength
b Stressstrain
¢ Tensile modulus

d Compression strength

e Young modulus

f Storage modulus

2.6.1 Characteristics

2.6.1.1 ThermalProperties and Viscoelasticity

sample) and 3®Pa
(wet sample)

There are two important temperatures to characterize a vitritherglass transition
temperature (J) and topology freezing temperature X(TTq is the temperature that the material
transitions between a glass state and a rubbery &tatm theperspective ofpolymer chain
configuration, T is the temperature at whisegments that consist of-30 carbonstart to move.

Tvist he vi t rritemperaturgimitufqr gervice and lower temperatunait for recycling.
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Above Ty, the polymer chains breandthe material is processableelow Ty, the exchange

reaction is slowBoth temperatures determine the useful range ofithimers

Bl Elastomer Viscoelastic b) Thermoset Visfoel?ftic
T Tg«—Ty liquid T TV Tg lqui

: : E :\\ 1
< - Za c v
g "‘"”e""[mJ ¥ : ‘N

Temperature —— Temperature ———

Figure 2.16 Representation of the viscoelastic behavior of vitrimers witi {apwer thanT,.

Upon heating, the vitrimdollows the Arrhenius law. (b)y lower thanTg. Upon heating, the

vitrimer is first controlled througHiffusion (WLFbehavio} and then by the exchange kinetics
(Arrhenius)® Reproducedrom Denissen et al. (2015) (CEY)

Tv can be either higher or lower thag As illustrated inFigure 2.16(a), in the case of J>
Tg, the material behaves as elastomer betweengTand T.. And since the exchange reaction
occurs slowly, the networks are fixed. When the temperature is abothee Viscoelasticity of the
material drops gradually and foll@mn Arrheniusrelationship In the case of < Tg (as shown
in Figure 2.16 (b)), the material behaves as a conventional thermoset belowhen the
temperature is between @nd Ty, although the exchange reaction occurs rapidly, the polymer
segmental movement is restricted, sot ttie materialremainsin a glassy state. When the
temperature is abovey,Tthe viscoelasticity of the material drops abruptly avakesthe material
reprocessabldt should be noted that abovg, The material first undergoes a region where the
segmental motiobecomeshe dominate factor, so that the material folldesWilliams-Landel

Ferry (WLF) model Then,as the segmental motion reaclamaximum, the exchange reaction
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kinetics become the domimaq factor, so that the material viscoelastiai#yhibits an Arrhenius
responseWhen desigimg a vitrimer for a specific application, the rigidity thfe monomer itself,
types of exchange reactions, and crosslink density should be considered to achiefed a use

temperature window.
2.6.1.2Reprocessability

Reprocessability is the ability that distinguesha vitrimeifrom conventional thermosets. As
a result of the instability of the crosslinkages, the vitrimer can be repaired or reshayeidal
route toassesseprocessability is to cut origd the material into small pieces and rematiel
material. Thermal stability mechanicaproperties, and the gel conteare considered to evaluate
reprocessability. The materials are usually subjected to ptauttycles andcompared with the

original performance.
2.6.2 Vitrimer Materials

Vitrimers are developed basedwriousdynamic exchange reactions. In the following part,

chemistries that ammostlyused for vitrimer desigare discussed
2.6.2.1 Transesterification

In 2011, Leibler and coworkers firdescribedhe conceptodfivi t r i me martepokya s e d
networkgener&ed viatransesterificationThe reprocessability was realized by excess ansadnt
free hydroxy functional groups and promoted by cataffsts.

o] 0

Y _
R1)LO,R2 + HO-R; =— R1)LO’R3 + HO-R,

Figure 2.17 Chemtalreaction fortransesterification
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The studies showedtat the kinetics ofransesterificatiocan be simpladjustedsia catalyss.
By changing theatalysttypes and loadings, the activation energyrahsesterification vari¢§®
At 150 °C, a carboxylic acid (a cdnmation of dimeic and trimeic acid) curecdisphenolA epoxy
network relaxd in more than 10seconds with a inol% zinc acetatecatalystbaseduponepoxy.
When the Zn catalyst loading is increased to 5%mdhe relaxation time is reduced to*x0t%
With the same mass loading, RRRhibited lower efficiency than zinc acetate and
triazabicyclodecenélBD). Niu et al.synthesizedan ionomer catalystpoly(acrylonitrileco-zinc
methacrylate) (Z#PAM). This Zn-ionomer displayed highercatalytic efficiency than
Zn(OAc) and TBD under the same loadingith 2.5% mass loading, the relaxation tinvas

reducedo less thari400 s at 170C 110

Besides catalystgn excess amount of hydroxyl groujgsnecessary to enable the reaction.
Hillmyer and others attempted to apply vitrimer principles to polyesters. In comparison to epoxy
vitrimers, they created crosslinked polylactide with a substantigher density of esters in the
network.The relaxation timgasas short as 120 s at 120 with Sn(Oct} as catalyst. Even though
that systeninadsuch short relaxation timkttle to no stress relaxation was observed if all hydroxyl

groups wereonsumed??

Although transesterificationwith catalystsis reprocessable and controllable, lgegnm
stability restricts applicationasaresult of catalyst aging or leachirigurthermorelarge catalyst
loading may alter mechanical propertidsatalystfree system was developed by Han été&lia
curing of a hyperbranched prepolymer with succinic anhydride, which sheomgksckation timeof
68 min at 160°C. Another catalysfree system was developed by Altuna et4By introducing

atertialy amineto BPA, a relaxation time of ~12@&nat 160°C was obtained.
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2.6.2.2Transalkylation

Compared to transesterification, trakg#tion shows higper activation energyThe
activation energy of transesterification is usually lower than 100 kJinviole the activation
energy of transalkylation is ~140 kJ/m@lbadia et al. developed a vitrimer inspiredanyionic
| i qui d-azidsyialkyme nmbnomer and a tgbromohexane difunctional crofisker.!*
Temperaturenduced transalkylation exchangasable stress relaxation for 1100 s at 150Tt&.
thermodynarit behavior of the materials can be tuned by altering the countet'tddse to the

ions, the conductiity of these polyionic materialsan be extremely useful in certain specialized

applications.

Although the synthesis of polyionitansalkylationusing triazolium saltsis simple and
requires no catalyst, the cost is relatively higimpared withother systerm because othe

expensiveazides and alkylating reagerits

X X X X
R4 'NN+ Ry ’N_.N+ 5 R4 -N R4 —N, +
§< BN + ~ N\ ~— ~_ N + N7
2 R5 R5 2
Rs 6 R3 6

Figure 2.18 Chemtal reaction fortransalkylation
2.6.2.3Transamination

The dynamic exchange reaction whylogous urethandransamination can be realized
without catalyst®r with Brgnstecbr Lewis aciccatalystst'®'’ Spiesschaest al. systematically
investigated theffects ofmolecular weight and crosslink density the dynamic transamination
within vinylogous urethane vitrimefs® It was found thathanging the molecular weight resulted
in significanty higheractivation enegies (from 68 to 149 kJ o) and relaxation times (from 7

to 230 min at 140 °C)ariance Filler effects onvinylogous urethandransamination in
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polydimethylsiloxanevitrimerswerestudiedBe si des Youngds matdredk,us

it was found that acidic or basic functionalizatafrthe filler can influence relaxation timeé®

R
O HN"? 0 HN

— — -
RivgANAN,  + HN-Rs = Rivg AN, +  HaN-Ro

Figure 2.19 Chemcalreaction fotransamination
2.6.2.4Disulfide Exchange

Disulfide exchange is one of the most popular reversibdmsformationsused in
vitrimers. The activation energy afisulfide exchangeeactioncan be as low as 55 kJ/mdf:1?!
Based on this mechanism, many $edtling materials have been develop@d?® Computational
work suggested thdalhe SS bond dissociation energy decreased witeanyl groups werpara-
substituted?® The phenylsubstituted disulfide groups can undergo an exchange reaction via a

radicatmediated mechanismith a fixed crosslink densitgs shown irFigure 2.17.?

QP _|QP _ 3P _o |
So |d &% Twn O

Figure 2.20 Mechanism of radicamediated aromatic disulfide exchange reaction

s s

©

2.6.2.5Imine Exchange

Vitrimers with imine exchange reactions are prepaiadcldehyde and dor triamine.One
advantage oanimine network is thathereversable reaction can be stimulated by water, which
enables green reprocessing of the materigfst?°Feng et al synthesized aitrimer-like material

basedon poly(dimethylsiloxane) etherimide, terephthalaldehyde, and-anfthoethyl) aming
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which exhibited stress relaxation time less than 100 E@&t°C.1%° Zheng et al developeda
vitrimer via a polycondensation reaction of terephthaldehydeylylene diamine, and tris {2
aminoethyl) amine. Besides reprocessability, this material showeaohotothermal
conversion*° Hajj et al investigated theffect ofcrosslink densitpn imine dynamic networks?
The stress relaxation time decreased when crosslink density deciidesgdlso pointed ouhat

weak interactios, such as -stacking,couldalsoaffectthe relaxatiortime.

S —\ x> .R >, .R
+ RONTY == RN+ RSTONT2

Figure 2.21 Chemcalreaction forimine exchange

2.7 Conclusion

In this chapter, an introduction of lignins and lignin degradation, including both chemical and
enzymatic degradatiors presented. Conventional ligningessesrosslinked and heterogeneous
structure, whichhinder lignin degradation. While €and 5Hlignin, which were recenly
discoveredhave homogeneous and linear strucufalditionally, various methods for preparing
lignin films are summarized. Tho&e vitro methods provide convenient and reliable models for
lignin studies. Furthermore, fundamentals neblecule adsorption onto a solid substrate and
surface analysis technique, Q@D are introduced. Besides lignin and surface chemistry, an
overview on vitrimers is provided in this chapter. Different dynamic bond exchange reactions
applied in vitrimer prparation are discussed. Eachtlodsereactions has their own advantages
and limitations Overall, this chapteprovides background information for themainingchapters

in this thesis
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Chapter 3: Synthesis and Degradation o€affeyl Alcohol (C-Monolignol) Copolymers with

p-Coumaryl Alcohol (H-Monolignol)
3.1 Abstract

Lignin is a complex heteropolymérat binds cellulose fibrils and hemicellulose into a rigid
recalcitrant structure. Degrading lignin is challenging and is responsible for the high cost
associated with the conversion of lignocellulose into biofuels. To improve the conversion
efficiency, a better understanding of monolignol polymerization, copariation and lignin
degradation processesrequired. Conventional lignin is made of thraenolignok: p-coumaryl
alcohol (H-monolignol) coniferyl alcohol (G-monolignol) and sinapyhklcohol (S-monolignol)
Recently, a new type of monolignol was foudd cafeyl alcohol (C-monolignol) Here, the
copolymerization of Hand Gmonolignol as well as their degradation, were studied using a quartz
crystal microbalance with dissipatiamonitoring(QCM-D). Atomic fore microscopy (AFM) was
applied to investigate thepologiesof the copolymeand degraded film$iorseradish peroxidase
(HRP) was used as the enzyme fimle dehydrogenative polymerization wfonolignolsand
chelatormediated Fenton chemistry was usediégrade the ligninWith constant monolignol
concentration, we found that, as the fraction gbrdsent during polymerizatiotiecreased, the
amount of synthetic lignin increasdaurthermoredissipationchangesvere used toassesshe
rigidity of the synhetic lignin film. For the degradation process, the incorporation of more C
monolignol facilitated greater degradatiofhis work demonstrates the chemical factors that
influence the physical properties of the lignin and lignin degradation, which couéttriofuel

production.
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3.2 Introduction

Lignin is a complex heteropolymer that provide®chanical strengthwater resistance,
andpathogen protectiofor plants''2 It is formed via enzymatic dehydrogenative polymerization
of monolignols in plants through radical coupling reactidrhere are three types of monolignols
namedp-coumaryl alcoho{H-monolignol) coniferylalcohol(G-monolignol) and sinapyalcohol
(S-monolignol), differing in ther degree of methoxylation. The corresponding produced kgnin
areH-lignin, G-lignin, and Slignin.*® The structures adhemonolignols are shown iRigure 3.1
(a). The multiple reactive sites on the monolignols lead targe nhumber of permutations in
coupling reactions that yield many pogsii bl e i
(> 50%) b-b , almkages(as shown inFigure 3.1 (b) etc/''° Ther heterogenous and
complex structureesult in high restanceto degradtion Conversion of lignin into biofuel has
attractedmore and morattention due to its potential to reduce fossil fuel dependance. However,
the conversion of lignocellulosic biomass into fuel is challenging due to the difficulty of ligni

degradatiort!' 13

Recently, a new type of monolignalaffeyl alcohol (C-monolignol) has been discovered
The corresponding lignin is referred as C-lignin. In contrast to théaeterogeneousrosslinked
structure of the conventional lignin,-lignin has abetterdefined chemical structurea linear
structure with benzodioxane linkag@Figure 3.1 (b)).1*!® The novel structures and properties
exhibited by such lignin may presamnsiderabl@pportunitiesor genetic manipulatioof plants
and the generation of higlalue downstream productBhere are many studies investigating the
structures and applications foeli@nin. Chen et al*#® Tobimatsu et aft’ Zhou et al® Wagner
et al.2® have studied thbiosynthesis and structure of thelignin. The degradation of Ggnin

was studied by Li et al. and Stone et?3ft They used hydrogenolysts depolymerize the C
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lignin with a catalys. It was found that theepolymeization of CGlignin produced a favorable
monomeric product distribution consisting of only propyl @nopenyl catecHpwhich reduced

the cost of further distillationdBesides experimental research, computational calculations have
been used to evaluatee thermodynamics of the radical recombination dimerization reactions and
the bond dissociatioenergyof C-C homodimersand GX lignin species (for X = G, Hor S

monolignold.2223

Because the biosynthesis of-lignin and other conventional lignin arso similar,
copolymerization of @nonolignolwith conventional monolignols is very likelifurthermore, due
to the unique linkages in pureli@nin and itshigh selectivity towards degradation prodydtss
intriguing to investigate the @orporationof some C units intthe conventionalignin andtheir

degradation behavior

OH

(o)
HO

B-0-4 B-B B-5 Benzodioxane

OH

Figure 3.1 (a) Molecular structure of C and H monolignasd(b) monolignol linkages
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In this work, H-C lignin copolymers were produced by in vitro dehydrogenative
polymerization. Then, the-& lignin was degraded by chelatorediated Fenton chemistyhe
polymerization and degradation processes were studied using a quartz crystal microbatance wit
dissipation(QCM-D) monitoring, which offered redlme data on the procesAtomic force
microscopy AFM) was used to explore the topologies of thddQignin before and after
degradation.This study is expected to provide a means to promote the efficief lignin

degradation, which will further benefit biofuel production.
3.3 Experimental
3.3.1 Materials

H-monolignok were made using processes that had previously been destriBed
monolignol(O 9 5 %purchaaesl fronsyntame Ltd. ilNingbo, ChinaHorseradish peroxidase
(HRP, type |, essentially sditee, lyophilized powderH20, (30 wt% in BO), and ron (I1) sulfate
heptahydrate (FeS&'H-0O) were purchased from Sigafddrich. Ammonium hydroxide (30%

NHs in H0) and met hanol ( pdrchasel . feRtisherw Scierdific. 2,3-
Dihydroxybenzoic acid (DHBA) wasbtainedfrom TCIl America.A 100 mM pH = 4.0 acetate
buffer solution was prepared using sodium acetate and acetic acid that were obtained frem Sigma

Aldrich.
3.3.2Preparation of QCM-D Sensos

Gold-coated QCMD sensors (€5ense AB, QSX301,5 MHz) were cleaned prior to use by
exposure to UV/ozone for 3@nin, immersion into a 1:1:5 v/v/v solution of ammonium
hydroxide/hydrogen peroxide/water at 1Wfor 1 h The sens@were subsequently rinsedth

ultrapure water and ehd with nitrogen.
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3.3.3 Synthesis of DHP Films

Thin films of dehydrogenative polymer (DHP)ene generated via in vitro synthesisfter
loading the cleaned sensors into the flow modidebe QCMD (Biolin Scientific QSense E4
Analyzer) ultrapure water was flowed oviére sensorantil a stable baseline washievedThen,
a 1.0 mgmL™* HRP aqueoussolutionwasinjectedinto the fow cell for 25 min. Aftetthe sensor
was rinsed withwvater for 20 minmonolignol aqueous solution with controlled®3 concentration
was introduced into the flow cell for 90 mifihe flow rates for all solutions wefel mL-min'™.
At the end of the polymerization, water was flowed through the system again for 30r rthie
removal of reversibly adsorbedesidualmaterial Fr equefncgnd aedi ssi pati on (
were monitored simultaneously during the QCMneasurementgurvesfrom the fifth overtone

(n = 5)wereplotted in all graphs as representative curves.
3.3.4 Degradation by ChelatofMediated FentonReactiors

Ultrapure water waBowedthrough the system again for 90 nfiar the removal of reversibly
adsorbedesidual materialAfter waterwas flowed over the sensacetate buffer (pH=4) was
introduced into the cellandprovided anacidc environment fothe systenfor thedegradtion of
the polymer. Afteta 60 minexposure t@cetate bufferl0 mmolL™? FeSQ in acetate buffer was
flowed into the cells for 50 min. Aftaards DHBA andH.O, (DHBA: 5 mmokL ™t H,O,: 400
mmol-L™Y) in acetate buffer ereflowed into the cell for 8 minThen,the flow was stoppedThe
degradation was monitored for BOAfter 20 h the system was flushed with ultrapure water for
90 minutesor 90 minfor the removal of reversibly adsorbed residual matertad flow rates for

all solutions wer®.1 mL- min™.
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3.3.5 AFM Measurements

After QCM-D measurements, sensors wearmoved from the QCMND modulesrinsed with
ultrapure water and dried withoNAtomic resolution imagingvasconductedisinga Dimension
ICON-ScanAsyst AFM (Bruker Dimensiprinstrument.ScanAsystAir probes wereusedunder
ambient conditions

3.3.6Mass Spectrometry (MS) Measurements

During the polymerization process, the solution that flowed out of the @GMas collected
and dried in a vacuum oven at 60 °C. The recovered materials were dissolved in methanol at a
concentration of 1.0 mgiL™ to make MS sample#n Agilent 6220 Accurate Mass TOF LC/MS
was usedor the MS measurements. An Agilent 1311 HPLC pump and a 1367B autosampler were
usedfor sample injectionThe HPLC was run in isocratic mode with methangDH65/35 v/v)
thatcontained 0.1%ormic acid as the mobile phaaea flow rate of 0.5mL-min™. Results were

obtained in both positive and negatoetectionrmodes
3.3.7 QCM-D Analysis

Frequency(Y'Q and energy dissipatiothnagegYD) for the fundamental frequency (4.95
MHz for gold coated quartz crystalg)ere monitored simultaneously. In this study, data from
overtone n = 5 were provided. The mass of the material adsorbed on the crystamsensor

calculated fronthe change in frequenasingthe Sauerbrey equation

9 9 v Y

Ya —YQ 0 (Equation.3.1)

where™Qis the resonant frequency of the fundamental myias thefrequencychangeYa is
the mass changA.,is the piezoelectric crystal aréa, is the density of the quartz, is theelastics

shear modulus of the quartz, n is the overtmmaberand6 is the crystal specific constamhich
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is 0.177 mg-nf-Hz! for the crystals used in this study.

The dissipation factoi)) is used to describe the viscoelasticity, whicdeined as the ratio
between the energy dissipateBidsipated and the energy storedEsored during onesingle

oscillation
O —— (Equation.3.2

3.4Results and Discussion
3.4.1Synthesis ofLignin DHP Films

Because the lignin structure adtered during the extraction process from natural woads,
vitro lignin syntheic systems have been developed to better understand lignin. One of the most
common ones developed by Freudenbermp the 1950sis an in vitro oxidasecatalyzed
polymerization of lignin precursors into dehydrogenation polymer (DHP). Two modes were
proposed by Freudenbertpe Zulauf mode (ZL) andhe Zutropf mode (ZT). Inthe ZL mode,
lignin was formed in a bulk solution of monolignol and®4, while in ZT mode, monolignol and
H20. wereadded slowly and continuously. Generalhge ZT mode deliveedDHP lignin that lad
higher molecular weight aralsimilar structurdo natural lignincompared t@®HP madethrough
the ZL mode?®¥? In this work,the ZT method was usefbr the synthesis of-lignin, H-lignin,

and GH lignin copolymers The polymerization process was monitored by QDM

Representative curves for the polymerization process are shdvwiguire 3.2 To make the
amount of the DHRormedand degradation clearer for comparison, the frequency was adjusted to
zero after the absorption of HRPhe drop in frequency showed that thass put on the sensor
had increasedSince the mass loading on the sensor increas@isiieduced that lignin was

synthesized on the surfadéne reaction rate steadily reduced to zero as lifgmmation proceeded
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until curves reached a platedithe slopes o f f/n srsus timeaefleced the polymerization rate.
For all compositions, the polymerization rates were comparable, and thpd\ferizationvere
completed within 90 minThe changes in frequency refledthe amount of lignin formedn the
sen®rs, and the results were summarized able 3.1 The pure Hmonolignolyielded changes

in af/n & -93 Hzor 16 mg-m 2calculated fromEquation 3.1, while pure Cmonolignolyielded
changes ined/n & -139 Hz or 24.6 mg-m 2 For the HGDHP, where the total monolignol
concentratiorwas held constanas the H concentratiaf the feedstockncreased, the amount of
lignin synthesized decreased. It has been reported by Ziebell et al. that increasomplidjnol
resulted in lower molecular weiglior natural lignification?® One possible reason is that the
methoxyand hydroxy groupkave intrinsic chemical differences that govern the rates of formation

and reaction of the derived phenolic radicdls.

0. ® H=0.5 mg:mL!
MH:C=0.5:0.25 mg:mL*
AH:C=0.375:0.375 mg-mL?
40 % H:C=0.25:0.5 mg:mL*
% C=0.5mg:mL?
N
I
— -80-
£
>
-120 4
'160 T T T T
20 40 60 80 100 120

Time / min
Figure 3.2 Representativéme dependerdd/n profiles forthehomopolymerizatiorof H-

monolignol C-monolignol andcopolymerizationof C-, H-monolignolat different

concentrations
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Table 3.1 The synthesizedmountof H-DHP, C-DHP and HC-DHP films according to the data

in Figure 3.2
Ylin| (H2) Synthetized Amount(mg-m2) @
H 10 ~03 16
H-C 105 -7 13
H-C 7.57.5 ~104 18
H-C 510 ~ 104 18
C 10 ~139 o5

2 Calculated byEquation 3.1from ¥Y'(n

Crosscoupling ability ofH- and Gmonolignolwas investigated bmass spectrometry (MS)
The MS samples were collected from the solution that flowed out of the-Q@&oughout the
polymerization process.oiential structures of dimer thabuld result fromH and C monolignol
couplingsare shown irFigure 3.3 (b) Dimers ofH-H tend to formb-O-4 bond anddimers ofC-

C tend to form benzodioxane bandror HC dimers b eCG-4handfbenzodioxane bonds are
passible. Each athese dimerpossessed structures witififerent molecular weight. The results in
Figure 3.3 (a) were consistent wittcrosscoupled H- and Gmonolignol and suggested a

preference f -O-8 bond between €and Hmonolignols
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Figure 3.3 (a) MS spectrunfor samplesollectedduring thecopolymerizatiorof 0.5
mg-mL* C-monolignoland 0.5 mgnL™*H-monolignol (b) Possible structures of-8 dimer and

m/z values. The structures in the boxescagsistent withthe MS spectrum.

The topology of lignin plays an important role in its physical propeifiésAFM images of
DHP films formed from pure H, pure C, andxed stocks of €and Hmonolignols are provided
in Figure 3.4 It was found that the root mean surface (RMS) roughness values were 21 nm for
pure HDHP. With consistent Hnonolignol concentration, and decreased asddolignol
increased in the feedstoabrfthe polymerization. The average RMS roughnesses were 12 nm, 10
nm, 8 nm for @Gnonolignol concentrations = 0.125, 0.25, 0.5mig?, respectively. The smoother
surfaces were attributed to greatem@nolignol incorporation into the lignin and more linear

segments of @HP in the copolymet®
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(a) H=0.5mg-mL" (b H:C=0.5:0.125 mg-mL""

40.0 nm 40.0 nm
-40.0 nm -40.0 nm
~12 nm
400.0 nm 400.0 nm
(c) H:C=0.5:0.25 mg-mL" (d) H:C=0.5:0.5mg-mL"1
r 4 - .
. 40.0 nm 40.0 nm
-40.0 nm -40.0 nm
~8.1 nm
200.0 nm
(f) Bare gold sensor
15.00m 40.0 nm
-15.0 nm -40.0 nm

400.0 nm

400.0 nm

Figure 34 AFM height images (2 Ml 2 ¢DHP copolymer films polymerized from
solution contains Hnonolignol and @nonolignol present g&) H- : C-monolignol
concentration ratie 0.5 : 0 mgmL™, (b) 0.5 : 0.125 mgnL?, (c) 0.5 : 0.25 mgmL™, (d) 0.5 :
0.5 mgmL?, ()0 : 0.5 mgmL™?, and(f) abare gold sensor. Numbers in thever left cornes

of the images correspond to RMS roughnesses obtained from the entire image
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3.4.2 Degradation of HC-DHP Films

Degedation oflignin into fine chemicals and fuelsas been identifieds one of the most
important fields of ligninresearch However, recalcitrance to polymerization caused by the
heterogeneous and complex structure of lignin has complicated this area of re3éarch.
incorporation of @nonolignolinto conventional Hmonolignd may provide a strategy to improve
lignin conversion efficiency. In the present waslchelatormediated-=enton reaction was applied
to the degradatiorof DHP lignin films. Discoveredby Fenton inthe 1890s,the Fenton reaction
occurs widely imature, usually induced by funifiln recent years, people have utilized Fenton
reaction to faciliatethe conversion of lignocellulosic biomass into biofu&tg® As illustrated in
Figure 3.5 in Fenton reactios) F€* first reacts withhydrogen pesxideto yield F€** and the
hydroxyl free radical, which is a powerful oxidafihe hydroxyl free radicadill attack the lignin
and depolymerize lignin. Fdfe** to be used aa catalyst, it must be reduced Fe**. However,
this stepis slow, and consumes B, thereby loweringthe overall reaction efficiency. To
overcome this barrier, an organic iron chelator is apftieBe** reduction This modified method
is calleda chelatormediated Fento(CMF) reaction®”*8In this study, we useDHBA as the iron
chelator. In addition to improdeefficiency, CMF can bappliedover a wider pH range than
traditional Fenton reetions.

Osy Lopin

Chelator: DHBA {EH ,(@"“‘\\%
LA, <
s ST
ithout consuming H,O,
Fe(ll) + H,LO, —> Fe(lll) + + OH® KY@ i@

[ Fe(lll) + H,O, —> Fe(ll) + HOO- + H@ QQW

2 Hzoz — HO+ + HOO- + Hzo

_OH

Water-soluble
small molecules
Room temperature

Figure 3.5 Mechanism othechelatormediated Fenton reaction
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Polymerization
Acetate buffer, Fe(ll), DHBA, H,0,
Degradation
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Figure 3.6 A representativéime dependered/n profile for the synthesis of ©HP films
throughpolymerizationof C-monolignol(0.5mg-mL™) in the presence of #; in H-O and the

subsequent chemical degradatipnFentonchemistry

Figure 3.6 showsrepresentativdCM-D resultsfor C-DHP film polymerization ¢haded
green) and degradatioshiadedyellow). Water was pumped through the system after tHHP
films were madefor the removal ofreversibly adsorbed lignin and monolignolBor the
establisiment ofa favorable environment for the Fenton reagents, acetate buffer was introduced
After Fe* ionswereintroduced the frequencydecreased as a resultfé* ions uptakeby theC-
DHP films. Next,an HOz solutionwhich contained chelator, DHBA, was run over the sensor
and initiatedFenton reactions. The DHBA functioned as an organic Fe chelator/rednckr,
promoedFe** reductionto F&*.373® A decrease in frequenag360 minwas observetiecause of
H>O, and DHBAadsorptionand thenfrequencygraduallyincreased because thfe degradation
of the C-DHP film. The frequencyreacted a plateauwhich served as an indication thie
degradation byhe Fenton reactiomad finishedFinally, acetate buffer andtrapure vater were

introducedfor theremoval of all the reversibly adsorbed components on the sefbeultimate
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frequencywas higher thanthe valuebefore Gmonolignol polymerization which indicaied

complete degradation of the@HP film andpartial degradatiorof the HRPhad occurredThe

degradation of HRP by Fentahemistrywasprovidedin Figure 3.7.

Buffer

(Afin) | Hz

0 50 100 150 200
Time / min

Figure 3.7 A representativéme dependerdd/n profile for HRP (1.0 mgmL™* aqueous solution)
adsorptiorontoa bare goldcoatedsensoiand the subsequent chemical degraddiiotihe CMF

system

In additionto the studies of @nonolignol polymerization and degradation, four additional
monolignol compositions underwent dehydrogenative polymerization and subsequent degradation
by the CMF reactions. These compositions included purard three different mixtuseof H-
and Gmonolignols. For the H and Gmonolignol with different compositions, the total
monolignol concentrationswere constant Representativereattime QCMD data for the
polymerization and dgadationprocesssare shown irFigure 3.8 (3. The greershaded regions
represergdpolymerization. Thérequencydecreased anslas attributed tdignin formationon the
sensor surfacelhe yellow shadedegions exhibited frequenagcreass andwere attributed to
the lignin dgradation The changem frequencywereconverted into magiroughEquation 3.1
However,it should be noted that this equation is bagamh the assumption that the polymer film

is rigid. Thus thededuced surface concentras@md the percentage of degradation vashesiid
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only be regarded as estimst€he results are summarizedkigure 3.8 ©). Thes  values for
polymerization shown ifrigure 3.8 (b)were compredfor all compositions studied and indicated

the films were of comparable thickne¥¢ith the addition of @nonolignd to the polymerization

feed solution, the degradation percentage of the DHP film increased significantly. During the
degradation of per HDHP film, only a smally"@n wasobservedandaccordingly only a small
amountwasdegradd. The degradation percentage increasetb% when the concentrations of
C-monolignoland Hmonolignolin the feed solution were equal. When the percentage- of C
monolignolin the feed solution reached 6%,/the amount of egradedCH-DHP film achieved-

125%. Thedegradation above 100#as attributed tcomplete lignin and parti?dlRP degradation
demonstrated ifigure 3.7.

(a) Polymerization (b)
Acetate buffer, Fe(ll), DHBA, H,0,
Degradation

20 ,1’)
A
0 ® H=0.5mg-mL! 40 1120
B H:C=0.5:0.25 mg-mL! = Polymrization
20 A H:C=0.375:0.375 mg-mL?! 30} o Degradation — 4100
40 F + H:C=0.25:0.5 mg-mL? o c
T 5 20 o A
o B ©
= oy E . " leo B
= aQ [ ]
S 80| : 10l - a
9 440 ®
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. ® 20
120} 0 /A
A
140 L= " 1 J ha L L " 1 L 1 1 1 1 1 L 0
60 90 120 400 800 1200 1600 0 10 20 30 40 50 60 70
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Figure 3.8 (a) Representativéme dependered/n profiles forthe synthesis of DHP films
throughcopolymerizationof H-, C-monolignolwith constant total monolign@oncentration in
the presence of 4. and the subsequent degradation via a chefatatiated Fenton system.
(b) Gigem vs. % C-monolignol (Left-axis) for polymerization and degradation, and %

degradation vs. %-@onolignol (rightaxis)
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Figure 3.9 Representate time dependerad/n profiles for the synthesis of DHP films
throughcopolymerizationof H, C-monolignolwith constant Hconcentration in the presence of
H202 and the subsequent degradation via a chetatatiated Fenton systelfin) locwm vs C-
monolignol concentratiar{Left-axis) for polymerization and degradation, and % degradation vs.

C-monolignol concentration (rigkexis).

The same trend happshfor the copolymer with constant H concentrati®epresentative
ad/n vs. time profiles for the synthesis and degradation KWC-DHP films with a fixed H
monolignol concentration in the feedstock are displayeéigure 3.9 (a) The synthesized
amounts andhe percentage of degradation ofCHfilm were similar for the H: C- monolignol
ratio of 0.5 : 0 mgmL™, 0.5:0.125 mgnL?, and 0.5 : 0.25 mgiLt. As the concentration of-C
monolignol in the feed solution increased above 0.5nmhgf, the synthesizedmount increased
slightly, as did the percentage of degradation. When the concentratiemoh&ignol increased
to 0.75 mgmL?, the synthesized amount was much larger than the other compositions and

degradation increased substantially. Enhanced degad#tat approached 70% for a- C
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monolignol concentration of 0.75 ngL-*was attributed to greater incorporation efr@nolignol

into the lignin.

The topology of the polymer layers after degradation were studied by AAFM images
in Figure 3.10 were from films polymerized from solution that contained 0.5mg" H-
monolignol and different concentrat®mf C-monolignol that subsequently underwent CMF
degradationFor concentrations of-@onolignol  0.25mg-mL™, after CMF treatment, tHRMS
roughnesses were simitarthe DHP film before the CMF treatmeRigure 3.4). The comparable
topology indicatedninimal degradationin contrast, films polymerized from solution with C
monolignol 0.5 mgmL™* had smalleRMS roughnesses after CMF degréoia Of note the
roughness oH :C 0.5 : 0.75 mgnL? specimen wag.5 nm, which was close to the bare gold
sensor (2.3 nm). That indicates the DHP film was degraded thoroughly. The AFM results were in

agreement with the QCMD results.
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(@) H=0.5mg-mL"
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(b)H:C=0.5:0.125 mg-mL""
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~11 nm
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(d)H:C=0.5:0.5mg-mL"
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(f) Bare gold sensor
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of

copolymer films polymerized from solution containsinolignol and @monolignol present at

(a) H : C-monolignolconcentration ratios 0.5 : 0 mg-mt%, (b) 0.5 : 0.125 mgnL™?, (c) 0.5 :
0.25 mg-mL?, (d) H- : C-monolignol = 0.5 : 0.5 mg-mt, (e) H- : C monolignol = 0.5 : 0.75

mg-mL?, and(f) abare gold sensor. Numbers in tbaver left cornes of the images correspond

to RMS roughnesses obtained from the entire image
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3. 4D &HGeDHP Films

The QCMD was usedor an assessment of the dissipatminthe HGDHP films. The
dissipationf a ¢ t asflectesiDhe rigidity of the filmRigid films havesmaller ¥$ values than
viscoelastic filns. Figure 3.11provides representativae Dversus time profiles for the synthesis
of HC-DHP copolymer films. From @ 60 min, the observed increase amDreflected HRP
adsorption onto the gold sensor surfakféer 60 min,Y$ increasedsDHP films were formed on
the sasor and rapidly reached a plateau. Higleddvalues wereobserved for pure HDHP films.
The highetee Dvalues indicated greater energy dissipation by the DHR dihdindicaiedamore
viscoelastidilm. Enhanced energy dissipation by the DHP filvesattributed to theviscoelastic
nature of theneterogeneous crosslink&HP films. With incorporation of Gmonolignol s&e D
decreasg This observation was consistent waitmootheDHP layers andess coupled water on

the surfaces.
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Figure 311R e p r e s e n\s.dimmaprofies fezbe synthesisf DHP filmsfrom H-
monolignol and mixturef H- andC-monolignolwith constantotal monolignol concentrations

but differentconcentratiomatios of Hmonolignol: C-monolignol

3.5 Conclusions

On the basis of the discovery ofronolignol in nature, the present work studied the
incorporation of @nonolignolinto DHP lignin formed frontonventional Hmonolignol The HC
copolymer lignin films were formed via HRPinitiated dehydrogenative polymerization
Copolymer films were subsequently subjectedhelatormediated Fenton reactisthatdegradd
the HCcopolymerlignin films. Mass spectroscopyas consistent witkhe copolymerization of
C-monolignoland Hmonolignolvia b-O-4 bond. The polymerization and degradation proesss
were monitored by QCND. With the total concentratioof H- and Gmonolignolfixed, greater
C-monolignol in the polymerization mixturded to slightly increasd DHP formation The
topology of the synthesized HOHP films was investigated by AFM. Nén a higher
concentration ofC-monolignol was present during polymerizatiorthe films weresmoother.

Degradationstudies wereonducted oDHP films formed from(1) solutiors that had different
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ratios of C-monolignoland Hmonolignolbut congart total monolignol concentratios, and (2)
constantH-monolignolconcentration andifferent C-monolignolconcentratioa For bothseres

of solutions it was found thatas Gmonolignol concentratiomcreasd in the polymerization

solution the degradation percentagfeghe copolymer films that formeadcreasd. Fi naDl y, t h
obtained fromQCM-D suggested that HOHP films were more rigl than pure HDHP films.

This work providal new knowledgeabouta new monolignold C-monolignoland revead the
incorporation of @nonolignol into HDHP films enhancedegradation. This work alslustrated
therelevanceof theincorporation of @monolignol into lignin throughgenetic modificatioras a

viable strategy for enhangdégnin valorization
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Chapter 4: Surface-Initiated Dehydrogenative Polymerizationand Degradationof 5-
Hydroxyconiferyl Alcohol: A Quartz Crystal Microbalance with Dissipation Monitoring

and Atomic Force Microscopy Studyof Film Preparation and Degradation
4.1 Abstract

A new monolignol, Ehydroxyconiferylalcohol (5Hmonolignol) has been discovered in
Escobaria species recentin contrast toconventionalb-O-4, b-b, etc.subunitsfound in lignin
derived from cinnamyalcohols 5H-monolignoltends to form benzodioxands nature lignin
composed of B-monolignolis found to exist as linear homopolymeasher thareterogeneously
crosslinked structuse Due to these characteristics, lignin derived frafarbonolignolmay have
desirdle properties that make them promising raw materidbr upgradedproducts, such as
lignin-based carbon fibersor direct usage irthe lignocellulosic biorefinery In this work, 5-
hydroxyconiferyl lignin (5H-lignin) films were gnthesized through surfaceinitiated
dehydrogenative polymerizatiomy horseradish peroxidase (HRPDifferent monolignol
concentrations, hydrogen peroxide concentrations, and temperatureseefer the exploration
of howsynthetic conditioaaffectedthe preparation dH-lignin films. The synthetic procesgs

studied with a quartz crystal microbalance with dissipation monitoring (@Q@Mand the
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morphologies of theesulting films were comparedo conventional DHP filmgy atomic force
microscopy (AFM) Furthermoreenzymatic and chelatenediated-entondegradation of the 5H
DHP films were investigatedby a QCM-D. The 5HDHP films exhibited no significant
degradtion upon exposure to lignin peroxidds#?) andmanganese peroxida@dnP). However,

the cheltor-mediated Fenton system led to neaaltdegradation of the S#DHP films.
4.2 Introduction

Lignin is a heterogeneous polymer tf@ims importanstructure for most plants on earth. It
accounts for approximately 20930% of thedry weight of woods.As an integral part of the
secondary cell wad] lignin is water insoluble and plays an important role in strengthening the
rigidity of cell walls while facilitatingtranspot of water, nutrition, and metabolites within the cell
walls. Lignin alsoforms a barrier that protects plaatginst the invasion of pests grathoges.??
Conventional lignis are defined aseterogeneousrosslinked polymer derived fromthree
cinnamyl monolignols: p-coumaryl alcoholH-monolignol) coniferyl alcohol (G-monolignol)
and sinapyalcohol(S-monolignol)(Figure 4.1 (a)) 2z« The multple active sites on the monolignols
results in a variety of interunit linkagesch a$ -O-4 (> 50%),4-0O-5,| -O-4, ,1 -1,1 -1 ,1 -5,
and 550 . R e seeemal mopomers other than cinnamyl alcohols have been discawered
naturally occurring ligninsand introducednto plant specieshrough genetic modificatiot®
Among these are the catechol monolignofsyhich5-hydroxyconiferyl alcoho{5H-monolignol)
is one of thenfFigure 4.1 (b)). 5H-monolignolis generated by the downregulation of the caffeic
acid O-methyltransferase enzymehich can be achieved bgeneticmanipulation.A previous
study has confirmed the incorporation S#i-monolignol into transgenic poplar plant lignfh

Particulaty, Vanholne et al.demonstrated-70% 5H-monolignolin Arabidopsisusing genetic

79



manipulations® Recent research has discovered that lignin made up of homopolysieric

monolignolalsooccurs naturally

As shown inFigure 4.1, due to the presence @OH groupsbH-monolignolis likely to form
benzodioxane interurstthatresult inalinear structureather than crosslinked structsrderived
from the conventional monolignols. Density functional theory calculations have ppkedato
study the oxidation/dehydrogenation reaction5éf-monolignol in lignin formation!'*? The
homopolymeric linear structure may make them amenable for many applications. Nar et al.
reported a high graphitic structuaad high ionic conduatity for carbon fibes derived frompoly-
(caffeyl alcohol) lignin which is anothelinearhomopolymeric lignin basedpon benzodioxane
linkages.*® Li et al. studied the hydrogenolysis of the benzodioxane homopolymer and found that
the benzodioxane structuggroduced aromatic monomerin nearquantitative yield witha

selectivity of 90%, which indicatithat the benzodioxane lignin is ideal for lignin valorizatitn.

HO HO HO

(a)
X N X
) ~o o~
OH OH | OH

(b) HO OCH; OH OCH, OH

(C) .0 (o] e
\ -
o 0 o 0 -
HO 0 0 0
OH | OH OCH;, OH OCH;

Figure 4.1 Structure ofa) conventional mnolignols (b) 5H-lignin, and(c) a description of

the linear structure of 5Hgnin where the bnzodioxane linkagesrehighlighted in red

8C



So far, most ofour knowledge aboubH-monoligno and 5Hlignin has beenbased on
computationalstudies.There are limited experimental studiegth pure 5Hlignin. To better
understancbH-lignin, anin vitro lignin synthess systenmeeds to be applied. For many years,
therehave beemanyin vitro lignin synthess modek developedo study lignin formationOne
of the mostommononesis thein vitro oxidasecatalyzed polymerization of lignin precursors into
dehydrogenation polymefDHP) initiated by Freudenberm the 1%0s.!® Two modes were
proposed by Freudenberghe Zulauf (ZL) and Zutropf mode(ZT). In the ZL mode, lignin is
formed in a bulk solution of monolignol and®t, while inthe ZT mode, monolignol and D2
are addedlowly and continuously. GenerallheZT modeyieldsthe DHP lignin that has higher
molecular weight and similar structuenatural ligninscompared t®HP ligninmadeby theZL
model®18

In the present work, 5HDHP films weresynthesizedy the ZT modevia dehydrogenative
polymerization of 5H-monolignanitiated by surfaceimmobilized HRP Effects of different
monolignol concentrations, hydrogen peroxide concentrati@mg] temperatureson the
polymerization werestudied Furthermorethe 5H-DHP polymerization proceswas compared
with lignin films made of other monolignal¥he polymerization process was trackéth aquartz
crystal microbalance with dissipation monitoring (Q&N Atomic force microscopy (AFMyas
applied to compare the topologf the SHDHP, G-DHP, H-DHP, and GDHP lignin films.
Degradation of the 5HDHP was studied bynzymaticdegradatiomndachelatormediated Fenton
reaction system The degradation process was also tracked throQ@M-D. This study
comprehensively studied the environmental condstithrat affecte&H-lignin film formation and

degradation
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4.3 Experimental
4.3.1 Materials

5-Hydroxyconiferyl alcohol (5Ha | ¢ o h o [) was [@ovifef By Chemspace company. G
and Hmonolignok weremade in our latby processes that had previously been describ€d
monolignd (O 9 5 %purchaaes frorSyntame Ltd. in Ningb¢Ching. Horseradish peroxidase
(HRP, type |, essentially sditee, lyophilized powderH202 (30 wt% in BO), andiron (I1) sulfate
heptahydrate (FeS&'H-O) were purchased from Sigafddrich. Ammonium hydroxide (30%
NHs in H0) and met hanol ( pDrcreSed . frdrilisherw Scierdific. 2,3
Dihydroxybenzoic acid (DHBA) wasbtainedfrom TCl America.A 100 mM pH = 4.0 acetate
buffer solution was prepardbm sodium acetate and acetic acid that were obtained from Sigma
Aldrich. Lignin peroxidase (LiP), mangase peroxidase (MnPfrom whiterot fungus
(Phanerochaete chrysosporium)), manganese (IlI) sulfate monohydrate £{MpS) iron (II)
sulfate heptahydrate (Fe$®@H20), L-(+)-tartaric acid and sodium hydroxidesreobtained from
SigmaAldrich. 10 mM sodium tartrate buffer (pH = 3.@vas obtained by dissolution of 1.125 g
(7.5 mmol) tartaric acid and 0.575 g (2.5 mmol) sodium tartrate dihydrate uftrapurewater.
10 mM sodium tartrate buffer (pH4=5) was obtaied by dissolution of 0.27 g (1.8 mmol) tartaric

acid and 1.886 g (8.2 mmol) sodium tartrate dihydrate inltthpurewater.
4.3.2 Preparation of DHP Films

Gold-coated QCMD sensors (€5ense AB, QSX301,5 MHz) were cleaned prior to use by
exposure to UMzone for 30min, immersion into a 1:1:5 v/v/v solution of ammonium
hydroxide/hydrogen peroxide/water at X@for 1 h, followed by a rinse withitrapure water and
finally they weredried with nitrogen. Thin films of dehydrogenative polymer (DHP)ene

generated via in vitro synthesifter loading the cleaned sensors into the flow modingbe
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QCM-D (Biolin Scientific's QSense E4 Analyzenltrapure water was flowed ovtre sensors

until a stable baseline wasachedThen,a 1.0 mgmL™* HRP aqueousolution wasnjectedinto

the flow cell for 25 min. Aftewardsthe sensors were rinsedth water for 20 minand an aqueous
monolignol aqueous solution withcontrolled HO. concentration was introduced into thew

cell for 90 min.The flow rates for all solutions we@el mL-min. At the end of the polymerization,
water was flowed through the system for 90 rfon the remowal of the reversibly adsorbed
materials. Fr equefdcyan@de di ssi pat i eenmonjtaed )simuttameously e s
throughoutthe QCMD measurements. The curves from the fifth overtone (n = 5) are plotted in

all graphs as representative curves.
4.3.3 Enzymatic Degradation byLiP and MnP

After DHP film formation 10 mM sodiuntartrate buffer (pH = 4.5 for Mn&nd3.0 for LiP)
wasflowedthroughthe chambertor 60 min.After buffer,LiP or MnP (with 0.5 mM MnSQ) in
the buffer solution at a concentration of 0.3 md.* along with2 mM HO, was introduced into
thechamber fo 50 min. The degradation proceeded in the absence of Adter 15 h the system
was flushed withpure buffer andubsequentlyltrapure watewas flowed over the sensfar the

remonal of reversiblyadsorbed mteriab. The flow rates for all solutions weéel mL-min.

4.3.4 Chemical Degradation bya Chelator-mediated Fenton Reaction System

After polymerizationacetate buffer (pH=4) was introduced into the celld afforded aacid
environment fodegradation byhe Fenton system to degrade the polymer. Adtgilibrationfor
60 minin acetate buffer, 10 mmdl™ FeSQ in acetate buffer was flowed into the cells for 50 min.
After the FeS@was introducedDHBA and H20; (DHBA: 5 mM, H202: 400 nM) in acetate

buffer was flowed into the cell for 8 min.h& pump was stopped, and the degradation was
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monitored in the absence of flow for BOAt the end of the degradatiopure bufferfollowed by

ultrapure water was flowed through the sysfermtheremoval of reversibly adsorbed aterials
4.35 AFM Measurements

After QCM-D measurementaere madesensors were removed from the QCMnodules
rinsed with ultrapure water and dried with. tomic resolution imagingvasconducted using
Dimension ICONScanAsyst AFM (Bruker Dimensiprnstrument.ScanAsysiAir probes were
usedunder ambient conditions

4.36 QCM-D Analysis

Frequency(Y'Q and energy dissipatiochangegYD) for the fundamental frequency (4.95
MHz for gold coated quartz crystalgnd odd overtones (up to n = 1@)re monitored
simultaneously. In this study, data from overtone n = 5 were proasleelpresentative dafbhe

mass of the material adsorbed on the crystal seva®rcalculated from th®auerbrey equation

C
C
|~

(Equation.3.1)

where"Qis the resonant frequency of the fundamental mydds the normalized frequency
changeYa is the mass changa,is the piezoelectric crystal aréa, is the density of the quartz,
‘ is the sheaelasticmodulus of the quartz, n is the overtanenber, and6 is acrystal specific

constanwhichwas 0.177 mg-nf-Hz* for the crystals used in this study.

4.4 Results and Discussion

4.4.1 Surface-initiated Dehydrogenative Polymerizationof 5H-DHP Film

In this work, the 5FDHP was prepared througtZ T mode The HRP was adsorbed onto the

gold surface followed by a water rinke theremoval of reversibly adsorbeHRP. The methods
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include chemisorption and physisorption. Previous study by our grouproedfthe HRP activity
on gold substragewith successful initiation dfgnification.!® After HRP immobilization, the
agueous monolignol solution was floweer the sensomsith controlled HO. concentration. The
polymerization process was monitored by QOMThe monolignol flow lasted for 90 min and
was stopped at 150 min. Then, uparified water was introducedr the removal of reversibly
adsorbednaterial Due tolimited solubility of 5H-monolignol in water, the maximum monolignol

concentration measured was 1-mg ™.

(a) (b)
40
0+ Polymerization
354
-50 4 30 4
N E 254
= 1001 g 20
£ =
:<-l, r_? 151
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+—1.0 51
-200 T T T T T T T
50 100 150 200 0.2 0.4 0.6 0.8 1.0
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Figure 4.2 (a) Representativéme dependered/n profiles for the synthesis dH-DHP films
throughpolymerizationof 5SH-monolignd in the presence of . in H>O at 20 °C with Gy =
0.25, 0.3, 0.5, and 1.0 ngk . The aqueous 5¥honolignd solution contained 20 mM 4@-.

Polymerization occurred between Q50 min (b) 3 vsCsh. Values represent averagyef at

least three measurements wathestandard deviation error bars.

Figure 4.2 (a)showsrepresentativeurves for 5H-morolignol polymerization with different
monolignol concentration§CsH). To make the amount of the DHP and degradation clearer for

comparison, the frequency was adjusted to zero after the absorption oAtdrEneof 60 min,
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5H-monolignol with 20 mM HO> was introduced into the systeflarge decrease in frequency
wasattributed to thdormation ofSH-DHP on the gold sensor surface. According to the data, the
polymerization rate of 5Hnonolignolincreased withmonolignol concentration. Previous siesl
reported similar behavior faoniferyl alcoholthat underwent DHP lignin formaticdi As shown

in Figure 4.2 (a) Yf/n reache ~ -187 Hz in 90 min folCs= 1.0 mgmL™. In contrast for Csn =
0.25mg-mL™%, onlyyielded~ -37 Hz. This phenomenamould be attributed to the methodology in
which the monolignol was floedoverthe immobilized HRP. When the monolignol concentration
was too lowmany ofthe radicalsnitiated at the surfacsere washed away before they propadate
to high enough molar mass forsoluble DHP ligem as a function oCsy was plotted inFigure

4.2 (b). ligcm Was calculated from the plateau value attersurface was rinsed withater. Gocwm
was proportional to #15H concentratiorthrough Gn ~ 0.5 mgmL™. At higher Gu, deviation
from the initial slope was observed with smealiocm than expected atsg= 1.0 mgmL™. After
polymerization, water was flowed over the semsandYf/n increasd for all surfaces. This

observation meant some of the DHP wagersibly adsorbed

In order to better understand the unique properties 56fmonolignol Three other
monolignols:p-coumaryl alcohol (Hmonolignol), coniferyl alcohol (@nonolignol), anccaffeyl
alcohol C-monolignol) were polymerized for comparisokigure 4.3 shows representative
polymerization studied bgt QCM-D, where the monolignol concentration was @§mL?* and
theH20. concentration was 20 mMhe dehydrogenative polymerization of monolignols on gold
surfaces for G H-, and Gmonolignols yielded’f/n& 1 150, 1125 and hicA0 Hz,
corresponded téiocm & 27, 22, andL6 mg-ni ? calculated fronthe Sauerbrey equatiohe 5H-
monolignol yielded change ¥/n& 2 25 Hgow & 4@rng:nh 2urider identical conditions

Two features of the 5thonolignol polymerization were observedrigure 4.3 More DHP was
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formed from 5Hmonolignol thanthe other monolignols, and the rate of polymerization of 5H
monolignol was much slower thatme other monolignd. These observations suggested a
fundamental difference in the mechanism by which3HP formed on the sensor surface.
Perhaps, slower propagatiaf the 5HDHP, favored benzodioxane linkages and avoided
saturation of the DHP by random linked units that quickly added mass to the surface but ultimately

eliminated HRP access for further polymerization.
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Figure 4A3Repr esent at i v én profiles éor thk symtbesisl GHNG, H, andC-
DHP films throughdehydrogenativeolymerizationwith amonolignol concentration @.5
mg-mL™*. The HRP was adsorbed from a 1.0 mig! laqueous solution and contained 20 mM
H20so.

The topology of the synthesized 8bHP film was investigated by AFM. The results were
compared with FDHP, G-DHP, and GDHP lignin. As shownin Figure 44 (a), the SHDHP
aggregates into irregular particles ramggfrom 1507 400 nm on the sensor surface. Compared

with theH-DHP, GDHP, and CDHP lignin, theaggregate sizes increased in the ord&HP <
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H-DHP < G-DHP < 5H-DHP, and the ordewas consistent with an upward trend in surface
roughness. The root mean surfée®é1S) roughnesses werd.5 nm(C-DHP), ~14 nm(H-DHP),
~31 nm (G-DHP),2 and ~30nm (G-DHP). No previousrepors of the topology of pure SHDHP
film exist The resulivas unexpaed thattH-DHP exhibited topology that wasmilarto G-DHP,

rather than €DHP, even though the polymerization kinetics were so different.

5H-DHP

80.0 nm 40.0 nm

-80.0 nm -40.0 nm

400.0 nm

60.0 nm
15.0 nm

-60.0 nm
-15.0 nm

I 4 .
400.0 nm

Figure 44 Representativ€2* ax 2' @& AFM images of (a) 5FHDHP, (b) H-DHP, (c) G-
DHP 2%, and(d) C-DHP lignin. Numbers in parentheses correspond to RMS roughnesses
obtained from the entire imagenage (c) was reproduced from Y@opyright (2021)

An important variable that affected DHP lignin formation in previous studiesHy@s

corcertration.??> The inactivation of HRRupon exposure to high concentratioh H.Oz was
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reviewed by Valderrama et &.and most researchers have defaulted to#% Eoncentration of
20 mM2* As the polymerization of SHinonolignol was so different from the other monolignols,
the effects of HO> concentration on the process were also studigw effecs of H.O»
concentration on theéehydrogenative polymerization of Honolignol by HRRmmobilized on
gold for different HO. concentration§Cn202) areillustratedin Figure 45 (a) a n docv @S a
function of BO. are shown irFigure 4.5 (b). HRP solution was floedthrough the system and
HRP wasmmobilized on the gold sensor surfabeough adsorptiopandthereversibly adsorbed
HRP was removed using watéfhe frequency was adjusted to zero after the absorption of HRP.
After the system reach@nequilibrium stateSH-monolignol with controlled KO, concentration
was introduced into the systeath 60 minandflowed over the sensorf®r 90 min. Surprisingly,
unlike coniferyl alcohol, for which the polymerization was strongly affected by.®%
concentration, the polymerization ®ifi-monolignolwas indepedent ofH.O concentratiorover
the investigatd range. In other wordsyith the initial formation of 5H monolignol radicalhe
polymerization of5H-monolignol was not affected by the activiy surface immobilized HRP
Only a small amount adctiveHRP was adequate for tholymerization. Our hypothesis is that

the5H-DHP formationwas regulated by propagation rather tivatiation.
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Figure 45 (a) Representativéme dependered/n profiles for the synthesis dH-DHP films
throughpolymerizationof 5SH-monolignan the presence of @, in H>O at 20 °C with G202 =
2.0, 20, 60, 200 mMVPolymerization occurred between &d150 min ( b Hcm B Gizo2.
Values represent averagef at least three measurements vatiestandard daation error bars.

Another important variable that affects HRP catalyzed DHP lignin formation is tempeérature.
Figure 4.6 contains representative QCM data for the dehydrogenative polymerization of 5H
monolignol at different temperatures under the same conditions as the investigation of 5H
monolignol concentration and-B> concentrationFigure 4.6 (a) shows temperature depdent
representative QCND data of at least three trials for each temperakigewre 46 (b)s h o was
calculated from the plateau value after the sensor surfaces were rinsed with water as a function of
temperature. As seen iRigure 46 (a), the greatst amount of DHP formed through the
dehydrogenative polymerization at 15 °C for the probed temperature range, which was different
from studies on other monolignols. As previously reported, the optimal solution polymerization
temperature for HRP as a castlywasD45 °C2%% In this study, the experimental error was
rel atively loauwvaues, for 200°€C and 25n°@ werelcomparable to 15 °C within

experi ment al @&@wdeooeased dkhmaticaly evmen thelitemperature reached 30 °C.
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Since theoptimal literature temperature for HRP activity wBd5 °C, the lower optimal
temperatures for 5H polymerization may be an inherent feature of initiation, propagation, or
termination of the 5Hnonolignol polymerization. Compared with the conventional feoyli
alcohol, which showed comparabieycm values within the 15~30 °C windoW’® the 5H

monolignol was clearly more sensitive to temperature.
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Figure46(a)Repr esent at i v én profiles éor tltk symtbesis of 3SBHP fémns
through polymerizationf 5H-monolignd in the presence of . in H20 at 15, 2025, and

30°C. The aqueouSH-monolignd solution contained 20 mM 3@.. Polymerization occurred
between 6@&nd150 min ( b pcwm \is temperaturé/alues represent averagya at least three

measurements withnestandard deviation error bars.

4.42 Enzymatic Degradation of5H-DHP Films by LiP and MnP

The complex chemical structurand heterogeneoumsature oflignin have been identified as
the features responsible for recalcitrarioechemical and biological destructioBnzymatic
reactions have demonstrated dependance on substrate struotoaeste, the enzymeslated to
lignin degradation include lignin peroxidase (LiP), manganese peroxidase (MnP), versatile

peroxidase (VP), and dy@ecolorizing peroxidase (DyPY? In the present work, the degradation
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of 5H-DHP by LiP and MnP asstudied LiP has been shown asclass of powerful oxidants with
a highredox potentiafor the oxidation of the majanon-phenolic structuresf lignin.?®2 MnP
has shown ability for thexidization of the phenolic substructure of lignin effectively with
eventuh release of C@°°3! Representative QCND experiments for SHnonolignol
polymerization and subsequent enzymatic degradation are provideéguire 4.7. The QCMD
experiment was zeroed after HRP adsorptiofidre 4.7, the decrease imdquency athe initial
stage indicatg the formation of 5HDHP films on the sensar Then, HO. andsodium tartrate
buffer (pH= 3.0 for LiP and 4.5 for MnP) &re introduced into the QCND instrumentand
provided a suitable environment fanzymeacitivity.>>* The frequencydecreased as LiP and
MnP enzyme solution flowed over the sensor. Hasorptionof LiP and MnP rpresente®.9
mg-m? and 47 mg-m? from the Sauerbrey equatigrrespectively and occurred rapidlyThe
adsorptiorfor both LiP and MnP in the 5BHP filmswere higher thaim the C-DHP films with
the same feed concentration and flow tAh€his observation waattributed to the rougher surface
of the5H-DHP films that afforded greater surface ai@aadsorptionThe flow lasedfor 50 min,
and the degradation proceeded in the absence of flow. It was noted that a decrease in frequency
occurred even aftehe flow ofLiP stopped. Tts behavior waattributed to thedditionalbinding

of LiP and water on thBH-DHP film. After incubation for 15 h, neither LiP nor MnP produced
significant 5SHDHP film degradation. The low degradabilityas attributed to the intrinsic
chemical structure, rather than low accessibibtytheenzyme, astrong adsorptiowasobserved.
Previous studies suggested thata@d HDHP exhibited somelegrad&on byLiP or MnPunder
the same conditianGreater degradation f@-DHP and HDHP was attributed tgreater amounts
of phenolicandnomp h e n o | -Ge4 s@blnitsy struabes.®* The similatbehaviowas observed

for LiP and MnP activity on @HP, which also lackeghenolic and nofphenolicsubunits?*
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Figure 4.7 Representativeéme dependerdd/n profiles for 5H-DHP films formationthrough
polymerizationof 5SH-monolignan the presence of #- in H.O and the subsequent chemical

degradatiorby LiP and MnP The degradation region is highlighted in pink.

4.4.3 Chemical Degradatiorby the Chelator-mediated Fenton Reaction System

Degradhtion oflignin into fine chemicals and fuels is one of the most important fields of lignin
research In recent years, people have utilized Fenton reagtifmm the conversion of
lignocellulosic biomas#®3® Herein, a chelatormediated Fenton reaction was applied the
degradation of5H-DHP films. The degradation process was monitored by GEMA
representative datset for 5SHDHP synthesis and degradation by a Fenton system have been
provided inFigure 4.8 The 5HDHP film was synthesized on the sensor surface as described
previouslyin the LiP and MnP studiesverthe first 150 minWater was flowedver the sensors
after DHP synthesifor theremoval of reversibly adsorbelignin and monolignolsThen, @etate
buffer was introducednto the flow cell and afforde@ suitable environment for the Fenton
reagents. AfteFe?* ions were introducednad,O2 solution containinddHBA was flowedthrough
the systemto initiate the Fern reactionsThe DHBA played animport role inthe promotion of

the Fenton reaction efficiency asédued the Fe** to F&*in the catalyticprocess and lowed
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the consumption of ¥D,.3* As shown inFigure 4.8, a decrease in frequency wimstially
observedasthe H.O. and DHBA adsobed but then frequencyincreasedasdegradation of the
5H-DHP began The degradation by Fenton reactispstem ran foR0 h Finally, acetate buffer
andultrapure vater were introducedfor the removal of reversibly adsorbed components on the
sensorThe Fenton reactiemducedrapid chemical degradation for the first 6 h (400 nory 60
min), and then gradually sloweThe synthesis of 5#llm resulted inad/n  -196 Hz or {igcm

35 mg/n¥ calculatedrom Sauerbrey equatiohroughoutdegradatiorad/n increased by57 Hz

or ligcm decreased b28 mg/n?. Theligem values were consistent withdegradation percentage
as high a80%. Compared to dignin andH-lignin, which were barely degraded under the sam
conditiors, the degradation for 5®HP was remarkable! However, 5SHlignin showed less
degradation than lignin formdtbm another catechol alcohdl C-monolignol whichunderwent

complete degradatiaimder the same conditisas presented in ChaptepBthis dissertation.
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Figure 4.8 A representativéime dependerdd/n profile for SH-DHP film formationthrough
polymerizationof 5H-monolignd in the presence of #. in H>O and the subsequent chemical

degradatiorby the Fentonreactionsystem
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4.5 Conclusions

This workprovidedthefirst synthess of 5H-lignin films via surfaceinitiateddehydrogenative
polymerization The formation of 5H-lignin was greatly influenced by the monolignol
concentrationand temperaturg however,hydrogen peroxide concentratidvad no significant
effect on the proces€ompared to &@HP, H-DHP, and GDHP, 5H-DHP formedin greater
guantity but aamuch slower rateThe topology othe 5SHDHP film exhibited irregular aggregates
with higher RMS roughness th#ime otherDHP lignins on the surface. Degradation mzgmatic
and chemical approaches were explordd. significant degradation of 5BHP films was
observed whesubjected td_iP or MnP, which was attributedo the absence ofhonphenolic
structurs and benzylic hydroxyl groups.However, 5H-DHP films underwent substantial
degradtion by a chelatormediated-entonreactionsystemunder ambient conditions. This work

provideda comprehensive study on BBHP, from polymerization to degradation
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Chapter 5: Fully Reprocessable CrosslinkedPoly(methyl methacrylate-co-2-hydroxyethyl

methacrylate) with Aromatic Disulfide Linkage s
5.1 Abstract

Thermosets are crosslinked polym#rat have been widely used in our daily liée their
advantages over thermoplastisuch astability, mechanical propertiesndchemical resistance.
Historically, thermosethave not beereprocessableorrecyclable, andheresulthas beemplastic
pollution. A possible solution tthis problem, a new class of polymeric material, cadledirimer,
has drawn attentioim recentyearsVi t ri mer sovaepepseatsdftrioses | n etk e a
pol ysmar which the cdysaimiankgéd sh umhlergapi d t opo
macroscopic fl ow c arne pbreo caecsisiaebbh @ dltnyathldjzewaasr, k
develanpevd t rbianseepdmp ol vy ( met hyl met WMaher ymMaateea)i a(l BM
synthesized from methyl met hacryl ate (MMA) w
aromatic di suThiendeo rcpadrseadlnimmkaetsiso. #MMAI 1 hde eas e

solvent resistance, thefrmaiestwbihotty, camgr mmi
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Figure 5.1 Graphicalabstractfor the vitrimer developed in this work

5.2 Introduction

Due totheir low density flexibility, and mechanical propertiesynthetic plastics, such as
polypropylene (PP), polyethylene (PE), polymethyl methacrylate (PMIgé{ystyrene (PSand
polyvinyl chloride (PVC)have been used in many fields. As one of the most widely used glastic
PMMA has beerapplied to eyeglass lenses, orthopedic surgeries, lightweight wsndowl
batteriedecause of characteristics such as exceptional opacaiparency and good malleability.
Unfortunately, the linear structure of PMMhas meanunsatisfactory mechanical properties,
dimensional stability at high temperature, and poor solvent resistlaaicbave inhibited other

applicationsof the material'® It is well-known that polymer chainsrosslinkedwith ionic or
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covalent bondcan improve the properties of lingaslymersthrough confinement and restriction
of mobility of the polymerchains. In most casesrosslinked polymers have bettelmemical
resistancé;> thermal stability’ andimprovedmechanical behavidt® However,the malleability

is sacrificed.Crosslinked PMMA cannot be reprocessaat recycledin solution or melted
processes With plastic wasteaccumulatiorbecominga seriougproblem crosslinked polyméc
materiak that can be reused, repaired, and reprocesmseitihigh demand.

Vitrimers are novel typeof polymes that incorporatethe advantage®f thermosets and
thermoplastics in one substanédter conversion othermoplastics into vitrimer materials, the
thermal and mechanical properties of thermoplastics can be significantly impfdeed.
Furthermorevitrimers can be repaired, reprocesseu] recycledhroughconventional processing
techniques, such as extrusidninjection!* compression molding*® 3D printingl’'8etc., at
lower cost thanconventionalrecycledthermosetsln recent years, a considerable number of
vitrimers basedupon dynamic covalent chemistry have been effectively produsadh as
dioxaborolane metathesis?®  silyl ether  metathes®;??>  transiminatior?2*
transcarbamoylatiof?,?® transalkylatior?,’?® andboronic ester exchang@3°Whenthe networks
in the materialsare stimulatedy heat or light, the dynamic exchange reaction occurs rapidly,
which results in rapid topology chaggpnd rapid macroscopic flowhat affordreprocessability

and recyclability

Among the dynamic covalenetworks, aromatic disulfide linkages deserve special emphasis
since their dynamic reversibility can be accomplished witlhaatalyst andprovidesrigidity to
the polymer structuré: For a long time, twaontroversiamechanismsf the dynamic exchange
reaction between aromatic disulfidegere consideredmetathesisand a radical mediated

mechanismHowever, recently, wst research basedpon computational studies suppdtie
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radical mediated mechanism over metath&si$The mechanism ahe aromatic disulfide free
radicatmediated exchange reactias schematically depicteéh Figure 5.2. Unlike other
disulfides, which needn UV trigger2® exchanges of aromatic disulfidésve been found to
exchange without a catalyst at ambient temperathieh would bea possible simpler choice for
the fabrication of selhealing materiald* Aromatic disulfide crosslinks have been introduced in
polyurethanes?® poly(ureaurethanesj® and epoxy ressr’3 A broad range of commercially
available chemida with aromatic disulfides have been developBaey usually include other
reactive functionalities, such as an amino or hydroxyl grased for subsequent reaction with the

polymers.

RE QL 8P oL oo
So b d b Tpnl oo

Figure 5.2 Schematic representation of aromatic disulfide radivadliated reaction
mechanisms.

Basedupon the above, this work develegha new vitrimerfrom PMMA and aromatic
disulfide linkags. The material was synthesized from commercially available anecdsiv
monomers: methyl methacrylate (MMA)and 2-hydroxymethyl methacrylate (HEMA)and
aromatic disulfides were introduced as the crosslin&kalfjee chemical structure of the vitrimer
was claracterized byproton nuclear magnetic resonarggectroscopy*H NMR) and Fourier
transform infraredgpectroscopyFTIR). The introductionof aromatic linkagesmprovedsolvent

resistance, thermal stability, and tensile strength witeactifiang procesability. The exchange
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reactions of disulfide bonds triggered by heativgye usedon bulk PMMA vitrimers multiple
times. Scanning electron microscopy (SEM)namic mechanical analysiBDMA), and tensile
tests werappliedfor thedetermination omechanical characteristics and reprocessability. Finally,
the approach for introducing aromatic disulfide linkagesgiesdin this paper can be uséat the
introduction of aromatic disulfide linkages into different resirteerebyallowing for a more

flexible strategy for developing grearhigh-performance polymer materials.

5.3 Experimental

5.3.1 Materials

22Hy dr oxy met hyl met hacryl at e ( HE MA )-azobismet hyl
(i sobutylnitrile) ( Al BDTBA), ofalyl2chlorice,i N,Ndimethyyh b e n z o |
formamide (DMF), diethyl ether, tetrahydrofuran (THF) were purchased from Sigma Aldrich

Chemical Co. All chemicals were used without further purification.
5.3.2 Synthesis of P(MMAHEMA)

Copolymes of MMA andHEMA wereprepared by a free radical reaction. AIBN (an initiator,
0.083 mmol) was dissolved in T8BL DMF. The solution was purgealith nitrogen gas at room
temperature for 30 min. MMA (45 mmol) and ammnomer HEMA (45 mmol) were addéal
theDMF solution The sdution containing initiator and monomers was purggédinwith nitrogen
gas at room temperature for another 30 min. Thersahgion was heatdad an oil bathand stirred
for 20 h at 78 . The copolymers werisolatedby precipitation in diethyéther. The product was

dried in a vacuum oven at 50for 12h.
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533Synt hesi s of 2,206 Ddrosstinkenydi benzoi c Chl ori de

2 , Ritbiodibenzoic acid (0.43 mmol) was dissolved inmMdD THF in an ice bathAn excess
amount of oxalyl chloride (0.L) wasadded into the solution. 2 drops of DMF were added into
the solution as a catalyst. The solution was stirredzatf@r ~ 30 min. The flask was opedto
the atmospherandHCI produced during the reactiovas releasedrhe reaction was completed
at the pant where the solution became turbid dniblingstopped. The resulting suspension was
denoted as suspension A and was usedsunbsequent synthesisavbsslinked polymer without

further purification.

5.3.4Synthesis of Crosslinlked-P(MMA -HEMA) -Aromatic Disulfide

2g P(MMA-HEMA) (8.6 mmol hydroxyl group) was dissolved in 8L THF in a 250mL
roundbottom flask in an ice bath, denoted as solution B. Suspension pouasdinto solution
B while solution B wasstirred The mixture washenpoured into a PFE evaporating dish. The
product was cured at room temperature for 12 h and then dnédrvacuum at 78 for

evaporain ofresidualsolvent. The final produdad ayellowish color.
5.3.5 Preparation of Crosdinked and Linear P(MMA -HEMA) Bulk Samples

Raw products were placed into a steel mold sandwibbedeeranti-adhesive Kapton films.
Spacers were usddr the control of thickness. The mold was preheated for 10 min wad

reprocessdby hot presgpressure = 15 MPa) in dwor 1 h at 170°C.
5.3.6 Characterization

Proton nuclear magnetic resonanéel NMR) spectroscopywas conductedon samples

dissolved indeuterated dimethyl sulfoxiden an Agilent 400 MHzspectrometerFourier transform
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infrared (FTIR)spectroscopyas performed osolid film with NicoletiS5 spectrometeequipped

with an ATR/iD7.

Scanning electron microscopy (SEM) images of healed films were collected on a LEO Zeiss
1550 ata working distance of 3.4 mm aadvoltage of 2.0 kV. The healed films wesguttered

with iridium (3 nm, Leica ACE600yhichimproved electric conductivity.

For lvent resistangesamples (weight © ) were immersdin solvents of ethanol, THF,
DMF, and chloroform for 24 h. The swollen sangpherecollected and weiged(w ). The swell

ratio was calculated according to the following equation:
YO Qa Q@‘Q—CT pmimb

The swollen sample was then driedaimacuum oven at 80C until a constant weighti{ ) was

reached. The gétaction was calculated according to the following equation:
0QQI wwo %){—s primbp
The thermal stability was evaluatedai A Q500thermal gravimetric analyzer (TGA) under

nitrogen.

Dynamic mechanical analysis (DMA) was performdth a TA Instrument Q800 apparatus.
Rectangular samples were tested Hiziwith a strain of 0.04%. Heating ramps ofc3min were

applied from 35 to 256C.

Room temperatureshsile tests were performed arb500R Instron universal testistation

at a speed of lim/min, at room temperature.



Sample for eprocessabilitystudieswere cut into small pieces anglaced into a steel mold
sandwiched with antadhesive silicone paper. Then, the reprocessing waictaton ahot press

(pressure = 15 MPa&t 170 °C for 1h.
5.4 Results and Discussion
5.4.1 Synthesis and Identificatiorof Structure

The synthesis of the crosslinked P(MM#AEMA) vitrimer was achievedh three stepsas
illustrated inScheme 1First, MAA was polymerized with HEMA in the presence of AIBNaas
initiator of free radical polymerizatiorA linear random copolymer of MMA andEMA was
obtainedNext, DTBA wasconverted into DTBC by oxalyl chloride. This reaction was conducted
in anice bathdue to theviolent reaction ofDTBA and oxalyl chloride under DMF catalysisth
the release of HCThe resulting producivasused diredy without any furthepurification Finally,
DTBC in THF solvent was added intihe P(MMA-HEMA) solution and reacted rapidly and

efficiently with the P(MMA-HEMA).

The chemical structure of the linear P(MMAEMA) was confirmed byH NMR, as shown
in Figure 5.3 The characteristic signal tfie methyl estergroup in MMA appead at i = 3.55
ppm, and thoseof the ethyl group in HEMA appead at U= 3.48 ppm andi= 3.80 ppm. The
overall spectrumvasconsistent witHiterature repod*® The FTIR spectrmwas consistent with
the structure ofa crosslinked P(MMAHEMA) vitrimer. Linear P(IMMAHEMA) and DTBC
crosslinker were also characterized by FTIR for comparison, as showigure 5.4 The
absorption peak at 2900 cneorresponddto the aryl group. Theabsorption peaks at 1700 €m
and 1490 cin'correspondd tothe ester groups in the polymer backbone ancesiter groups
close to the phenyl grougf the crosslinker, respectivelfhese absorption peaks indichtbat

the aromatic disulfide was succadbf attached to the polymer backbone.
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Schemeb.1 Synthetic scheme for the preparation of crosslinked P(MMEMA) vitrimer
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Figure 5.3 'H NMR spectum of linear P(MMAHEMA)
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Figure 54 FTIR spectraof DTBA crosslinler (blue), linear P(MMAHEMA) (red), and
crosslinked P(MMAHEMA) vitrimer (black) The colored ovals and squares over the spectra
correspond to the functional groups highlighted with the saotoe on the chemical structure.

5.4.2 Thermal Properties

The thermal stability of the aromatic disulfide crosslinked vitrimas investigated byGA.
Figure 5.5 shows the obtained TGA curves of linear P(MMEMA) (black) and aromatic
disulfide crosslinkd P(MMA-HEMA) vitrimer (red). For the linear P(MMAIEMA), the thermal
decomposition temperature at 5% mass lossurredat 200 °C. Theinitial degradation at
relatively lower temperaturegasattributed to water linked to the hygroscopic HEMA, whiwds
reported previosiy.*9 42 After consumption ofhe hydroxy groupduring thecrosslinkingreaction
the initial decomposition temperature for ga@matic disulfide crosslinked sampiereasedo
250 °C (5% mass loss). Tmeassof linear P(MMAHEMA) declinad rapidly atabout275 °C.
When the temperature reached 400 &kut90% of the initial weight was loskn contrast for
the vitrimer sample, the weight dropped more slowht 400 °C ~55% of the original mass

remainedThe enhanced thermal stabiltyasprobably relatetb the presence of phenyl functional
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groups, which hee been widely used irfire retardantsbecause of their good antioxidant

propertes®#

Glasstransition temperature {Yis one of the most important characteristics for polymers. As
shown inFigure 5.6, the vitrimer exhibited a broad glass transition racgyeteredat ~ 110 °C,
which was similar to the § of linear P(MMAHEMA).*! This observationindicated that the
crosslink densityvas notso high that the glass transition temperature increédseaddition, the

storage modulué E iadicatal the vitrimerwasa hard thermoset with 2.25 GPa at 35 °C.

100

80
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40 4

Weight (%)

20— P(MMA-HEMA) Vitrimer

— Linear P(MMA-HEMA)

100 200 300 400 500 600
Temperature (°C)

Figure 55 TGA curves ofinear P(MMA-HEMA) (black, bottom curvgand aromatic disulfide
crosslinked P(MMAHEMA) vitrimer (red top curvé.
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Figure 5.6 DMA curvesfor thecrosslinked P(MMAHEMA) vitrimer

5.4.3 Chemical Resistance

The most remarkable feature of crosslinked polyTeetheir resistance to organic solvents.
Typical solvents used in chemical labs include dimethylformamide (DMF), tetrahydrofuran (THF),
and chlorofom. Linear P(MMAHEMA) was easily dissolved in THF and DMFrosslinked
polymers are not soluble in any argc solvents. Swallg experiments were performed on the
crosslinked P(MMAHEMA) vitrimer for confirmation of the robustness of the crosslinked
network andexploration of solventesistancdor the vitrimer The experiments were conducted
by immersion ofthe vitrimer samples iathanol DMF, THF, and chloroform for 24 hours at room
temperature. The swalp ratios and gel fractions obtaineatrelisted inTable 5.1. As expected,
the vitrimer samples only swellin these solvents. The samp#howedthehighest swell ratio in
DMF, which is a good solvent for most polymers. On the other hand, in THF and chloroform, the
samples shoed similar sweling ratios, which wasattributed to the similar polarity of THF and

chloroform. The gel fraction was obtained after the sanvpégedriedin avacuum oven at 70C
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overnight. The sampéshowedessentially ngolubility of the network in chloroform, and 8% and
7.5% solubility in DMF and’HF, respectivelylt should be noted that the vitrimer matehad a
lower gel fraction in ethanol than the other solvents, even thoungtd i relativelyow swelling
ratio in ethanal The behavior observed for ethanol wattributed to the instabiliy of disulfide

bondsin protic solvens.*®

Ethanol DMF THF Chloroform
Swell ratio % 76.4 624.3 147.5 132.2
Gel Fraction %  84.5 92.0 92.5 99.7
Linear Dissolved Dissolved

5.4.4

Reprocessability

Reprocessability of the vitrimer was examined by hot pressing films.céoventional
polymeic material, hot pressingas beem s e d t o s h alipear paymes. Inficengdstd 0
the absence of flow in crosslinked polymers has prevented thermal =pngckelowever,the
dynamicaromatic disulfide in th&itrimer networkwas successfully reprocessed by hot pressing
at 170°C. As shown inFigure 5.7 left, the raw material was full of bubbles due to the HCI
generated during the reaction asalventeliminationin the vacuum ovenAs bubbles in the
sample affect physical propertjedimination of the bubbles through hot pressing was important
As shown in Figure 5.7 right, the vitrimer was remolded into a transparent bulk material avith
uniform surface. The aromatic disulfide crosslinked vitrimer disggdayellowish color as a result
of the natural color of thelisulfide The raw material was whiteecauseof scattering from the

numerous bubbles within the material
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Figure 5.7 Reprocessing of the crosslinked P(PMN#MA) disulfide vitrimer by hot pressing
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Figure 5.8 A representative stressrain curvefor thevitrimer sampleprocessedtby hot pressing
The inset contains the corresponding curvetielinear P(MMA-HEMA).

The mechanical properties diie vitrimer were then investigated using uniaxial tensile
tests.Figure 5.8 compared the stresstrain behavior for linear P(MMAIEMA) andthearomatic
disulfide crosslinked P(MMAHEMA) vitrimer. The linear P(MMAHEMA) showed expected
behaviorfor aplastic.Initially, the material exhib#d an elastic behaviowith linear strgsstrain
relationshipNext, the material yielddat a strain of 5%wherethe stress statito decreasas the

strain increas® a phenomenok n o wn as f s tFAromia startofb@ 156% thersigess

11¢



graduallyincreasd asthe strain increasea phenomenoknown as'strain hardeningor "stress
induced crystallizatidh The observed properties waraused by the orientation and alignment of
polymer chains along the stretch direction. The maximum strain adil®o8o witha stressat
breakof 2.5 MPa. Thearomatic disulfide crosslinked P(MMBAEMA) vitrimer wasa stronger
but more brittleplastic. A yield point disappeagd as the result of crosslinking, in which the
orientation and alignment of polymer chaimererestricted by the crosslinkages. The maximum
stress reaclikl7 MPaand occurred at a much smalleragt. The failure at smaller straimas

attributed to the cratinked structure and the rigidity of phenyl groups.

Figure 59 SEM images of the boundary of two samples connected via hot pressing

In order to further elucidatibe reprocessabilitythe morphology of the reprocessed sample
was characterized usir§EM. The experiment was conducted in two steps. First, one uniform
sample and one sample wittumerousdefects were connected via hot pnegs Then, SEM
images weretakenatthe connection boundanis shown inFigure 5.9, thosetwo samples were

well-connected.
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Figure 510 DMA curves of recycled samples by tensile tests

Reprocessability was alsvaluatedhroughDMA and tensile tests. The material wasken
into pieces andeprocessed by hot pressing for 1 hour at 17@ft& each cycleFigure 5.10
showsDMA curvesof the vitrimerfor 3 cycles. The storage modulus was recovered for each cycle.
Stresg strain curvedrom tensile tests fosuccessig samples arshown inFigure 5.11. The
breaking stresses rarjgom 16 to 17.5 MPa for three cyclééo u n g 6 sesfar@eathudycle
weresummarized imable 5.2 The three cycles exhileit almost full recovery of the mechanical
properties.Classic thermosets with permanent covalent crosslinks cannot be reprocessed or
molded in the same way as thermoplastics ddnus, the remarkable reprocessability afsth

system was attributed to the dynamic exchange of the aromatic disulfides in theknetwo
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Figure 5.11 Representative stressrain curve of recycled samples by tensile tests

Table5.2Youngdés modul us of recycled sampl e

Modulus (Young's Tensile stress 0.005 mm0.025 mm) GPa

15t Cycle 1.7 0.6 GPa
2" Cycle 1.8 0.4 GPa
3 Cycle 1.7 0.1GPa

5.5Conclusions

In summary, a new vitrimer basagon P(MMA-HEMA) with aromatic disulfide crosslinks
was synthesizedn contrast to traditional thermosgthe vitrimerwas reprocessable by hot
pressingat 170 °C with 15 MPa pressutardSEMimaging revealed thermal welding of two pieces
of the sample wagossible. Furthermore, the vitrimer exhibited thermal, mechanical, and solvent

resistance properties that differed from linear P(MIMEMA). Even though the vitrimer was
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more brittle than linear P(MNH E MA ) Youngd6s modulus (~1I57 GPa
MPa) increased along with an increase in thermal stability. More importantly, the viéhmeed

excellent solvent resistance with gel fractions greater than 90% for good solvents. These results
indicatedthatP(MMA-HEMA) with aromatic disulfide cradinkers functioned as a vitrimer with

the expectation that the strategy could be extended to other polymers.
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Chapter 6: Conclusion and Suggested Future Work
6.1 Overall Conclusions

Basedupon the discovery bcaffeyl alcohol C-monoligno) in nature, the present work
studied the incorporation of-@onolignolinto conventionap-coumarylalcohol H-monoligno).
The polymerization and degradation proessgere monitored bya quartz crystal microbalance
with dissipation QCM-D). The HC lignin film was formed viahorseradish peroxidagklRP)-
initiated dehydrogenative polymerizatidBubsequently, the 4& lignin films were subjected to
chelatormediated Fenton reactisffior degradatiorMass spectmetryrevealedsignals consistent
with copolymerizationof C-monolignol and H-monolignol via b-O-4 bond. With the total
monolignolconcentration fixedthe amount of HC lignin that formed decreased as the amount of
C-monolignol present in the polymerization ieasedThe topology of the synthesized HIHP
films was investigated by AFMThe HC lignin films were smootheras the amount of -C
monolignol present in the polymerization increaséde degradation was conducted on (1)
different ratios ofC-monolignol and H-monolignol with constanttotal concentration and (2)
fixed Hmonolignolconcentration and variousi@onolignolconcentratioa In bothseriesas the
amount of Gmonolignol present in the polymerization increastéet degradation percentage
increasd. Fi n a D prgvidedftoim @CMs® suggested that HOHP copolymerfilmswere
more rigidthan pure HDHP films. We envision that this work provides new knowledgpeuta
new monolignold C-monolignoland revead the incorporation of @nonolignol intolignin
improveddegradation. This workupported the validity of the effort towalignin valorization

through ncorporaibn of C-monolignolto plantlignin throughgenetic modification.

Lignin films of 5-hydroxyconiferylacohd (5H-monolignol) were synthesizedria surface

initiateddehydrogenative polymerizatiomhe topology of th&H-lignin film was investigated by



AFM. The formation of5H-lignin wasgreatly influencedy the monolignokoncentratiorand
temperaturghowever,it wasbarely affected by thBydrogen peroxide concentratid@ompared
to ligninsformed fromp-coumaryl alcoho{H-monolignol) coniferylalcohol(G-monolignol) and
C-monolignols the rate of polymerizatiomf 5H-monolignol was much slower.hE rates of
polymerization followed the order of-BGHP ~ HDHP > GDHP >> 5HDHP. The topology of
the 5SHDHP filmsexhibited irregular aggregates with higheot mean squar&®MS) roughnesss
than other lignins. Enzymatic and chemidabradation othe SHDHP films were investigated
5H-DHP films were scarcely degraded when subjected to LiP or,Mu& though the enzymes
strongly adsorbed to the films. The absence of degradaasmattributedo the absence of nen
phenolic structurs and benzylichydroxyl groups.In contrast 5H-lignin films were largely
degraded bya chelatormediated Fenton reacti@systemunder ambient conditions. This work
provideda comprehensive study on 8bHP, from polymerization to degradatiperformed by

suface analytical techniques.

Besides lignin studies, mew vitrimer basedop ol y ( met hyl-cdngtd haxy gt by k

me t h a ¢ PEMA-HEMA)) with aromatic disulfide crosslimwas synthesizedn contrast

to traditional thermosetshe vitrimerwas reprocessable by hot pressatd70 °C with 15 MPa
pressureand SEM imaging revealed thermal welding of two pieces of the sample was possible.
Furthermore, the vitrimer exhibited thermal, mechanical, and solvent resistance propatties th
differed from linear P(MMAHEMA). Even though more brittle than linear P(MNEMA),
Young6s modultensile gtrength (27.5™MPa@ndthermal stabilityof the vitrimer
increasedMore importantly, the vitrimer showed excellent solvent reststamith gel fractions

greater than 90%n organicsolvents. These results indicated P(MNM&EMA) with aromatic
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disulfide crosslinkers functioned as a vitrimer with the expectation that the strategy could be
extended to other polymers.

6.2 Suggested Futur&Vork
6.2.1 Optimizing Chelatormediated Fenton Reaction Conditios for Lignin Degradation

In Chapter3, it was foundhatH-DHP films wereweakly degraded by chelatormediated
Fenton reactionsystemunder the conditions used in thikesis However, bytuning the
experimental conditions, it was shown that the H ligmasfully degradedRepresentative results
from QCM-D studies for HDHP film degraded b¥enton reactiosunder different conditionare
provided inFigure 6.1 Compared to the experimental conditions in Chapter 3, the ne§tdure
6.1 wasconducted without DHBA (chelatgrindFe** and HO, were added together instead of
separatelyTable 6.1was providedor the explanation of thexperimental details dfigure 6.1
H-lignin was synthesized on the sensor surface, and the degradation occurred at 400 min. The
degradatiomproceededor 45 hours. In contrast to the low degradability in Chapter 3, the increase
in frequency inFigure 6.1 indicated that the Hignin was degraded effectivelAccordingly,
Fenton parameteggeatly influencd the results. Effects of other parameters, sudh.@s/Fe(ll)

ratio, flow time and other chelatoshouldbe investigated.
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Figure 61Arepr esent at i v ef/nprofiemfrthe syptieesidobBHP filizes

throughpolymerizationof H-monolignol(0.5mg/mL)in the presence &0 mM H202 in H20O
and the subsequent degradatignl0 mM FeS®+ 400 mM HO- at 20JC.

Table 61 Experimental details ahe Fenton degradatioprocess for thél-DHP film in Figure 6.1

H.O Steady State

HRP 0¢ 55 min

HO 35¢ 55 min

H monolignol & kD, 65¢ 155 min

HO 165¢ 260 min
Acetate buffer 270¢ 330 min
FeSQ& HO, 340¢ 349 min 40 sec

Degradation 349 min 40 se¢ 3100 min

Acetate buffer 3100 ming 3370 min

H.O 3380 ming

13C



6.2.2 ldentification of the Products fromLignin Degraded by Fenton ReactionSystems

In Chapter 3 anc€Chapter 4, degradation of the lignin féformedby H- and G monolignol
and5H-monolignol was conducted vachelatormediated Fenton reacti@ystem It was shown
that those lignin filrs were thoroughly etgraded However, thedegradatiorproducts have not
been identified. Those productere likelyvanillin and phenol derivatives.aviousapproaches
such as nuclear magnetic resonance (NMR) spectroscopygamahromatography mass

spectrometry (GEMS) should ke applied to characterizbe degradation products

6.2.3 Investigaton of the Role of Catechol Monolignol in Lignin Formation and

Degradation

Dehydrogenative polymerizations of catechol monolignols were studied in Chapter 3 and
Chapter 4. Distinct frontonventional cinnamyl monolignols, catechol monolignols are novel
monolignolsandwere only discovered recentlyhey exhibied different chemical and physical
properties than conventioni@nins. The simplified structure redudé¢he resistance dhelignin
to degradation Thus molecular biology studies to incorporate catechol alcohol into lignin may
enable lignin to be turned into vakaeldedproducs. It would be interesting to fundamentally
study lignin formation with those catechabnolignols in terms of the reaction mechanism and
thermodynamics. According to previous saglelectron paramagnetic resonance spectroscopy is
a useful technique to deduce the structure of the free radicals anbetiels understanthe
molecular detigs of the lignin formatiort. Also, for many years, computational calculation
provided insights into thinermodynamis of thepolymerizatiorof reaction. In recent years, some
aspects otatecholalcohol polymerization have been studfddowever, the iteraction between
the catechol monolignol and conventional monolignols, and the digso@athe chemical borsd

within the lignin need more extensive investigation.
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6.2.4 Rheological Studies on the Vitrimers

In Chapter 6, an aromatic disulfide wasranluced asa dynamic covalentrosslinkerfor
vitrimers. It would be interesting to further study the rheological behavior of the material. One of
the unique characteristics for vitrimergh® topology freezing temperatura transitionwhich is
absentin traditional thermosets and thermoplastics, ahé characteristiés the reason why
vitrimers display viscoelasticitihat differs fromconventional thermoseté.Below the topology
freezing temperature, the exchange reaction rate is slowhandtrimer responds aa typical
thermoset. Abovehe topology freezing temperature, the dynamic exchange reaction occurs
rapidly, leading to rapid topology chasgand macrosapic flow. Through rheological stuels a
better understanding of thvscoelastt behaviorshould be possibjeand thusa bettercontrol of
the processing conditignvould be possibleSmallamplitude oscillatory sheaneasuremest
shouldbe conducted to quardiively analyze the viscoelasticity of the vitrinfdviodels can be
generated to describe the behavior of the modulus as a function of temperature, crosslink density,

and catalystéwhich were absent in Chapter. 5)
6.2.5 Other Studies

Incorporation ofthe aromatic disulfide into the polymer network introduced fluorescence.
As shown onFigure 6.2 the aromatic disulfide crosslinked vitrimer material exleibistrong
fluoresceme It would be interesting to further studhe fluorescent properties for ture

applications.
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Figure 6.2 Fluorescence spectruof aromatic disulfide crosslinked P(MMBAEMA) vitrimer
developedn Chapter 5

While aromatic disulfidelinkages were chosen for this studyere are many dynamic
covalent motifs that can be incorporated into vitrimd@isese includelefins,>® urethaneg ureas®
imidazoliums® andboronic estes:!%Each of theecrosslinkehas their own advantages. It would
be interesting to incorporatifferentmotifsinto a singleconventional polymeandcomparefeir
properties. Another variable factibvat has an effect ontrimers is the polymebackbone. So far,
the polymeic materals that have been modified include epoxy résimolyurethane?
polydimethsiloxané; polystyrene'® etc. Applying the vitrimer concept to other materiatsuld
be an irtriguing topic and offers an excellent platform to systematically study the steuctur

property relationships of vitrimers. Other properties like sirapmorycouldalso be investigated.

In addition tothe catalystfree vitrimersin Chapter 5there are many vitrimers that used
catalysts, such as zinc (Il) acetylacetortéteTi(IV) alkoxidel’ dibutyltin dilaurate'®
triphenylphosphiné?® or 1,5,%triazabicyclo[4.4.0]de&-ene (TBD)?° Those catalysts promote
the dynamic exchange reactions &iadterthe stress relaxatioithe catalysts can be added to the

vitrimers by physial mixing or can bechemically linkedonto the polymer backboneAn
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investigaton of the effect of catalyst loadingnd the interactions between polymer and catalyst

would benefit vitrimerdevelopment

Vitrimers @uld be used in a variety of sectors since they are both mechanically strong and
bendableln the realm of additive manufacturing printinghas shown great advantages as a
technique for a growing range of applications, suclofts@botics, microfluidicsnancadevices,
and tissued! Direct-ink-writing (DIW) is one of the most extensively utilized 3D printing methods.

In the DIW approachht resin is extruded out of a nozzle attached to a syhhge. specifically,

the instrumentieposis a layer ofink andthe ink iscured immediately. Then, another layer of ink

is deposited and curédThe conventional ink ianepoxy resin, which isot reprocessablence

it is cured. Also, most epoxy is madebisphenol A, which is harmful to human health, especially
toinfants and children. By replacing tbenventioml ink with vitrimers, safetymight be improved
Furthermore the object might exhibit better mechanical propertiekhe traditional ink is cucke

once it is deposited, so the layers are indeperaferatich other. That leadsflractures andracks
between the layers and causes fractdres.application of vitrimer as ink for 3D printipgoduces
mechanically robust objects. Since the network is formeedynamic covalent borglthe polymer

chains in one layer can beosslinked tdhe adjacent layer, and thesnnecthe gaps between the
layersas illustrated ifFigure 6.3 In addition,the objectmay berepairableata damage site. Most
importantly, the produced objects can be recycled into ink again to print new objects. The recycling
cost is expected to be relatively low compared to thermoplastics, because the recycling conditions

areexpected to bat lowertemperature.
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While the analysis of lignin in this dissertatioontributed to understanding lignin formation
and lignin conversions, many aspects remain elusive. With the assistance of advanced techniques
and approaches, our knowledge about lignin will be enhanced in the future. Also, future needs for

long-servicelif e and recyclable materials will speed up the development of vitrimers.
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Appendix A: Bulk and surface structural cha

nges in high nickel cathodes subjected to fast

charging conditions
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A layered oxide cathode, LiNig §Mng 2Cog >O,, undergoes noticeable
crystal expansion by losing significantly higher amounts of Li* at the
end of fast charging cycles. However, the bulk structure of the
cycled NMC622 is restored back to its pristine discharged state
when intercalated with enough lithium ions during an electro-
chemical process.

Li-Ion batteries (LIBs) are making steady inroads into electric
vehicles (EVs).! However, the value proposition of electric cars
is challenged by several drawbacks including cost, safety and
higher charging times in comparison with internal combustion
engine vehicles (ICEs).>” EVs typically require over 60 minutes
to achieve 80% state of charge (SOC) while ICEs can be refueled
in less than 5 minutes. Therefore, developing Li-ion batteries
with extreme fast charging (XFC) capability is becoming a
requisite to improve both public acceptance and market pene-
tration of EVs. Here, the time required to realize XFC is defined
as 10 min charging of the battery (6C-rate) to reach 80% state of

structural changes in high nickel

cathodes subjected to fast charging conditions¥

ianyang Wu,?® Muhammad Mominur Rahman,®
Dennis Nordlund,® Kejie Zhao,® Michael D. Schulz,
¢ and llias Belharouak

® Feng Lin, {2°

*ae

changes of each individual cell component upon completion of
fast charging cycles.

Layered structure oxides containing nickel, manganese and
cobalt (LiNi,Mn,Co,0,, labeled NMCXYZ, x +y + z = 1) are the
most promising cathode candidates for next generation Li-ion
batteries,”” where Ni is responsible for high specific capacity
while Mn and Co ensure structural and thermal stability.*® The
cathode material LiNi, (Mn, ,C0, 2,0, NMC622, in particular, has
balanced advantages in terms of energy density, cost, thermal
stability and performance under non extreme fast charging
conditions.’"

Here, we report the cycling performance of LiNi, sMng ,C0¢,0,/
graphite cells under different charging rates, as shown in Fig. 1a.
The capacity retention of the cells after 200 cycles significantly
depends on the charging rates. Indeed, the capacity retention was
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charge. Under such conditions, cell capacity decay is found to ‘”—%
be extremely fast in most battery systems.*” Furthermore, the 2% —— 4
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research community has been investigating the underlying e 236
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reasons for the degradation of material performance. Of particular g 401 (a) g
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interest, three major reasons have been reported: (1) lithium 8 2 >34 ; )
plating on graphite anodes, (2) dissolution of transition metals 0 ze} Tor s 2 ey
in layered oxide cathodes, and (3) reduction of lithium inventory in (L]
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cathodes.”” Most of these reports mainly focus on electrochemical Cycle Number Capacity (mAh)
performance deterioration rather than the chemical and structural “ T oycle (4C13) A% T cycle (+C3)
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Fig. 1 Electrochemical performance of NMC622/graphite cells under
different C-rates. (a) Cycling performance of batteries; (b) voltage profiles;
(c) dg/dV curves obtained under 1C/1C; (d) dg/dV curves obtained under
6C/1C.
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