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Studies of Sustainable Polymers: Novel Lignins to Reprocessable Polymers 

Tianyi Liu 

ABSTRACT 

This dissertation includes two research topics. This first topic focuses on fundamental studies 

of monolignols and lignin, including polymerization and degradation. The second part reports a 

polymeric material that was crosslinked but can be reprocessed.  

In order to understand lignin from a molecular level and promote biopolymer conversion, we 

investigated the dehydrogenative copolymerization and degradation of two monolignols: caffeyl 

(C) alcohol and p-coumaryl (H) alcohol. The copolymerization and degradation were monitored 

by a quartz crystal microbalance with dissipation (QCM-D). Atomic force microscopy (AFM) was 

applied to investigate the topologies of the copolymer and degraded films. Horseradish peroxidase 

(HRP) was used as the enzyme for the dehydrogenative polymerization of monolignols and 

chelator-mediated Fenton chemistry was used to degrade the lignin. With constant monolignol 

concentration, we found that as the fraction of H in the polymerization feed increased, the amount 

of lignin formed increased, and the films became more rigid. For the degradation process of the 

resultant lignins, the presence of more C-monolignol during polymerization facilitated greater 

degradation. This work demonstrated the chemical factors that influenced the physical properties 

of lignin and lignin degradation, which could impact biofuel production.  

We further investigated the surface-initiated dehydrogenative polymerization of a new 

monolignol 5-hydroxyconiferyl (5H) alcohol using a QCM-D. HRP was immobilized on gold 

sensors. Various experimental conditions were studied. The dehydrogenative polymerization of 

5H-monolignol was influenced by the concentration of monolignols and temperature, but was not 
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affected by the hydrogen peroxide concentration, which was different from other monolignols. We 

also compared the polymerization kinetics of 5H-monolignol and the topology of the resulting 

lignin thin films with other monolignols. Furthermore, we utilized enzymatic and chemical 

degradation methods to treat the 5H-lignin. The 5H-lignin film was degraded thoroughly via a 

chelator-mediated Fenton reaction. This study provided a comprehensive understanding of 5H-

monolignol polymerization and degradation and could be used as a reference for the exploration 

of the applications of the 5H-monolignol.  

In this dissertation, a separate study involved a vitrimer. It was a crosslinked polymer, but 

could be reprocessed and reshaped. The new vitrimer was based on poly (methyl methacrylate-co-

hydroxymethyl methacrylate). Aromatic disulfides that underwent a dynamic exchange reaction 

were incorporated as crosslinkers. The structure of the material was identified by proton nuclear 

magnetic resonance spectroscopy (1H NMR) and Fourier transform infrared spectroscopy (FTIR). 

Thermal properties and mechanical properties were studied through thermogravimetric analysis 

(TGA), dynamic mechanical analysis (DMA), and Instron tests. Furthermore, the chemical 

resistance was explored. Notably, that new material exhibited comparable mechanical 

performance for three cycles when reprocessed via a hot press to reprocess.  
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Studies of Sustainable Polymers: Novel Lignins to Reprocessable Polymers 

Tianyi Liu 

GENERAL AUDIENCE ABSTRACT  

Lignin is a complex phenylpropanoid polymer and is one of the most abundant biopolymers 

in nature. Conversion of lignin into biofuels or other fine chemicals has drawn significant attention 

in recent years. Understanding molecular details of lignin formation and degradation is of 

fundamental importance for the biorefinery. Although a number of studies have improved our 

knowledge about lignin, many important aspects remain unknown.  

Lignin arises from dehydrogenative polymerization of three types of monolignols, named p-

coumaryl (H), coniferyl (G), and sinapyl (S) alcohols. Recently, a new monolignol, caffeyl (C) 

alcohol, has been found. In this work, the surface-initiated copolymerization of C-monolignol and 

H-monolignol was conducted through an in vitro synthesis. Furthermore, chelator-mediated 

Fenton reactions were applied to degrade the resulting lignin. The effect of C-lignin incorporation 

on degradation was studied. It was found that, when more C-lignin was incorporated, the 

percentage of degradation was larger. These findings are likely to guide the conversion of 

lignocellulosic biomass into value-added products.  

A new monolignol, 5-hydroxyconiferyl (5H) alcohol, was investigated in this dissertation.  

The surface-initiated dehydrogenative polymerization of 5H was conducted under various 

experimental conditions, including different temperature, monomer concentration, and hydrogen 

peroxide concentration. Furthermore, degradation by enzymatic and non-enzymatic methods were 

studied. It was found that the 5H-lignin was recalcitrant to enzyme, but can be degraded by a non-

enzymatic procedure. The synthesis and degradation were monitored by a quartz crystal 
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microbalance with dissipation (QCM-D), which is a label-free method and can provide real-time 

data.  

Thermosets are the materials that are chosen for many applications due to their structural 

stability and mechanical properties. However, due to their permanent crosslinkages, they cannot 

be reprocessed or recycled. In this dissertation, a new crosslinked polymer material called a 

vitrimer was reported. The material was developed based upon poly (methyl methacrylate) 

(PMMA) and aromatic disulfide linkages, which are exchangeable chemical bonds. The exchange 

reaction occurs very quickly at elevated temperature. As a result, the material can be easily 

reprocessed and also exhibited chemical stability and mechanical properties similar to 

conventional thermosets.
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Chapter 1: Overview 

Lignin, a naturally occurring heterogeneous phenolic polymer, is the second most abundant 

natural polymer on earth after cellulose. Conversion of lignin into fine chemicals, biofuels, or other 

sustainable materials has drawn greater attention recently, because of its abundance and diversity. 

To utilize lignin as a raw material, it must be degraded into smaller molecules. However, the 

heterogenous structure and stable chemical bonds of lignin hinder economical degradation to 

valuable raw materials. While a number of studies have improved our understanding of lignin, 

many aspects remain unknown. This dissertation consists of two chapters about lignin, from 

monolignol polymerization to lignin degradation. In addition to natural polymers, synthetic 

polymeric materials play an important role in our daily life. A new 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 gives an overall introduction to lignin, including molecular structure, biosynthesis, 

in vitro synthesis, and applications. Then, the degradation of lignin is discussed, including 

enzymatic degradation and chelator-mediated Fenton reactions. In addition, fundamentals of 

surface chemistry and surface analysis techniques, a quartz crystal microbalance with dissipation 

(QCM-D) and atomic force microscopy (AFM), are presented. Finally, an introduction to vitrimers 

is provided. 

In Chapter 3, a surface-initiated polymerization is used to produce lignin films consisting of 

a newly discovered monolignol ð caffeyl alcohol (C-monolignol), and a conventional monolignol 

ð p-coumaryl alcohol (H-monolignol). When comparing the H-C copolymers to homopolymers 

of H-monolignol, the effects of C-monolignol are demonstrated. A chelator-mediated Fenton 
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system was used to evaluate the degradation of the produced homo C, homo H, and C-H copolymer 

lignin films. The rate of the synthesis and degradation were studied by QCM-D.  

 In Chapter 4, surface-immobilized horseradish peroxidase-catalyzed dehydrogenative 

polymerization was used to synthesize a novel lignin from 5-hydroxyconiferyl alcohol (5H-

monolignol) on gold-coated QCM-D sensor surfaces. The influences of temperature, hydrogen 

peroxide concentration, and monomer concentration on their synthesis were studied. The effects 

of lignin peroxidase, manganese peroxidase, and Fenton reagents on the degradation of the 

generated films were examined. In addition, the production and degradation of 5H-lignin films 

were compared to lignin films made from conventional monolignols.  

Chapter 5 reports a new vitrimer prepared by poly(methyl methacrylate-co-2-hydroxyethyl 

methacrylate) (PMMA-HEMA) and aromatic disulfide. The aromatic disulfide provides crosslinks 

in PMMA-HEMA. Thermal properties, mechanical properties, chemical resistance, and 

reprocessability were investigated and compared to linear PMMA-HEMA. 

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

recommendations for future research linked to the studies presented in this dissertation. 

Three other studies that have been published during my time as a graduate student at Virginia 

Tech are presented in the Appendices.  
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Chapter 2: Background 

2.1 Natural Polymers  

Natural polymers are defined as polymers that occur in nature. They are usually extracted 

from plants, animals, or microorganisms. There are main four types of natural polymers based 

upon their chemical compositions: (1) polynucleotides, such as DNA, (2) polysaccharides, such as 

cellulose and starch, (3) polypeptides, such as collagen and actin, (4) polyphenols, such as lignin 

and suberin. Natural polymers have drawn greater attention due to their abundance, sustainability, 

and biocompatibility. Different from synthetic polymers, which are derived from petroleum, 

natural polymers are environmentally friendly. They have applications in many fields including 

the food industry, manufacturing, packaging, and biomedical engineering. One of the most 

remarkable applications is biofuels, which are considered to be a source of renewable energy that 

can reduce greenhouse gas emissions.  

2.2 Lignin  

2.2.1 Introduction to L ignin  

Lignin is one of the most abundant natural polymers on earth. It accounts for approximately 

30% of the dry weight of softwoods and 20% of the hardwoods.1 Lignin associates with cellulose 

and hemicellulose to form the secondary cell walls of plants and plays an important role. The 

strong interaction between lignin, cellulose, and hemicellulose preserves the integrity of the plant 

cell wall. In addition to the rigid nature of lignin, it can provide mechanical support and impact 

resistance. Furthermore, lignin is hard to biodegrade, and protects plants from rotting. Finally, as 

an aromatic polymer, lignin provides hydrophobicity to plants.2,3  
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Lignin usually has a highly crosslinked and heterogenous structure that mainly arises from three 

monolignols: 4-hydroxy-3-methoxycinnamyl (coniferyl, G) alcohol, 4-hydroxycinnamyl (p-

coumaryl, H) alcohol, and 4-hydroxy-3,5-dimethoxycinnamyl (sinapyl, S) alcohol. Their 

structures are shown in Figure 2.1 (a), (b), and (c). In plants, these monolignols are derived from 

phenylalanine in the cytosol. After the monolignols are synthesized, they are transported to the 

cell wall and are dehydrogenated to phenolic radicals by enzymes. The multiple reactive sites on 

the monomers lead to a large number of permutations in coupling reactions that yield many 

possible interunit bonds between monolignols. The most common bond found in natural lignin is 

ɓīO-4, as shown in Figure 2.2. The relative amount of H, G, and S monolignols varies among 

different plants. Generally speaking, hardwoods are rich in G and S units, softwoods are rich in G 

units, and grasses are rich in G and S units. There are three commonly used methods to isolate 

natural lignin from plants: ball milling, cellulolytic enzyme treatment, and enzymatic mild 

acidolysis. The molecular weight of the natural lignin is difficult to measure because of its 

heterogeneity and degradation during isolation.   

 

Figure 2.1 Molecular structures of (a) H-monolignol (b) G-monolignol (c) S-monolignol (d) 

C-monolignol, and (e) 5H-monolignol 



 5 

 

 

Figure 2.2 Commonly found linkages in lignin 

 

 

 

Figure 2.3 Representation of a lignin structure 

 

To be isolated from wood, natural lignin usually undergoes strong base or acid treatment 

during extraction, thus, most of its structure is altered. To better understand lignin, many in vitro 

lignin synthesis systems have been developed. One of the most famous ones is the in vitro oxidase-
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catalyzed polymerization of lignin precursors into dehydrogenation polymer (DHP) initiated by 

Freudenberg in the 1950s.4 Two modes were proposed by Freudenberg: the Zulauf mode (ZL) and 

the Zutropf mode (ZT). In the ZL mode, lignin is formed in a bulk solution of monolignol and 

H2O2, while in the ZT mode, monolignol and H2O2 are added slowly and continuously. Generally, 

the ZT mode delivers DHP lignin that has higher molecular weight and similar structure to natural 

lignin compared to that made by the ZL mode.4ï7  

Although DHP lignin cannot fully mimic natural lignin, it helps us understand many factors 

that influence lignification. Our knowledge about the radical coupling process, interunit bonds 

between the monolignols, etc. is based on in vitro DHP lignin. Studies have shown that monolignol 

structure and content,8ï10, 11 pH,12ï14 solvent environment,15 monolignol addition mode and rate,16,17 

and the presence of cellulose and pectin can affect the molecular weight and structure of the final 

product.18ï20  For example, feruloyl ester can be incorporated in lignification and generates more ‌-

O-4 bonds,9  lower pH favors more ɓīO-4 bond,10 and the molecular weight of coniferyl alcohol DHP 

is slightly increased in the presence of polymeric hemicellulose and pectic acid.18 

2.2.2 ñNewò Lignin  

Recently, an unconventional lignin unit has been identified: caffeyl alcohol (C-

monolignol)  (the structure is shown in Figure 2.4). Unlike the conventional monolignols, which 

copolymerize and form heterogenous crosslinked polymer, C-monolignol tends to 

homopolymerize via a benzodioxane linkage. The lignin formed by C-monolignol is named C-

lignin, which has been found in a number of natural plant tissues of vanilla orchids and in over 

130 species of cacti.21,22 In nature, C-lignin was found to coexist with G/S lignin but go through 

independent biosynthesis.11 A computational study showed that the  C-C homodimer is more 

thermodynamically stable than X-C heterodimers (X represents G, H, and S).23  
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Figure 2.4 Polymerization of C-monolignol. The resulting polymer is a linear structure with 

benzodioxane linkages. 

 

The biosynthestic mechanism of C-lignin is well studied. As illustrated in Figure 2.5, The 

hydroxyl group in C-polymer end units are first oxidized by an enzyme to form hydroxyl radicals. 

Radical coupling of the monomer (at its ɓ-position) with the hydroxyl radicals occurs and forms 

quinone methide (QM) intermediate. Finally, internal trapping and re-aromatization through the 

3-OH group in C-polymer end units and the QM intermediate produce the benzodioxane bonds.21 

The question of whether C-lignin has a distinct physiological function for plants compared to 

conventional lignin remains elusive.  

The unique linear structure of C-lignin provides considerable potential for value-added 

products. There are many studies investigating the structures and applications for C-lignin. Li et 

al. used hydrogenolysis to catalytically depolymerize the C-lignin.24 Results showed that the 

depolymerization of C-lignin produced 90% single monomer selectivity under Pt/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 cost of further distillations.25  
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Figure 2.5 Generation of benzodioxane units in C-lignin via a radical-cross coupling 

mechanism.21 Mc ð caffeyl alcohol monomer and Pc ð C-polymer. Adopted from Chen et al. 

(2012) (CC-BY). 

 

 

5 Hydroxyconiferyl alcohol (5H-monolignol) is another new monolignol that has been found 

recently. As shown in Figure 2.1 (e), it is generated by the downregulation of the caffeic acid O-

methyltransferase enzyme. Due to the presence of o-OH groups, similar to C-monolignol, 5H-

monolignol is likely to form a benzodioxane interunit that results in a linear structure rather than 

a crosslinked structure derived from the conventional monolignols. Density functional theory 

calculations have been applied to study the oxidation/dehydrogenation reaction of 5H-monolignol 

in lignin formation.26,27 Recent studies have used genetic modification to manipulate 5H-lignin 

content in plants. Particularly, Vanholme et al. demonstrated ~70% 5H-monolignol in Arabidopsis 

using genetic manipulations.28  
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2.3 Lignin 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 peroxidase (designated as ñlignaseô at first) (LiP), 

manganese peroxidase (MnP), and laccase (Lac).29  

LiP has high redox potential, thus it can oxidize non-phenolic structures, such as ‍-O-4, one 

of the most abundant chemical bonds in lignin, with assistance of H2O2 and mediators e.g., veratryl 

alcohol (VA). LiP can also oxidize phenolic structures.30   MnP can only oxidize phenolic 

structures and generates CO2. Usually, MnP needs the addition of Mn2+ to facilitate substrate 

oxidation.31 The optimal pH environment differs for LiP and MnP. Typically, LiP requires lower 

pH than MnP.32,33  

Lac can oxidize phenolic structures. Compared to LiP and MnP, Lac has relatively lower 

redox potential, therefore, Lac is not the key enzyme in natural lignin degradation. However, it 

was found that Lac possesses the ability to breakdown the ñlignin-barrierò with small molecular 

mediators or in the presence of other enzymes.34  

2.3.2 Chemical Degradation ð 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. The fungus-induced 

Fenton reaction (H2O2+Fe2+ Ÿ HOÅ+OHï+Fe3+) is the main reaction. In this process, Fe2+ first 

reacts with hydrogen peroxide to yield Fe3+ and the hydroxyl free radical, which is a powerful 

oxidant that can depolymerize lignin. Then Fe3+ is reduced back to Fe2+. In recent years, people 

have utilized Fenton reactions to facilitate the conversion of lignocellulosic biomass into 
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biofuels.35,36 Compared to hydrogenolysis, oxidation, pyrolysis, liquefaction, and hydrolysis, 

Fenton chemistry is a green process that can be conducted under mild conditions at room 

temperature. Catalysts or mediator are used to improve the Fenton reaction efficiency.37,38 Lignin 

degradation by enzymes and Fenton chemistry are summarized in Figure 2.6.  

 

 

 

 
 

Figure 2.6 Comparison of lignin degradation by lignin peroxidase (LiP), manganese peroxidase 

(MnP), laccase (Lac), and a Fenton reaction.39 Adopted from Kumar et al. (2020) 
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2.4 Polymer Adsorption 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 process, the ñadsorbentò, also known as the substrate, refers to the material onto 

which adsorption occurs, the ñadsorbateò refers to the material that has already adsorbed, and the 

ñadsorptiveò refers to the bulk adsorbing species.40 There are two types of adsorption, 

physisorption and chemisorption. Physisorption is a physical, weak interaction and reversible. 

Chemisorption is a chemically linked, strong interaction and is usually irreversible.40,41  

 

Figure 2.7 Depiction of physisorption and chemisorption interactions between the substrate 

surface (adsorbent) and the adsorbate molecules, and desorption. 

 

Adsorption is usually described by isotherms. Adsorption isotherms describe the amount of 

adsorbate on the adsorbent as a function of its pressure or concentration at constant temperature.42 

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

The Langmuir model was first derived in 1918. This model is applied to gasses adsorbed onto 

a solid surface.43 It is the most commonly used isotherm equation due to its simplicity and its 

ability to fit a variety of adsorption data. The Langmuir isotherm is based on four important 

assumptions: 1) the solid surface is homogenous, and there is no interaction between the adsorbates; 

2) all binding sites on the solid surface are equivalent; 3) there is no phase transition; and 4) only 

monolayer formation is allowed on the surface. The Langmuir isotherm equation is described as  
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where ɜ is the surface excess, ɜ  is the maximum surface concentration at monolayer coverage, 

ὑ  is Langmuir constant, which is defined as the ratio of the adsorption and desorption rate 

constants, ὑ  , and ὅ is adsorptive concentration.  This equation can be rearranged into a 

linear form,  

ρ
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thus, the ɜ  and ὑ can be derived from the intercept and the slope of a plot of ɜ  vs. ὅ . 

The Freundlich adsorption isotherm is another model for adsorption, which is applied for multi-

layer adsorbate on heterogeneous surfaces. The Freundlich isothem assumes binding sites on the 

surface are non-equivalent for the adsorptive.42 The mathematical description of Freundlich 

isotherm is  

ɜ ὑὅ  

where ὑ  is the capacity of the adsorbent, and  is the adsorption affinity constant. The linear 

version of the Freundlich adsorption isotherm is 

ὰὲɜ ὰὲὑ
ρ

ὲ
ὰὲὅ 

Similar to the Langmuir adsorption isotherm, ὑ  and  can be obtained from the intercept and the 

slope, respectively, of a plot of ὰὲɜ vs. ὰὲὅ. 
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2.4.1.1 Polymer Physisorption 

Polymers can adsorb onto a surface via physisorption or chemisorption. Whether 

physisorption happens depends upon the solvent and the substrate. An adsorption layer will form 

on the substrate surface if the polymer prefers the substrate over the solvent. A depletion layer will 

occur if the polymer prefers the solvent over the substrate. The concentration of the polymer 

segment varies as a function of distance from the substrate. The polymer segment concentration is 

larger near the substrate surface than in the bulk solution for adsorption. For depletion, the polymer 

segment concentration is larger in the bulk solution and gradually decreases close to the substrate 

surface. (Figure 2.8)   

 

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

layer.  The parameter ‰ represents the segment density concentration as a function of distance 

(z) from the substrate, where ‰ represents the segment density at the surface and ‰  represents 

the bulk segment density.44 Adopted from Zhang (Copyright 2014 Xiao Zhang). 

 

At equilibrium, the conformation of the adsorption can be described by a ñtrain-loop-tailò 

model suggested by Silberberg45 and Hoeve46, as shown in Figure 2.9. Only a few segments make 

contact with the substrate surface directly. The segments between two ñtrainsò that are extending 

into the solution are referred as ñloopsò. The ñtailsò are the segments at the end of the polymer 
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chains, which can rotate freely.45ï47 It is noted that this mode is also used to describe grafted 

adsorbing polymers.48  

 

 

Figure 2.9 A polymer chain adsorbed onto a flat and homogeneous solid 

substrate. Adopted from Zhang (Copyright 2014 Xiao Zhang).44 

 

     

2.4.1.2 Polymer Grafting  

Polymer grafting onto a surface has been studied and applied in various industrial fields over 

the years. The grafting methods can be classified into two categories: ñgrafting-fromò and 

ñgrafting-toò. ñGrafting-fromò refers to the method that the polymers are growing from the 

substrate surface. There are initiators on the surface that initiate the monomer to polymerize. 

ñGrafting-toò uses the existing polymers with active sites that can bond with the substrate surface. 

Both methods have their own advantages. ñGrafting-fromò is more convenient to conduct and 

more widely applied in industry. ñGrafting-toò can control the molecular weight and structure 

more precisely.49  

 

 



 15 

 
 

Figure 2.10 Topographical models for short and long graft chains underwater. Reprinted with 

permission from Emiko Uchida and Yoshito Ikada.50 Copyright (1997) American Chemical 

Society 

 

The conformation of the grafted polymer can be influenced by the polymer architecture, 

polymer density, and solvents. When placed in a good solvent, whose interaction with polymer 

chains is thermodynamically favorable, the 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 condition, the polymer chains collapse.51,52   Lai and Binder,53 Grest and 

Murat,54  and Balazs et al.55ï57 studied the conformation of grafted polymer in poor solvents. The 

chains clump together and form isolated islands and dimples (Figure 2.11). The depths of the 

dimples depend on the density and the polymer chain length. Emiko Uchida and Yoshito Ikada 

investigated the dynamic behavior of the grafted chains in poor solvent.50 It was found that when 

the chains were long enough, they were stretched and tilted along the solvent flow direction, while 

(a) 

(b) 

(c) 
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the overall conformation perpendicular to the flow direction was not affected (Figure 2.11). The 

conformation of polymer is also related to the grafted density; when the number of polymer chains 

per area is low, a ñpancakeò structure is formed. With increasing polymer chain density, the 

structure is gradually stretched with conformations described as ñmushroomsò or ñbrushesò. In a 

dense brush state, the thickness of the polymer layer is proportional to the polymer molecular 

weight.58ï64  

 

  

Figure 2.11 Schematic illustration of the structure of grafted polymer chains with increasing 

grafting density, from ôpancakesô via ômushroomsô to brushes.132 Adopted from Hildebrandt et 

al. (2020) (CC-BY) 

 

 

 

2.4.2 Lignin Thin Films 

So far, most of our understanding of lignin structure and properties comes from studies of 

DHP lignin in bulk systems and at the surface. Lignin films can be produced through spin-

coating,65ï69 solvent-casting,70,71 surface-initiated polymerization.72,73 Langmuir-Blodgett (LB)-

deposition,74,75 self-assembly,76,77 and electrodeposition. 78ï80   
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Spin-coating is the most widely used technique for lignin film formation. It can be used for 

either isolated lignin or synthetic lignin on various substrates. The lignin films are usually prepared 

from alkaline solution. The film formed from spin-coating is rigid and smooth. The 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 spin-coated lignin film in aqueous 

solutions.68 The film showed excellent stability in alkaline solution and only slight corrosion in 

NaCl solution. Tammelin et al. prepared spin-coated lignin films using the same method, and tested 

various properties using a quartz crystal microbalance with dissipation QCM-D.68   

Solvent-casting is a straightforward and simple method to prepare the lignin film, and the 

lignin solution or suspension is directly dropped onto a substrate. The sample is typically dried at 

room temperature to maintain the structure. Micic studied the topology of G-lignin on cellulose 

substrates.70 It was found that the G-lignin formed regular colloidal crystals with few defects on 

cellulose substrates (Figure 2.12). 

 

Figure 2.12 G-lignin mode compound on cellulose substrate.70 Reused with permission 

from Wiley Material. Copyright (2003) 

 

Surface-initiated polymerization is another commonly used method. There are two ways to 

initiate the polymerization of the monolignols: enzymatic and photochemical polymerization. 
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Wang et al. studied the topology of pure lignin synthesized by G-monolignol, H-monolignol, and 

S-monolignol using an immobilized enzyme.73 The horseradish peroxidase was adsorbed in a 

QCM-D instrument, and then monolignols solutions were flowed over the substrate surface. The 

lignins were grown from the substrate. The G-lignin formed 200-300 nm globes, while H-lignin 

formed small but more uniform aggregates. There were no aggregates formed for S-lignin. Micic 

et al. synthesized G-lignin on cellulose surfaces via UV irradiation,72 which resulted in random 

and probably non-functional structures.  

 

 

Figure 2.13 AFM height images (2 Ĭ 2 ɛm2) of (A) G-DHP, (B) H-DHP, and (C) S-DHP 

layers formed on gold-coated QCM-D sensors. RMS roughnesses for each AFM image are (A) 

Ḑ33, (B) Ḑ12, and (C) Ḑ1.7 nm.73 Reproduced from Wang. Copyright (2013) American 

Chemical Society 

 

Langmuir-Blodgett (LB) deposition is a widely used technique to prepare various monolayer 

thin films. This technique was first used to prepare lignin thin films in 1996 by Constantino.74 

Lignin was dissolved in THF and then spread onto the water surface. After THF evaporated, a 

monolayer of lignin was formed on the water surface. The LB-film was obtained by dipping a 

glass slide into the monolayer phase at a controlled dipping rate. This method is relatively more 

complex than other methods but could precisely control the film thickness.  
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Another commonly used method to prepare the lignin thin films is self-assembly. Due to the 

fact that lignin contains many electron-donating functional groups, it can easily adsorb onto 

surfaces that are positively charged. Maximova et al. utilized this method to produce lignin films 

on mica surfaces.76 They rendered mica surfaces positively charged by electrolyte, and then 

equilibrated the surfaces with lignin solutions. The second method was to mix the lignin solution 

with the cationic polymer in solution, followed by immersion of mica surfaces into the mixed 

solution.  

Electrodeposition is another commonly used method to generate lignin films. It is often used 

to deposit lignin films onto electrodes for electrode modification.  As an abundant natural polymer, 

lignin is a cheap alternative to gold or Nafion as an electrode modifier. The functional groups in 

lignin can undergo reversible quinone - hydroquinone redox reactions. Thus, it can be used for 

electrocatalytic applications.81 To deposit lignin onto the electrode, the lignin is usually dissolved 

in a mixture of H2SO4 and HNO3 solution. The deposition can be conducted potentiostatically at 

0.9 V vs. Ag/AgCl for 2 min or via cyclic voltammetry at a 100 mV sī1 scan rate for dozens of 

cycles. 

2.5 Surface Analysis Technique ð A Quartz Crystal Microbalance with Dissipation 

Monitoring (QCM -D) 

A quartz crystal microbalance with dissipation (QCM-D) provides real-time information 

about binding and adsorption by monitoring mass changes on a quartz crystal sensor. The 

sensitivity of mass determination by QCM-D can be < 1 ‘g/cm2. When an alternating voltage is 

applied to the two poles of a quartz crystal, the mechanical vibration of the quartz 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 alternating voltage matches the resonant frequency at the crystal, the 

amplitude grows dramatically, a phenomenon known as piezoelectric resonance. The resonance 

frequency can be calculated using the following equation: 

Ὢ ὲ ὲὪ     

where Ὢ is resonate frequency, ὺ is the acoustic speed traveling through the quartz crystal, ὲ is 

the overtone number, where only odd numbers match the boundary conditions necessary for 

mechanical shear waves, Ὢ is the fundamental frequency of the resonance, and Ὤ is the thickness 

of the quartz crystal.  

 

Figure 2.14 Depiction of a Quartz crystal microbalance with dissipation monitoring (QCM-D) 

(A) sensor and (B) shear oscillation. 

 

In 1959, Günter Sauerbrey, a German scientist, discovered that the vibration of the crystal was 

diminished when a 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 rigidly attached to the gold 

electrode surface of QCM, it was concluded that the resonant frequency of QCM was directly 

proportional to the external mass. This relationship was mainly used to study gas deposition onto 

metal surfaces. In the 1980s, the Sauerbrey equation was extended to liquid phases. According to 
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the Sauerbrey equation, the mass of the material adsorbed on the crystal sensor was related to the 

change of frequency as follows: 

Ўά
ὃ ”‘

ςὲὪ
ЎὪ ὅ

ЎὪ

ὲ
 

where Ὢ is the resonant frequency of the fundamental mode, ЎὪ is the normalized frequency 

change, Ўά is the mass change, ὃ is the piezoelectric crystal area, ” is the density of the quartz, 

‘ represents the shear modulus of the quartz, ὲ is the overtone number, and ὅ is a crystal 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 adsorbed mass can be directly calculated from the equation. However, the 

original intention of the equation was to calculate the oscillation of the chip in air, assuming the 

adsorbed material is rigid. Therefore, when a viscoelastic material, such as a polymer, is adsorbed 

onto the chip surface. From a liquid medium, the equation will be subject to significant error. The 

reason for the error is that the viscoelasticity of the adsorbed material will lead to energy 

dissipation that also influences the frequency of 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 factor (D) is related to describe the viscoelasticity of the system, which is 

defined as the ratio between the energy dissipated (Edissipated) and the energy stored (Estored) during 

a single oscillation period: 

Ὀ
Ὁ

ς“Ὁ  
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A soft film causes a larger Ὁ  and, thus leads to a larger D value. In constant, a rigid film 

causes a smaller Ὁ  and, thus leads to a smaller D value.  

The adsorption of viscoelastic materials can be calculated accurately for some system by a 

Voigt model. The model consists of a viscous dashpot and a Hookean spring in parallel, which can 

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

Ὃ Ὃ ὭὋ ‘ Ὥς“Ὢ– ‘ Ὥ–‫ 

where G is the complex shear modulus, Gô is the shear storage modulus, Gò is the shear loss 

modulus, ‘ is the elastic shear modulus, – is the shear viscosity, Ὢ is the oscillation frequency 

and is the angular frequency of oscillation. Four parameters, including thickness (Ὤ), density ‫ 

(” ), viscosity (– ), and elastic shear modulus (‘ ) of the film, are usually examined to 

characterize the viscoelastic layer. Those parameters can be obtained through the changes of 

frequency and dissipation changes: 
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where ” is the density, Ὤ is the thickness, – is the viscosity, subscript 0 represents bulk fluid, 

subscript f represents film, subscript q represents quartz, and ‏ is the penetration depth of the 

shear wave towards the bulk solution:  
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Figure 2.15 A schematic representation of the Voigt-based viscoelastic model 

 

The rheological properties of protein and synthetic polymers at liquid/solid interfaces have 

been studied using viscoelastic modeling for QCM-D findings. Liu et al. investigated the 

viscoelasticity of carboxymethyl cellulose adsorbed onto regenerated cellulose surfaces using this 

model.82  Gurdak et al. investigated the adsorption and viscoelastic characteristics of type I 

collagen on polystyrene in both native and heat-denatured forms.83 Furthermore, QCM-D 

combined with surface resonance plasmon (SPR) techniques allows for a better understanding of 

thin film features like thin film density and water content at liquid/solid interfaces.65,68 

2.6 Vitrimers  

Development of commodity polymeric materials that are robust but also recyclable is highly 

desirable. Broadly defined, polymeric materials are classified into two categories: thermosets and 

thermoplastics. Thermosets are polymers that are crosslinked by covalent 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 crosslinked by weak 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 high-quality plastic products has increased along with the 

attendant problem of growing quantities of plastic 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 material called a vitrimer has attracted attention. These 

polymers are as stable as thermosets and can be reshaped and recycled as easily as 

thermoplastics.84ï91 Vitrimers are developed based on exchangeable chemical bonds (also known 

as covalent adaptive networks or CANs) that can be broken and reformed rapidly with a triggered 

stimulus, such as heat or light. With the rapid topology change, macroscopic flow can be achieved, 

and thus, re-processibility can be realized. Also, the covalent bond will provide mechanical 

strength so that the material is robust.92ï94 So far, the covalent adaptive networks have been 

synthesized through various chemistries: transesterification, transalkylation, transamination, 

disulfide exchange, and boroxine metathesis. 86,92,93 
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Table 2.1 Overview of Different Vitrimer Materials and Their Healing Conditions.93 Reprinted 

from Krishnakumar et al., Copyright (2020), with permission from Elsevier 
 

Mechanism Material  Transition 

temperature 

(Tg) 

Healing conditions Mechanical 

strength 

Transestrification Biobased triepoxy95 187 °C 220 °C and slight 

pressure 

a 62.8ï69.2 MPa 

 
Epoxy with tertiary amine96 130 °C 160 °C, 3h a 0.461 MPa 

 
Amino-capped aniline 

trimer-Liquidcrystalline97 

58 °C IR laser  b 20ï22 MPa 

 
Epoxy with Polydopamine-

modified gold nanospheres98 

42 °C Light, 120 min  b 25 MPa 

Transalkylation poly(1,2,3-triazolium ionic 

liquid)99 

ī8 °C to 23 °C ï f 15 MPa 

 
poly(thioether)100 ī20 °C 160 °C, 45 min  f 80 MPa 

Disulfide Epoxy with silica nano 

particles101 

151.5 °C-

155.5 °C 

180 °C, 30ï120 min  c 764 ± 8 

 
Polyhydroxy urethane102 66 °C 150 °C, 5ï10 MPa 

for 30 min 

a 35MPa 

 
Epoxy with FRP103 127 °C 200 °C,100 bar for 

5 min 

d 242ï292 MPa 

 
Polycarbonate104 19 ÁC ī34 °C 160 °C, 5ï10 MPa c 7 ± 1 MPa 

Transamination Poly (vinylogous 

urethane)105 

87 °C 150 °C, 30 mins  e 2*103MPa 

Trans-

Carbamoylation 

Polyhydroxy urethane106 54 °C 160 °C, 4 MPa for 

8 h 

e 2.2 ± 0.4 GPa 

Imine Polyimine107 102 °C 110 °C for 30 min a 49 MPa (dry 

sample) and 32 MPa 

(wet sample) 

a Tensile strength 

b Stress-strain 

c Tensile modulus 

d Compression strength 

e Young modulus 

f Storage modulus 

 

2.6.1 Characteristics  

2.6.1.1 Thermal Properties and Viscoelasticity  

There are two important temperatures to characterize a vitrimer: the glass transition 

temperature (Tg) and topology freezing temperature (Tv). Tg is the temperature that the material 

transitions between a glass state and a rubbery state. From the perspective of polymer chain 

configuration, Tg is the temperature at which segments that consist of 30-50 carbons start to move. 

Tv is the vitrimerôs upper temperature limit for service and lower temperature limit for recycling. 
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Above Tv, the polymer chains break and the material is processable; below Tv, the exchange 

reaction is slow. Both temperatures determine the useful range of the vitrimers.  

 

Figure 2.16 Representation of the viscoelastic behavior of vitrimers with (a) Tg, lower than Tv. 

Upon heating, the vitrimer follows the Arrhenius law. (b) Tv lower than Tg. Upon heating, the 

vitrimer is first controlled through diffusion (WLF behavior) and then by the exchange kinetics 

(Arrhenius).86 Reproduced from Denissen et al. (2015) (CC-BY) 

 

Tv can be either higher or lower than Tg. As illustrated in Figure 2.16 (a), in the case of Tv > 

Tg, the material behaves as an elastomer between Tg and Tv. And since the exchange reaction 

occurs slowly, the networks are fixed. When the temperature is above Tv, the viscoelasticity of the 

material drops gradually and follows an Arrhenius relationship. In the case of Tv < Tg (as shown 

in Figure 2.16 (b)), the material behaves as a conventional thermoset below Tv. When the 

temperature is between Tv and Tg, although the exchange reaction occurs rapidly, the polymer 

segmental movement is restricted, so that the material remains in a glassy state. When the 

temperature is above Tg, the viscoelasticity of the material drops abruptly and makes the material 

reprocessable. It should be noted that above Tg, the material first undergoes a region where the 

segmental motion becomes the dominate factor, so that the material follows the Williams-Landel-

Ferry (WLF) model. Then, as the segmental motion reaches a maximum, the exchange reaction 
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kinetics become the dominating factor, so that the material viscoelasticity exhibits an Arrhenius 

response. When designing a vitrimer for a specific application, the rigidity of the monomer itself, 

types of exchange reactions, and crosslink density should be considered to achieve a useful 

temperature window.  

2.6.1.2 Reprocessability  

Reprocessability is the ability that distinguishes a vitrimer from conventional thermosets. As 

a result of the instability of the crosslinkages, the vitrimer can be repaired or reshaped. A typical 

route to assess reprocessability is to cut or grind the material into small pieces and remodel the 

material. Thermal stability, mechanical properties, and the gel content are considered to evaluate 

reprocessability. The materials are usually subjected to multiple cycles and compared with the 

original performance.  

2.6.2 Vitrimer Materials  

Vitrimers are developed based on various dynamic exchange reactions. In the following part, 

chemistries that are mostly used for vitrimer design are discussed.  

2.6.2.1 Transesterification 

In 2011, Leibler and coworkers first described the concept of a ñvitrimerò based on an epoxy 

network generated via transesterification. The reprocessability was realized by excess amounts of 

free hydroxy functional groups and promoted by catalysts.84  

 

Figure 2.17 Chemical reaction for transesterification 
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The studies showed that the kinetics of transesterification can be simply adjusted via catalysis. 

By changing the catalyst types and loadings, the activation energy of transesterification varies.108 

At 150 °C, a carboxylic acid (a combination of dimeric and trimeric acid) cured bisphenol A epoxy 

network relaxed in more than 105 seconds with a 1 mol% zinc acetate catalyst based upon epoxy. 

When the Zn catalyst loading is increased to 5 mol%, the relaxation time is reduced to 104 s.109 

With the same mass loading, PPh3 exhibited lower efficiency than zinc acetate and 

triazabicyclodecene (TBD). Niu et al. synthesized an ionomer catalyst, poly(acrylonitrile-co-zinc 

methacrylate) (Zn-PAM). This Zn-ionomer displayed higher catalytic efficiency than 

Zn(OAc)2 and TBD under the same loading. With 2.5% mass loading, the relaxation time was 

reduced to less than 1400 s at 170 °C.110 

Besides catalysts, an excess amount of hydroxyl groups is necessary 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 substantially higher density of esters in the 

network. The relaxation time was as short as 120 s at 140 °C with Sn(Oct)2 as catalyst. Even though 

that system had such short relaxation time, little to no stress relaxation was observed if all hydroxyl 

groups were consumed.111  

Although transesterification with catalysts is reprocessable and controllable, long-term 

stability restricts applications as a result of catalyst aging or leaching. Furthermore, large catalyst 

loading may alter mechanical properties. A catalyst-free system was developed by Han et al.112 via 

curing of a hyperbranched prepolymer with succinic anhydride, which showed a relaxation time of 

68 min at 160 °C. Another catalyst-free system was developed by Altuna et al.113 By introducing 

a tertiary amine to BPA, a relaxation time of ~1200 s at 160 °C was obtained.                                                                                                          
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2.6.2.2 Transalkylation 

Compared to transesterification, transalkylation shows higher activation energy. The 

activation energy of transesterification is usually lower than 100 kJ/mol, while the activation 

energy of transalkylation is ~140 kJ/mol. Obadia et al. developed a vitrimer inspired by an ionic 

liquid using Ŭ-azide-ɤ-alkyne monomer and a 1,6-dibromohexane difunctional cross-linker.114 

Temperature-induced transalkylation exchanges enable stress relaxation for 1100 s at 150 °C. The 

thermodynamic behavior of the materials can be tuned by altering the counter ions.115 Due to the 

ions, the conductivity of these polyionic materials can be extremely useful in certain specialized 

applications.  

Although the synthesis of polyionic transalkylation using triazolium salts is simple and 

requires no catalyst, the cost is relatively high compared with other systems because of the 

expensive azides and alkylating reagents. 86  

 

Figure 2.18 Chemical reaction for transalkylation 

2.6.2.3 Transamination 

The dynamic exchange reaction of vinylogous urethane transamination can be realized 

without catalysts or with Brønsted or Lewis acid catalysts.116,117   Spiesschaert et al. systematically 

investigated the effects of molecular weight and crosslink density on the dynamic transamination 

within vinylogous urethane vitrimers.118 It was found that changing the molecular weight resulted 

in significantly higher activation energies (from 68 to 149 kJ molī1) and relaxation times (from 7 

to 230 min at 140 °C) variance. Filler effects on vinylogous urethane transamination in 
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polydimethylsiloxane vitrimers were studied. Besides Youngôs modulus and elongation at break, 

it was found that acidic or basic functionalization of the filler can influence relaxation time.119 

 

Figure 2.19 Chemical reaction for transamination 

2.6.2.4 Disulfide Exchange 

Disulfide exchange is one of the most popular reversible transformations used in 

vitrimers.  The activation energy of disulfide exchange reaction can be as low as 55 kJ/mol.120,121  

Based on this mechanism, many self-healing materials have been developed.122ï125 Computational 

work suggested that the S-S bond dissociation energy decreased when phenyl groups were para-

substituted.126 The phenyl substituted disulfide groups can undergo an exchange reaction via a 

radical-mediated mechanism with a fixed crosslink density as shown in Figure 2.17.127  

 

Figure 2.20 Mechanism of radical-mediated aromatic disulfide exchange reaction 

2.6.2.5 Imine Exchange 

Vitrimers with imine exchange reactions are prepared via aldehyde and di- or triamine. One 

advantage of an imine network is that the reversable reaction can be stimulated by water, which 

enables green reprocessing of the materials.128,129 Feng et al. synthesized a vitrimer-like material 

based on poly(dimethylsiloxane) etherimide, terephthalaldehyde, and tri(2-aminoethyl) amine, 
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which exhibited stress relaxation time less than 100 s at 130 °C.129 Zheng et al. developed a 

vitrimer via a polycondensation reaction of terephthaldehyde, m-xylylene diamine, and tris (2-

aminoethyl) amine. Besides reprocessability, this material showed photothermal 

conversion.130 Hajj et al. investigated the effect of crosslink density on imine dynamic networks.131 

The stress relaxation time decreased when crosslink density decreased. They also pointed out that 

weak interactions, such as ́-stacking, could also affect the relaxation time.  

 

Figure 2.21 Chemical reaction for imine exchange 

2.7 Conclusion  

In this chapter, an introduction of lignins and lignin degradation, including both chemical and 

enzymatic degradation, is presented. Conventional lignin pocesses crosslinked and heterogeneous 

structure, which hinder lignin degradation. While C- and 5H-lignin, which were recently 

discovered, have homogeneous and linear structures. Additionally, various methods for preparing 

lignin films are summarized. Those in vitro methods provide convenient and reliable models for 

lignin studies. Furthermore, fundamentals of molecule adsorption onto a solid substrate and 

surface analysis technique, QCM-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 preparation are discussed. Each of those reactions has their own advantages 

and limitations. Overall, this chapter provides background information for the remaining chapters 

in this thesis.  
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Chapter 3: Synthesis and Degradation of Caffeyl Alcohol (C-Monolignol) Copolymers with 

p-Coumaryl Alcohol (H-Monolignol) 

3.1 Abstract  

Lignin is a complex heteropolymer that 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, copolymerization and lignin 

degradation processes is required. Conventional lignin is made of three monolignols: p-coumaryl 

alcohol (H-monolignol), coniferyl alcohol (G-monolignol), and sinapyl alcohol (S-monolignol). 

Recently, a new type of monolignol was found ð caffeyl alcohol (C-monolignol). Here, the 

copolymerization of H- and C-monolignol, as well as their degradation, were studied using a quartz 

crystal microbalance with dissipation monitoring (QCM-D). Atomic force microscopy (AFM) was 

applied to investigate the topologies of the copolymer and degraded films. Horseradish peroxidase 

(HRP) was used as the enzyme for the dehydrogenative polymerization of monolignols and 

chelator-mediated Fenton chemistry was used to degrade the lignin. With constant monolignol 

concentration, we found that, as the fraction of H present during polymerization decreased, the 

amount of synthetic lignin increased. Furthermore, dissipation changes were used to assess the 

rigidity of the synthetic lignin film. For the degradation process, the incorporation of more C 

monolignol facilitated greater degradation. This work demonstrates the chemical factors that 

influence the physical properties of the lignin and lignin degradation, which could impact biofuel 

production.  
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3.2 Introduction  

Lignin is a complex heteropolymer that provides mechanical strength, water resistance, 

and pathogen protection for plants.1ï3 It is formed via enzymatic dehydrogenative polymerization 

of monolignols in plants through radical coupling reactions. There are three types of monolignols 

named p-coumaryl alcohol (H-monolignol), coniferyl alcohol (G-monolignol), and sinapyl alcohol 

(S-monolignol), differing in their degree of methoxylation. The corresponding produced lignins 

are H-lignin, G-lignin, and S-lignin.4ï6 The structures of the monolignols are shown in Figure 3.1 

(a). The multiple reactive sites on the monolignols lead to a large number of permutations in 

coupling reactions that yield many possible interunit bonds between monolignols, such as ɓ-O-4 

(> 50%), ɓ-ɓ, and ɓ-5 linkages (as shown in Figure 3.1 (b)) etc.7ï10 Their heterogenous and 

complex structure result in high resistance to degradation. Conversion of lignin into biofuel has 

attracted more and more attention due to its potential to reduce fossil fuel dependance. However, 

the conversion of lignocellulosic biomass into fuel is challenging due to the difficulty of lignin 

degradation.11ï13 

Recently, a new type of monolignol, caffeyl alcohol (C-monolignol), has been discovered. 

The corresponding lignin is referred to as C-lignin. In contrast to the heterogeneous crosslinked 

structure of the conventional lignin, C-lignin has a better-defined chemical structure: a linear 

structure with benzodioxane linkages (Figure 3.1 (b)).14,15 The novel structures and properties 

exhibited by such lignin may present considerable opportunities for genetic manipulation of plants 

and the generation of high-value downstream products. There are many studies investigating the 

structures and applications for C-lignin. Chen et al.,14,16 Tobimatsu et al.,17 Zhou et al.,18 Wagner 

et al.,19 have studied the biosynthesis and structure of the C-lignin. The degradation of C-lignin 

was studied by Li et al. and Stone et al..20,21 They used hydrogenolysis to depolymerize the C-
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lignin with a catalyst. It was found that the depolymerization of C-lignin produced a favorable 

monomeric product distribution consisting of only propyl and propenyl catechol, which reduced 

the cost of further distillations. Besides experimental research, computational calculations have 

been used to evaluate the thermodynamics of the radical recombination dimerization reactions and 

the bond dissociation energy of C-C homodimers and C-X lignin species (for X = G, H, or S 

monolignols).22,23  

Because the biosynthesis of C-lignin and other conventional lignin are so similar, 

copolymerization of C-monolignol with conventional monolignols is very likely. Furthermore, due 

to the unique linkages in pure C-lignin and its high selectivity towards degradation products, it is 

intriguing to investigate the incorporation of some C units into the conventional lignin and their 

degradation behavior. 

 

 

Figure 3.1 (a) Molecular structure of C and H monolignols, and (b) monolignol linkages 
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In this work, H-C lignin copolymers were produced by in vitro dehydrogenative 

polymerization. Then, the C-H lignin was degraded by chelator-mediated Fenton chemistry. The 

polymerization and degradation processes were studied using a quartz crystal microbalance with 

dissipation (QCM-D) monitoring, which offered real-time data on the process. Atomic force 

microscopy (AFM) was used to explore the topologies of the C-H lignin before and after 

degradation. This study is expected to provide a means to promote the efficiency of lignin 

degradation, which will further benefit biofuel production. 

3.3 Experimental  

3.3.1 Materials  

H-monolignols were made using processes that had previously been described.11 C-

monolignol (Ó 95%) was purchased from Syntame Ltd. in Ningbo, China. Horseradish peroxidase 

(HRP, type I, essentially salt-free, lyophilized powder), H2O2 (30 wt% in H2O), and iron (II) sulfate 

heptahydrate (FeSO4·7H2O) were purchased from Sigma-Aldrich. Ammonium hydroxide (30% 

NH3 in H2O) and methanol (Ó 99.9%) were purchased from Fisher Scientific. 2,3- 

Dihydroxybenzoic acid (DHBA) was obtained from TCI America. A 100 mM pH = 4.0 acetate 

buffer solution was prepared using sodium acetate and acetic acid that were obtained from Sigma-

Aldrich. 

3.3.2 Preparation of QCM-D Sensors 

Gold-coated QCM-D sensors (Q-Sense AB, QSX-301, 5 MHz) were cleaned prior to use by 

exposure to UV/ozone for 30 min, immersion into a 1:1:5 v/v/v solution of ammonium 

hydroxide/hydrogen peroxide/water at 100 °C for 1 h. The sensors were subsequently rinsed with 

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

Thin films of dehydrogenative polymer (DHP) were generated via in vitro synthesis. After 

loading the cleaned sensors into the flow modules in the QCM-D (Biolin Scientific QSense E4 

Analyzer), ultrapure water was flowed over the sensors until a stable baseline was achieved. Then, 

a 1.0 mg·mL-1 HRP aqueous solution was injected into the flow cell for 25 min. After the sensor 

was rinsed with water for 20 min, monolignol aqueous solution with controlled H2O2 concentration 

was introduced into the flow cell for 90 min. The flow rates for all solutions were 0.1 mL·min-1. 

At the end of the polymerization, water was flowed through the system again for 90 min for the 

removal of reversibly adsorbed residual material. Frequency (æf) and dissipation (ȹD) changes 

were monitored simultaneously during the QCM-D measurements. Curves from the fifth overtone 

(n = 5) were plotted in all graphs as representative curves.  

3.3.4 Degradation by Chelator-Mediated Fenton Reactions 

Ultrapure water was flowed through the system again for 90 min for the removal of reversibly 

adsorbed residual material. After water was flowed over the sensor, acetate buffer (pH=4) was 

introduced into the cells and provided an acidic environment for the system for the degradation of 

the polymer. After a 60 min exposure to acetate buffer, 10 mmol·L-1 FeSO4 in acetate buffer was 

flowed into the cells for 50 min. Afterwards, DHBA and H2O2 (DHBA: 5 mmol·L-1 H2O2: 400 

mmol·L-1) in acetate buffer were flowed into the cell for 8 min. Then, the flow was stopped. The 

degradation was monitored for 20 h. After 20 h, the system was flushed with ultrapure water for 

90 minutes or 90 min for the removal of reversibly adsorbed residual material. The flow rates for 

all solutions were 0.1 mL· min-1. 
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3.3.5 AFM Measurements  

After QCM-D measurements, sensors were removed from the QCM-D modules, rinsed with 

ultrapure water and dried with N2. Atomic resolution imaging was conducted using a Dimension 

ICON-ScanAsyst AFM (Bruker Dimension) instrument. ScanAsyst-Air probes were used under 

ambient conditions.  

3.3.6 Mass Spectrometry (MS) Measurements  

 During the polymerization process, the solution that flowed out of the QCM-D was collected 

and dried in a vacuum oven at 60 °C. The recovered materials were dissolved in methanol at a 

concentration of 1.0 mg·mL-1 to make MS samples. An Agilent 6220 Accurate Mass TOF LC/MS 

was used for the MS measurements. An Agilent 1311 HPLC pump and a 1367B autosampler were 

used for sample injection. The HPLC was run in isocratic mode with methanol/H2O (65/35 v/v) 

that contained 0.1% formic acid as the mobile phase at a flow rate of 0.5 mL·min-1. Results were 

obtained in both positive and negative detection modes. 

3.3.7 QCM-D Analysis  

 Frequency (ЎὪ) and energy dissipation chnages (ЎD) for the fundamental frequency (4.95 

MHz for gold coated quartz crystals) were monitored simultaneously. In this study, data from 

overtone n = 5 were provided. The mass of the material adsorbed on the crystal sensor was 

calculated from the change in frequency using the Sauerbrey equation: 

Ўά ЎὪ ὅ
Ў

     (Equation.3.1) 

where Ὢ is the resonant frequency of the fundamental mode, ЎὪ is the frequency change, Ўά is 

the mass change, A is the piezoelectric crystal area, ” is the density of the quartz, ‘ is the elastics 

shear modulus of the quartz, n is the overtone number, and ὅ is the crystal specific constant which 
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is 0.177 mg·m-2·Hz-1 for the crystals used in this study. 

The dissipation factor (D) is used to describe the viscoelasticity, which is defined as the ratio 

between the energy dissipated (Edissipated) and the energy stored (Estored) during one single 

oscillation.  

Ὀ
 
       (Equation.3.2) 

3.4 Results and Discussion  

3.4.1 Synthesis of Lignin DHP  Films 

Because the lignin structure is altered during the extraction process from natural woods, in 

vitro lignin synthetic systems have been developed to better understand lignin. One of the most 

common ones developed by Freudenberg in the 1950s is an in vitro oxidase-catalyzed 

polymerization of lignin precursors into dehydrogenation polymer (DHP). Two modes were 

proposed by Freudenberg: the Zulauf mode (ZL) and the Zutropf mode (ZT). In the ZL mode, 

lignin was formed in a bulk solution of monolignol and H2O2, while in ZT mode, monolignol and 

H2O2 were added slowly and continuously. Generally, the ZT mode delivered DHP lignin that had 

higher molecular weight and a similar structure to natural lignin compared to DHP made through 

the ZL mode.24ï27 In this work, the ZT method was used for the synthesis of C-lignin, H-lignin, 

and C-H lignin copolymers. The polymerization process was monitored by QCM-D. 

Representative curves for the polymerization process are shown in Figure 3.2. To make the 

amount of the DHP formed and degradation clearer for comparison, the frequency was adjusted to 

zero after the absorption of HRP. The drop in frequency showed that the mass put on the sensor 

had increased. Since the mass loading on the sensor increased, it was deduced that lignin was 

synthesized on the surface. The reaction rate steadily reduced to zero as lignin formation proceeded 
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until curves reached a plateau. The slopes of æf/n versus time reflected the polymerization rate. 

For all compositions, the polymerization rates were comparable, and the DHP polymerization were 

completed within 90 min. The changes in frequency reflected the amount of lignin formed on the 

sensors, and the results were summarized in Table 3.1. The pure H-monolignol yielded changes 

in æf/n å -93 Hz or 16 mg·mī2 calculated from Equation 3.1, while pure C monolignol yielded 

changes in æf/n å -139 Hz or 24.6 mg·mī2. For the HC-DHP, where the total monolignol 

concentration was held constant, as the H concentration of the feedstock increased, the amount of 

lignin synthesized decreased. It has been reported by Ziebell et al. that increasing H-monolignol 

resulted in lower molecular weight for natural lignification.28 One possible reason is that the 

methoxy and hydroxy groups have intrinsic chemical differences that govern the rates of formation 

and reaction of the derived phenolic radicals.29  

 

Figure 3.2 Representative time dependent æf/n profiles for the homopolymerization of H-

monolignol, C-monolignol, and copolymerization of C-, H-monolignol at different 

concentrations. 
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Table 3.1 The synthesized amount of H-DHP, C-DHP and HC-DHP films according to the data 

in Figure 3.2. 

 |Ў█/n| (Hz) Synthetized Amount (mg·m-2) a 

H 10 ~ 93 16 

H-C 10-5 ~ 71 13 

H-C 7.5-7.5 ~ 104 18 

H-C 5-10 ~ 104 18 

C 10 ~ 139 25 

a Calculated by Equation 3.1 from ЎὪ/n 

 

Cross-coupling ability of H- and C-monolignol was investigated by mass spectrometry (MS). 

The MS samples were collected from the solution that flowed out of the QCM-D throughout the 

polymerization process. Potential structures of dimer that could result from H and C monolignol 

couplings are shown in Figure 3.3 (b). Dimers of H-H tend to form ɓ-O-4 bonds and dimers of C-

C tend to form benzodioxane bonds. For H-C dimers, both ɓ-O-4 and benzodioxane bonds are 

possible. Each of these dimers possessed structures with different molecular weight. The results in 

Figure 3.3 (a) were consistent with cross-coupled H- and C-monolignol and suggested a 

preference of ɓ-O-4 bonds between C- and H-monolignols.  
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Figure 3.3 (a) MS spectrum for samples collected during the copolymerization of 0.5 

mg·mL-1 C-monolignol and 0.5 mg·mL-1 H-monolignol. (b) Possible structures of H-C dimer and 

m/z values. The structures in the boxes are consistent with the MS spectrum. 

 

The topology of lignin plays an important role in its physical properties.30ï32 AFM images of 

DHP films formed from pure H, pure C, and mixed stocks of C- and H-monolignols are provided 

in Figure 3.4. It was found that the root mean surface (RMS) roughness values were 21 nm for 

pure H-DHP. With consistent H-monolignol concentration, and decreased as C-monolignol 

increased in the feedstock for the polymerization. The average RMS roughnesses were 12 nm, 10 

nm, 8 nm for C-monolignol concentrations = 0.125, 0.25, 0.5 mg·mL-1, respectively. The smoother 

surfaces were attributed to greater C-monolignol incorporation into the lignin and more linear 

segments of C-DHP in the copolymer.33  
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Figure 3.4 AFM height images (2 ɛm Ĭ 2 ɛm) of DHP copolymer films polymerized from 

solution contains H-monolignol and C-monolignol present at (a) H- : C-monolignol 

concentration ratio = 0.5 : 0 mg·mL-1, (b) 0.5 : 0.125 mg·mL-1, (c) 0.5 : 0.25 mg·mL-1, (d) 0.5 : 

0.5 mg·mL-1, (e) 0 : 0.5 mg·mL-1 , and (f) a bare gold sensor. Numbers in the lower left corners 

of the images correspond to RMS roughnesses obtained from the entire image. 



 63 

3.4.2 Degradation of HC-DHP Films 

Degredation of lignin into fine chemicals and fuels has been identified as one of the most 

important fields of lignin research. However, recalcitrance to polymerization caused by the 

heterogeneous and complex structure of lignin has complicated this area of research. The 

incorporation of C-monolignol into conventional H-monolignol may provide a strategy to improve 

lignin conversion efficiency. In the present work, a chelator-mediated Fenton reaction was applied 

to the degradation of DHP lignin films. Discovered by Fenton in the 1890s, the Fenton reaction 

occurs widely in nature, usually induced by fungi.34 In recent years, people have utilized the Fenton 

reaction to facilitate the conversion of lignocellulosic biomass into biofuels.35,36 As illustrated in 

Figure 3.5, in Fenton reactions, Fe2+ first reacts with hydrogen peroxide to yield Fe3+ and the 

hydroxyl free radical, which is a powerful oxidant. The hydroxyl free radical will attack the lignin 

and depolymerize lignin. For Fe3+ to be used as a catalyst, it must be reduced to Fe2+. However, 

this step is slow, and consumes H2O2, thereby lowering the overall reaction efficiency. To 

overcome this barrier, an organic iron chelator is applied for Fe3+ reduction. This modified method 

is called a chelator-mediated Fenton (CMF) reaction.37,38 In this study, we used DHBA as the iron 

chelator. In addition to improved efficiency, CMF can be applied over a wider pH range than 

traditional Fenton reactions.  

 

Figure 3. 5 Mechanism of the chelator-mediated Fenton reaction 
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Figure 3.6 A representative time dependent æf/n profile for the synthesis of C-DHP films 

through polymerization of C-monolignol (0.5 mg·mL-1) in the presence of H2O2 in H2O and the 

subsequent chemical degradation by Fenton chemistry. 

 

Figure 3.6 shows representative QCM-D results for C-DHP film polymerization (shaded 

green) and degradation (shaded yellow). Water was pumped through the system after the C-DHP 

films were made for the removal of reversibly adsorbed lignin and monolignols. For the 

establishment of a favorable environment for the Fenton reagents, acetate buffer was introduced. 

After Fe2+ ions were introduced, the frequency decreased as a result of Fe2+ ions uptake by the C-

DHP films. Next, an H2O2 solution which contained a chelator, DHBA, was run over the sensor 

and initiated Fenton reactions. The DHBA functioned as an organic Fe chelator/reducer, and 

promoted Fe3+ reduction to Fe2+.37,38 A decrease in frequency at 360 min was observed because of 

H2O2 and DHBA adsorption, and then, frequency gradually increased because of the degradation 

of the C-DHP film. The frequency reached a plateau which served as an indication that the 

degradation by the Fenton reaction had finished. Finally, acetate buffer and ultrapure water were 

introduced for the removal of all the reversibly adsorbed components on the sensor. The ultimate 
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frequency was higher than the value before C-monolignol polymerization, which indicated 

complete degradation of the C-DHP film and partial degradation of the HRP had occurred. The 

degradation of HRP by Fenton chemistry was provided in Figure 3.7.  

 

Figure 3.7 A representative time dependent æf/n profile for HRP (1.0 mg·mL-1 aqueous solution) 

adsorption onto a bare gold-coated sensor and the subsequent chemical degradation by the CMF 

system. 

 

       In addition to the studies of C-monolignol polymerization and degradation, four additional 

monolignol compositions underwent dehydrogenative polymerization and subsequent degradation 

by the CMF reactions. These compositions included pure H- and three different mixtures of H- 

and C-monolignols. For the H- and C-monolignol with different compositions, the total 

monolignol concentrations were constant. Representative real-time QCM-D data for the 

polymerization and degradation processes are shown in Figure 3.8 (a). The green shaded regions 

represented polymerization. The frequency decreased and was attributed to lignin formation on the 

sensor surface. The yellow shaded regions exhibited frequency increases and were attributed to 

the lignin degradation. The changes in frequency were converted into mass through Equation 3.1. 

However, it should be noted that this equation is based upon the assumption that the polymer film 

is rigid. Thus, the deduced surface concentrations and the percentage of degradation values should 
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only be regarded as estimates. The results are summarized in Figure 3.8 (b). The ɜ  values for 

polymerization shown in Figure 3.8 (b) were compared for all compositions studied and indicated 

the films were of comparable thickness. With the addition of C-monolignol to the polymerization 

feed solution, the degradation percentage of the DHP film increased significantly. During the 

degradation of pure H-DHP film, only a small ЎὪ/n was observed, and accordingly, only a small 

amount was degraded. The degradation percentage increased to 75% when the concentrations of 

C-monolignol and H-monolignol in the feed solution were equal. When the percentage of C-

monolignol in the feed solution reached 66.7%, the amount of degraded CH-DHP film achieved ~ 

125%. The degradation above 100% was attributed to complete lignin and partial HRP degradation 

demonstrated in Figure 3.7.  

Figure 3.8 (a) Representative time dependent æf/n profiles for the synthesis of DHP films 

through copolymerization of H-, C-monolignol with constant total monolignol concentration in 

the presence of H2O2 and the subsequent degradation via a chelator-mediated Fenton system. 

(b) ũQCM vs. % C-monolignol. (Left-axis) for polymerization and degradation, and % 

degradation vs. % C-monolignol (right-axis) 
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Figure 3.9 Representative time dependent æf/n profiles for the synthesis of DHP films 

through copolymerization of H, C-monolignol with constant H concentration in the presence of 

H2O2 and the subsequent degradation via a chelator-mediated Fenton system. (b) ũQCM vs C-

monolignol concentration. (Left-axis) for polymerization and degradation, and % degradation vs. 

C-monolignol concentration (right-axis). 

 

The same trend happened for the copolymer with constant H concentration. Representative 

æf/n vs. time profiles for the synthesis and degradation of HC-DHP films with a fixed H-

monolignol concentration in the feedstock are displayed in Figure 3.9 (a). The synthesized 

amounts and the percentage of degradation of H-C film were similar for the H- : C- monolignol 

ratio of 0.5 : 0 mg·mL-1, 0.5 : 0.125 mg·mL-1, and 0.5 : 0.25 mg·mL-1. As the concentration of C-

monolignol in the feed solution increased above 0.5 mg·mL-1, the synthesized amount increased 

slightly, as did the percentage of degradation. When the concentration of C-monolignol increased 

to 0.75 mg·mL-1, the synthesized amount was much larger than the other compositions and 

degradation increased substantially. Enhanced degradation that approached 70% for a C-



 68 

monolignol concentration of 0.75 mg·mL-1 was attributed to greater incorporation of C-monolignol 

into the lignin.   

The topology of the polymer layers after degradation were studied by AFM. The AFM images 

in Figure 3.10 were from films polymerized from solution that contained 0.5 mg·mL-1 H-

monolignol and different concentrations of C-monolignol that subsequently underwent CMF 

degradation.  For concentrations of C-monolignol   0.25 mg·mL-1, after CMF treatment, the RMS 

roughnesses were similar to the DHP film before the CMF treatment (Figure 3.4). The comparable 

topology indicated minimal degradation. In contrast, films polymerized from solution with C-

monolignol  0.5 mg·mL-1 had smaller RMS roughnesses after CMF degradation. Of note, the 

roughness of H :C 0.5 : 0.75 mg·mL-1  specimen was 2.5 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 QCM-D results.  
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Figure 3.10 AFM height images (2 ɛm Ĭ 2 ɛm) of DHP films after CMF degradation of 

copolymer films polymerized from solution contains H-monolignol and C-monolignol present at  

(a) H- : C-monolignol concentration ratios = 0.5 : 0 mg·mL-1, (b) 0.5 : 0.125 mg·mL-1, (c) 0.5 : 

0.25 mg·mL-1, (d) H- : C-monolignol = 0.5 : 0.5 mg·mL-1, (e) H- : C monolignol = 0.5 : 0.75 

mg·mL-1, and (f) a bare gold sensor. Numbers in the lower left corners of the images correspond 

to RMS roughnesses obtained from the entire image. 
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3.4.3 æD of HC-DHP Films 

The QCM-D was used for an assessment of the dissipation of the HC-DHP films. The 

dissipation factor æD reflected the rigidity of the film. Rigid films have smaller Ў$ values than 

viscoelastic films.  Figure 3.11 provides representative æD versus time profiles for the synthesis 

of HC-DHP copolymer films. From 0 to 60 min, the observed increase in æD reflected HRP 

adsorption onto the gold sensor surface. After 60 min, Ў$ increased as DHP films were formed on 

the sensor and rapidly reached a plateau. Higher æD values were observed for pure H-DHP films. 

The higher æD values indicated greater energy dissipation by the DHP film, and indicated a more 

viscoelastic film. Enhanced energy dissipation by the DHP films was attributed to the viscoelastic 

nature of the heterogeneous crosslinked DHP films. With incorpor ation of C-monolignol, æD 

decreased.  This observation was consistent with smoother DHP layers and less coupled water on 

the surfaces. 
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Figure 3.11 Representative æD vs. time profiles for the synthesis of DHP films from H-

monolignol and mixture of H- and C-monolignol with constant total monolignol concentrations 

but different concentration ratios of H-monolignol : C-monolignol.  

3.5 Conclusions  

On the basis of the discovery of C-monolignol in nature, the present work studied the 

incorporation of C-monolignol into DHP lignin formed from conventional H-monolignol. The HC 

copolymer lignin films were formed via HRP-initiated dehydrogenative polymerization. 

Copolymer films were subsequently subjected to chelator-mediated Fenton reactions that degraded 

the HC copolymer lignin films. Mass spectroscopy was consistent with the copolymerization of 

C-monolignol and H-monolignol via ɓ-O-4 bonds. The polymerization and degradation processes 

were monitored by QCM-D. With the total concentration of H- and C-monolignol fixed, greater 

C-monolignol in the polymerization mixture led to slightly increased DHP formation. The 

topology of the synthesized HC-DHP films was investigated by AFM. When a higher 

concentration of C-monolignol was present during polymerization, the films were smoother. 

Degradation studies were conducted on DHP films formed from (1) solutions that had different 
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ratios of C-monolignol and H-monolignol but constant total monolignol concentrations, and (2) 

constant H-monolignol concentration and different C-monolignol concentrations. For both series 

of solutions, it was found that as C-monolignol concentration increased in the polymerization 

solution, the degradation percentage of the copolymer films that formed increased. Finally, the æD 

obtained from QCM-D suggested that HC-DHP films were more rigid than pure H-DHP films. 

This work provided new knowledge about a new monolignol ð C-monolignol and revealed the 

incorporation of C-monolignol into H-DHP films enhanced degradation. This work also illustrated 

the relevance of the incorporation of C-monolignol into lignin through genetic modification as a 

viable strategy for enhanced lignin valorization.  
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Chapter 4: Surface-Initiated Dehydrogenative Polymerization and Degradation of 5- 

Hydroxyconiferyl Alcohol: A Quartz Crystal Microbalance with Dissipation Monitoring 

and Atomic Force Microscopy Study of Film Preparation and Degradation 

4.1 Abstract  

A new monolignol, 5-hydroxyconiferyl alcohol (5H-monolignol), has been discovered in 

Escobaria species recently. In contrast to conventional ɓ-O-4, ɓ-ɓ, etc. subunits found in lignin 

derived from cinnamyl alcohols, 5H-monolignol tends to form benzodioxanes. In nature, lignin 

composed of 5H-monolignol is found to exist as linear homopolymers rather than heterogeneously 

crosslinked structures. Due to these characteristics, lignin derived from 5H-monolignol may have 

desirable properties that make them a promising raw material for upgraded products, such as 

lignin-based carbon fibers, or direct usage in the lignocellulosic biorefinery. In this work, 5-

hydroxyconiferyl lignin (5H-lignin) films were synthesized through surface-initiated 

dehydrogenative polymerization by horseradish peroxidase (HRP). Different monolignol 

concentrations, hydrogen peroxide concentrations, and temperatures were used for the exploration 

of how synthetic conditions affected the preparation of 5H-lignin films. The synthetic process was 

studied with a quartz crystal microbalance with dissipation monitoring (QCM-D) and the 
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morphologies of the resulting films were compared to conventional DHP films by atomic force 

microscopy (AFM). Furthermore, enzymatic and chelator-mediated Fenton degradation of the 5H-

DHP films were investigated by a QCM-D. The 5H-DHP films exhibited no significant 

degradation upon exposure to lignin peroxidase (LiP) and manganese peroxidase (MnP). However, 

the chelator-mediated Fenton system led to near total degradation of the 5H-DHP films.  

4.2 Introduction  

Lignin is a heterogeneous polymer that forms important structures for most plants on earth. It 

accounts for approximately 20% - 30% of the dry weight of woods.1 As an integral part of the 

secondary cell walls, lignin is water insoluble and plays an important role in strengthening the 

rigidity of cell walls while facilitating transport of water, nutrition, and metabolites within the cell 

walls. Lignin also forms a barrier that protects plants against the invasion of pests and pathogens.2,3 

Conventional lignins are defined as heterogeneous crosslinked polymers derived from three 

cinnamyl monolignols: p-coumaryl alcohol (H-monolignol), coniferyl alcohol (G-monolignol), 

and sinapyl alcohol (S-monolignol) (Figure 4.1 (a)).2ɀ4 The multiple active sites on the monolignols 

results in a variety of interunit linkages such as ‍-O-4 (> 50%), 4-O-5, ‌-O-4, , ‍-1, ‍ - ‍, ‍ -5, 

and 5-5ô. Recently, several monomers other than cinnamyl alcohols have been discovered in 

naturally occurring lignins and introduced into plant species through genetic modification.5ï9 

Among these are the catechol monolignols, of which 5-hydroxyconiferyl alcohol (5H-monolignol) 

is one of them (Figure 4.1 (b)). 5H-monolignol is generated by the downregulation of the caffeic 

acid O-methyltransferase enzyme, which can be achieved by genetic manipulation. A previous 

study has confirmed the incorporation of 5H-monolignol into transgenic poplar plant lignin.9 

Particularly, Vanholme et al. demonstrated ~70% 5H-monolignol in Arabidopsis using genetic 
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manipulations.10 Recent research has discovered that lignin made up of homopolymeric 5H-

monolignol also occurs naturally.5 

As shown in Figure 4.1, due to the presence of o-OH groups, 5H-monolignol is likely to form 

benzodioxane interunits that result in a linear structure rather than crosslinked structures derived 

from the conventional monolignols. Density functional theory calculations have been applied to 

study the oxidation/dehydrogenation reaction of 5H-monolignol in lignin formation.11,12 The 

homopolymeric linear structure may make them amenable for many applications. Nar et al. 

reported a high graphitic structure and high ionic conductivity for carbon fibers derived from poly-

(caffeyl alcohol) lignin, which is another linear homopolymeric lignin based upon benzodioxane 

linkages.13 Li et al. studied the hydrogenolysis of the benzodioxane homopolymer and found that 

the benzodioxane structure produced aromatic monomers in near-quantitative yield with a 

selectivity of 90%, which indicated that the benzodioxane lignin is ideal for lignin valorization.14 

 

 

 

 

 

 

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

the linear structure of 5H-lignin where the benzodioxane linkages are highlighted in red. 
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So far, most of our knowledge about 5H-monoligno and 5H-lignin has been based on 

computational studies. There are limited experimental studies with pure 5H-lignin. To better 

understand 5H-lignin, an in vitro lignin synthesis system needs to be applied. For many years, 

there have been many in vitro lignin synthesis models developed to study lignin formation. One 

of the most common ones is the in vitro oxidase-catalyzed polymerization of lignin precursors into 

dehydrogenation polymer (DHP) initiated by Freudenberg in the 1950s.15 Two modes were 

proposed by Freudenberg:  the Zulauf (ZL) and Zutropf modes (ZT). In the ZL mode, lignin is 

formed in a bulk solution of monolignol and H2O2, while in the ZT mode, monolignol and H2O2 

are added slowly and continuously. Generally, the ZT mode yields the DHP lignin that has higher 

molecular weight and similar structure to natural lignins compared to DHP lignin made by the ZL 

mode.16ï18 

In the present work, 5H-DHP films were synthesized by the ZT mode via dehydrogenative 

polymerization of 5H-monolignoinitiated by surface-immobilized HRP. Effects of different 

monolignol concentrations, hydrogen peroxide concentrations, and temperatures on the 

polymerization were studied. Furthermore, the 5H-DHP polymerization process was compared 

with lignin films made of other monolignols. The polymerization process was tracked with a quartz 

crystal microbalance with dissipation monitoring (QCM-D). Atomic force microscopy (AFM) was 

applied to compare the topology of the 5H-DHP, G-DHP, H-DHP, and C-DHP lignin films. 

Degradation of the 5H-DHP was studied by enzymatic degradation and a chelator-mediated Fenton 

reaction system. The degradation process was also tracked through QCM-D. This study 

comprehensively studied the environmental conditions that affected 5H-lignin film formation and 

degradation. 
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4.3 Experimental  

4.3.1 Materials  

5-Hydroxyconiferyl alcohol (5H-alcohol, Ó 95%) was provided by Chemspace company. G-

and H-monolignols were made in our lab by processes that had previously been described.19 C-

monolignol (Ó 95%) was purchased from Syntame Ltd. in Ningbo (China). Horseradish peroxidase 

(HRP, type I, essentially salt-free, lyophilized powder), H2O2 (30 wt% in H2O), and iron (II) sulfate 

heptahydrate (FeSO4·7H2O) were purchased from Sigma-Aldrich. Ammonium hydroxide (30% 

NH3 in H2O) and methanol (Ó 99.9%) were purchased from Fisher Scientific. 2,3- 

Dihydroxybenzoic acid (DHBA) was obtained from TCI America. A 100 mM pH = 4.0 acetate 

buffer solution was prepared from sodium acetate and acetic acid that were obtained from Sigma-

Aldrich. Lignin peroxidase (LiP), manganese peroxidase (MnP) from white-rot fungus 

(Phanerochaete chrysosporium)), manganese (II) sulfate monohydrate (MnSO4·H2O), iron (II) 

sulfate heptahydrate (FeSO4·7H2O), L-(+)-tartaric acid and sodium hydroxide were obtained from 

Sigma-Aldrich. 10 mM sodium tartrate buffer (pH = 3.0) was obtained by dissolution of 1.125 g 

(7.5 mmol) tartaric acid and 0.575 g (2.5 mmol) sodium tartrate dihydrate in 1L ultrapure water. 

10 mM sodium tartrate buffer (pH = 4.5) was obtained by dissolution of 0.27 g (1.8 mmol) tartaric 

acid and 1.886 g (8.2 mmol) sodium tartrate dihydrate in 1L ultrapure water. 

4.3.2 Preparation of DHP Films  

Gold-coated QCM-D sensors (Q-Sense AB, QSX-301, 5 MHz) were cleaned prior to use by 

exposure to UV/ozone for 30 min, immersion into a 1:1:5 v/v/v solution of ammonium 

hydroxide/hydrogen peroxide/water at 100 °C for 1 h, followed by a rinse with ultrapure water and 

finally they were dried with nitrogen. Thin films of dehydrogenative polymer (DHP) were 

generated via in vitro synthesis. After loading the cleaned sensors into the flow modules in the 
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QCM-D (Biolin Scientific's QSense E4 Analyzer), ultrapure water was flowed over the sensors 

until a stable baseline was reached. Then, a 1.0 mg·mL-1 HRP aqueous solution was injected into 

the flow cell for 25 min. Afterwards, the sensors were rinsed with water for 20 min, and an aqueous 

monolignol aqueous solution with a controlled H2O2 concentration was introduced into the flow 

cell for 90 min. The flow rates for all solutions were 0.1 mL·min-1. At the end of the polymerization, 

water was flowed through the system for 90 min for the removal of the reversibly adsorbed 

materials. Frequency (æf) and dissipation (ȹD) changes were monitored simultaneously 

throughout the QCM-D measurements. The curves from the fifth overtone (n = 5) are plotted in 

all graphs as representative curves.  

4.3.3 Enzymatic Degradation by LiP and MnP 

After DHP film formation, 10 mM sodium tartrate buffer (pH = 4.5 for MnP and 3.0 for LiP) 

was flowed through the chambers for 60 min. After buffer, LiP or MnP (with 0.5 mM MnSO4) in 

the buffer solution at a concentration of 0.3 mg·mL-1 along with 2 mM H2O2 was introduced into 

the chamber for 50 min. The degradation proceeded in the absence of flow. After 15 h, the system 

was flushed with pure buffer and subsequently ultrapure water was flowed over the sensor for the 

removal of reversibly adsorbed materials. The flow rates for all solutions were 0.1 mL·min-1.  

4.3.4 Chemical Degradation by a Chelator-mediated Fenton Reaction System 

After polymerization, acetate buffer (pH=4) was introduced into the cells and afforded an acid 

environment for degradation by the Fenton system to degrade the polymer. After equilibration for 

60 min in acetate buffer, 10 mmol·L-1 FeSO4 in acetate buffer was flowed into the cells for 50 min. 

After the FeSO4 was introduced, DHBA and H2O2 (DHBA: 5 mM, H2O2: 400 mM) in acetate 

buffer was flowed into the cell for 8 min. The pump was stopped, and the degradation was 
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monitored in the absence of flow for 20 h. At the end of the degradation, pure buffer followed by 

ultrapure water was flowed through the system for the removal of reversibly adsorbed materials.  

4.3.5 AFM Measurements  

After QCM-D measurements were made, sensors were removed from the QCM-D modules, 

rinsed with ultrapure water and dried with N2. Atomic resolution imaging was conducted using a 

Dimension ICON-ScanAsyst AFM (Bruker Dimension) instrument. ScanAsyst-Air probes were 

used under ambient conditions.  

4.3.6 QCM-D Analysis  

 Frequency (ЎὪ) and energy dissipation changes (ЎD) for the fundamental frequency (4.95 

MHz for gold coated quartz crystals) and odd overtones (up to n = 13) were monitored 

simultaneously. In this study, data from overtone n = 5 were provided as representative data. The 

mass of the material adsorbed on the crystal sensor was calculated from the Sauerbrey equation: 

Ўά ЎὪ ὅ
Ў

     (Equation.3.1) 

where Ὢ is the resonant frequency of the fundamental mode, ЎὪ is the normalized frequency 

change, Ўά is the mass change, A is the piezoelectric crystal area, ” is the density of the quartz, 

‘ is the shear elastic modulus of the quartz, n is the overtone number, and ὅ is a crystal specific 

constant which was 0.177 mg·m-2·Hz-1 for the crystals used in this study. 

4.4 Results and Discussion 

4.4.1 Surface-initiated Dehydrogenative Polymerization of 5H-DHP Film 

In this work, the 5H-DHP was prepared through a ZT mode. The HRP was adsorbed onto the 

gold surface followed by a water rinse for the removal of reversibly adsorbed HRP. The methods 
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include chemisorption and physisorption. Previous study by our group confirmed the HRP activity 

on gold substrates with successful initiation of lignification.19 After HRP immobilization, the 

aqueous monolignol solution was flowed over the sensors with controlled H2O2 concentration. The 

polymerization process was monitored by QCM-D. The monolignol flow lasted for 90 min and 

was stopped at 150 min. Then, ultra-purified water was introduced for the removal of reversibly 

adsorbed material. Due to limited solubility of 5H-monolignol in water, the maximum monolignol 

concentration measured was 1 mg·mL-1.  

 

 

Figure 4.2 (a) Representative time dependent æf/n profiles for the synthesis of 5H-DHP films 

through polymerization of 5H-monolignol in the presence of H2O2 in H2O at 20 °C with C5H = 

0.25, 0.3, 0.5, and 1.0 mg·mL -1. The aqueous 5H-monolignol solution contained 20 mM H2O2. 

Polymerization occurred between 60 ï 150 min. (b) ɜ  vs C5H. Values represent averages of at 

least three measurements with one standard deviation error bars. 

 

Figure 4.2 (a) shows representative curves for 5H-monolignol polymerization with different 

monolignol concentrations (C5H). To make the amount of the DHP and degradation clearer for 

comparison, the frequency was adjusted to zero after the absorption of HRP. At a time of 60 min, 
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5H-monolignol with 20 mM H2O2 was introduced into the system. A large decrease in frequency 

was attributed to the formation of 5H-DHP on the gold sensor surface. According to the data, the 

polymerization rate of 5H-monolignol increased with monolignol concentration. Previous studies 

reported similar behavior for coniferyl alcohol that underwent DHP lignin formation.20 As shown 

in Figure 4.2 (a), Ўf/n reached ~ -187 Hz in 90 min for C5H = 1.0 mg·mL-1. In contrast, for C5H = 

0.25 mg·mL-1, only yielded ~ -37 Hz. This phenomenon could be attributed to the methodology in 

which the monolignol was flowed over the immobilized HRP. When the monolignol concentration 

was too low, many of the radicals initiated at the surface were washed away before they propagated 

to high enough molar mass for insoluble DHP. ũQCM as a function of C5H was plotted in Figure 

4.2 (b). ũQCM was calculated from the plateau value after the surface was rinsed with water.  ũQCM 

was proportional to the 5H concentration through C5H ~ 0.5 mg·mL-1. At higher C5H, deviation 

from the initial slope was observed with smaller ũQCM than expected at C5H = 1.0 mg·mL-1. After 

polymerization, water was flowed over the sensors and Ўf/n increased for all surfaces. This 

observation meant some of the DHP was reversibly adsorbed.   

In order to better understand the unique properties of 5H-monolignol.  Three other 

monolignols: p-coumaryl alcohol (H-monolignol), coniferyl alcohol (G-monolignol), and caffeyl 

alcohol (C-monolignol) were polymerized for comparison. Figure 4.3 shows representative 

polymerization studied by a QCM-D, where the monolignol concentration was 0.5 mg·mL-1 and 

the H2O2 concentration was 20 mM. The dehydrogenative polymerization of monolignols on gold 

surfaces for G-, H-, and C-monolignols yielded Ўf/n å ī150, ī125 and ī90 Hz, respectively, which 

corresponded to ũQCM å 27, 22, and 16 mg·mī2 calculated from the Sauerbrey equation. The 5H-

monolignol yielded change in Ўf/n å 225 Hz, with ũQCM å 40 mg·mī2 under identical conditions. 

Two features of the 5H-monolignol polymerization were observed in Figure 4.3. More DHP was 
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formed from 5H-monolignol than the other monolignols, and the rate of polymerization of 5H-

monolignol was much slower than the other monolignols. These observations suggested a 

fundamental difference in the mechanism by which 5H-DHP formed on the sensor surface. 

Perhaps, slower propagation of the 5H-DHP, 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. 

  

Figure 4.3 Representative time dependent æf/n profiles for the synthesis of 5H, G, H, and C-

DHP films through dehydrogenative polymerization with a monolignol concentration of 0.5 

mg·mL-1. The HRP was adsorbed from a 1.0 mg·mLī1 aqueous solution and contained 20 mM 

H2O2. 

 

The topology of the synthesized 5H-DHP film was investigated by AFM. The results were 

compared with H-DHP, G-DHP, and C-DHP lignin. As shown in Figure 4.4 (a), the 5H-DHP 

aggregates into irregular particles ranging from 150 ï 400 nm on the sensor surface. Compared 

with the H-DHP, G-DHP, and C-DHP lignin, the aggregate sizes increased in the order C-DHP < 
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H-DHP < G-DHP < 5H-DHP, and the order was consistent with an upward trend in surface 

roughness. The root mean surface (RMS) roughnesses were ~4.5 nm (C-DHP), ~14 nm (H-DHP), 

~31 nm (G-DHP),21 and ~30 nm (G-DHP). No previous reports of the topology of pure 5H-DHP 

film exist. The result was unexpected that 5H-DHP exhibited topology that was similar to G-DHP, 

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

 

 

 

Figure 4.4 Representative (2 ‘ά × 2 ‘ά) AFM images of (a) 5H-DHP, (b) H-DHP, (c) G-

DHP 21, and (d) C-DHP lignin. Numbers in parentheses correspond to RMS roughnesses 

obtained from the entire image. Image (c) was reproduced from Yu. Copyright (2021).     

 

An important variable that affected DHP lignin formation in previous studies was H2O2 

concentration.22 The inactivation of HRP upon exposure to high concentration of H2O2 was 
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reviewed by Valderrama et al.,23 and most researchers have defaulted to an H2O2 concentration of 

20 mM.24 As the polymerization of 5H-monolignol was so different from the other monolignols, 

the effects of H2O2 concentration on the process were also studied. The effects of H2O2 

concentration on the dehydrogenative polymerization of 5H-monolignol by HRP immobilized on 

gold for different H2O2 concentrations (CH2O2) are illustrated in Figure 4.5 (a) and ũQCM as a 

function of H2O2 are shown in Figure 4.5 (b). HRP solution was flowed through the system and 

HRP was immobilized on the gold sensor surface through adsorption, and the reversibly adsorbed 

HRP was removed using water. The frequency was adjusted to zero after the absorption of HRP. 

After the system reached an equilibrium state, 5H-monolignol with controlled H2O2 concentration 

was introduced into the system at 60 min and flowed over the sensors for 90 min. Surprisingly, 

unlike coniferyl alcohol, for which the polymerization was strongly affected by H2O2 

concentration, the polymerization of 5H-monolignol was independent of H2O2 concentration over 

the investigated range. In other words, with the initial formation of 5H monolignol radicals, the 

polymerization of 5H-monolignol was not affected by the activity of surface immobilized HRP. 

Only a small amount of active HRP was adequate for the polymerization. Our hypothesis is that 

the 5H-DHP formation was regulated by propagation rather than initiation.  
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Figure 4.5 (a) Representative time dependent æf/n profiles for the synthesis of 5H-DHP films 

through polymerization of 5H-monolignoin the presence of H2O2 in H2O at 20 °C with CH2O2 = 

2.0, 20, 60, 200 mM. Polymerization occurred between 60 and 150 min. (b) ũQCM vs CH2O2. 

Values represent averages of at least three measurements with one standard deviation error bars. 

 

Another important variable that affects HRP catalyzed DHP lignin formation is temperature.19 

Figure 4.6 contains representative QCM-D data for the dehydrogenative polymerization of 5H-

monolignol at different temperatures under the same conditions as the investigation of 5H-

monolignol concentration and H2O2 concentration. Figure 4.6 (a) shows temperature dependent 

representative QCM-D data of at least three trials for each temperature. Figure 4.6 (b) shows ũQCM 

calculated from the plateau value after the sensor surfaces were rinsed with water as a function of 

temperature. As seen in Figure 4.6 (a), the greatest 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 catalyst was Ḑ45 °C.20,25 In this study, the experimental error was 

relatively large, such that ũQCM values for 20 °C and 25 °C were comparable to 15 °C within 

experimental error. However, ũQCM decreased dramatically when the temperature reached 30 °C. 

(b) (a) 
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Since the optimal literature temperature for HRP activity was Ḑ45 °C, the lower optimal 

temperatures for 5H polymerization may be an inherent feature of initiation, propagation, or 

termination of the 5H-monolignol polymerization. Compared with the conventional coniferyl 

alcohol, which showed comparable ũQCM values within the 15~30 °C window,19 the 5H-

monolignol was clearly more sensitive to temperature.  

 

Figure 4.6 (a) Representative time dependent æf/n profiles for the synthesis of 5H-DHP films 

through polymerization of 5H-monolignol in the presence of H2O2 in H2O at 15, 20, 25, and 

30 °C. The aqueous 5H-monolignol solution contained 20 mM H2O2. Polymerization occurred 

between 60 and 150 min. (b) ũQCM vs temperature. Values represent averages of at least three 

measurements with one standard deviation error bars.  

 

4.4.2 Enzymatic Degradation of 5H-DHP Films by LiP and MnP 

The complex chemical structure and heterogeneous nature of lignin have been identified as 

the features responsible for recalcitrance to chemical and biological destruction. Enzymatic 

reactions have demonstrated dependance on substrate structures. In nature, the enzymes related to 

lignin degradation include lignin peroxidase (LiP), manganese peroxidase (MnP), versatile 

peroxidase (VP), and dye-decolorizing peroxidase (DyP).26,27 In the present work, the degradation 

(a) 
 

(b) 
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of 5H-DHP by LiP and MnP was studied. LiP has been shown as a class of powerful oxidants with 

a high redox potential for the oxidation of the major non-phenolic structures of lignin.28,29 MnP 

has shown ability for the oxidization of the phenolic substructure of lignin effectively with 

eventual release of CO2.
30,31 Representative QCM-D experiments for 5H-monolignol 

polymerization and subsequent enzymatic degradation are provided in Figure 4.7. The QCM-D 

experiment was zeroed after HRP adsorption. In Figure 4.7, the decrease in frequency at the initial 

stage indicated the formation of 5H-DHP films on the sensors. Then, H2O2 and sodium tartrate 

buffer (pH = 3.0 for LiP and 4.5 for MnP) were introduced into the QCM-D instrument and 

provided a suitable environment for enzyme acitivity.32,33 The frequency decreased as LiP and 

MnP enzyme solution flowed over the sensor. The adsorption of LiP and MnP represented 9.9 

mg·m-2 and 4.7 mg·m-2 from the Sauerbrey equation, respectively, and occurred rapidly. The 

adsorption for both LiP and MnP in the 5H-DHP films were higher than in the C-DHP films with 

the same feed concentration and flow time.21 This observation was attributed to the rougher surface 

of the 5H-DHP films that afforded greater surface area for adsorption. The flow lasted for 50 min, 

and the degradation proceeded in the absence of flow. It was noted that a decrease in frequency 

occurred even after the flow of LiP stopped. This behavior was attributed to the additional binding 

of LiP and water on the 5H-DHP film. After incubation for 15 h, neither LiP nor MnP produced 

significant 5H-DHP film degradation. The low degradability was attributed to the intrinsic 

chemical structure, rather than low accessibility for the enzyme, as strong adsorption was observed.  

Previous studies suggested that G- and H-DHP exhibited some degradation by LiP or MnP under 

the same conditions. Greater degradation for G-DHP and H-DHP was attributed to greater amounts 

of phenolic and non-phenolic (like ɓ-O-4 subunits) structures.34 The similar behavior was observed 

for LiP and MnP activity on C-DHP, which also lacked phenolic and non-phenolic subunits.21 
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Figure 4.7 Representative time dependent æf/n profiles for 5H-DHP films formation through 

polymerization of 5H-monolignoin the presence of H2O2 in H2O and the subsequent chemical 

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

4.4.3 Chemical Degradation by the Chelator-mediated Fenton Reaction System 

Degradation of lignin into fine chemicals and fuels is one of the most important fields of lignin 

research. In recent years, people have utilized Fenton reactions for the conversion of 

lignocellulosic biomass.35,36 Herein, a chelator-mediated Fenton reaction was applied for the 

degradation of 5H-DHP films. The degradation process was monitored by QCM-D. A 

representative data set for 5H-DHP synthesis and degradation by a Fenton system have been 

provided in Figure 4.8. The 5H-DHP film was synthesized on the sensor surface as described 

previously in the LiP and MnP studies over the first 150 min. Water was flowed over the sensors 

after DHP synthesis for the removal of reversibly adsorbed lignin and monolignols. Then, acetate 

buffer was introduced into the flow cell and afforded a suitable environment for the Fenton 

reagents. After Fe2+ ions were introduced, an H2O2 solution containing DHBA was flowed through 

the system to initiate the Fenton reactions. The DHBA played an import role in the promotion of 

the Fenton reaction efficiency as it reduced the Fe3+ to Fe2+ in the catalytic process and lowered 
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the consumption of H2O2.
37,38 As shown in Figure 4.8, a decrease in frequency was initially  

observed as the H2O2 and DHBA adsorbed, but then, frequency increased as degradation of the 

5H-DHP began. The degradation by Fenton reaction system ran for 20 h. Finally, acetate buffer 

and ultrapure water were introduced for the removal of reversibly adsorbed components on the 

sensor. The Fenton reaction-induced rapid chemical degradation for the first 6 h (400 min to 760 

min), and then gradually slowed. The synthesis of 5H-film resulted in æf/n  -196 Hz or ũQCM 

 35 mg/m2 calculated from Sauerbrey equation. Throughout degradation æf/n increased by157 Hz 

or ũQCM decreased by 28 mg/m2. The ũQCM values were consistent with a degradation percentage 

as high as 80%. Compared to G-lignin and H-lignin, which were barely degraded under the same 

conditions, the degradation for 5H-DHP was remarkable.21 However, 5H-lignin showed less 

degradation than lignin formed from another catechol alcohol ð C-monolignol, which underwent 

complete degradation under the same conditions as presented in Chapter 3 of this dissertation.  

 

Figure 4.8 A representative time dependent æf/n profile for 5H-DHP film formation through 

polymerization of 5H-monolignol in the presence of H2O2 in H2O and the subsequent chemical 

degradation by the Fenton reaction system.  
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4.5 Conclusions  

This work provided the first synthesis of 5H-lignin films via surface-initiated dehydrogenative 

polymerization. The formation of 5H-lignin was greatly influenced by the monolignol 

concentration and temperature; however, hydrogen peroxide concentration had no significant 

effect on the process. Compared to G-DHP, H-DHP, and C-DHP, 5H-DHP formed in greater 

quantity but at a much slower rate. The topology of the 5H-DHP film exhibited irregular aggregates 

with higher RMS roughness than the other DHP lignins on the surface. Degradation by enzymatic 

and chemical approaches were explored. No significant degradation of 5H-DHP films was 

observed when subjected to LiP or MnP, which was attributed to the absence of non-phenolic 

structures and benzylic hydroxyl groups. However, 5H-DHP films underwent substantial 

degradation by a chelator-mediated Fenton reaction system under ambient conditions. This work 

provided a comprehensive study on 5H-DHP, from polymerization to degradation. 
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Chapter 5: Fully Reprocessable Crosslinked Poly(methyl methacrylate-co-2-hydroxyethyl 

methacrylate) with Aromatic Disulfide Linkages 

5.1 Abstract  

Thermosets are crosslinked polymers that have been widely used in our daily life for their 

advantages over thermoplastics, such as stability, mechanical properties, and chemical resistance. 

Historically, thermosets have not been reprocessable nor recyclable, and the result has been plastic 

pollution. A possible solution to this problem, a new class of polymeric material, called a vitrimer, 

has drawn attention in recent years. Vitrimers represent covalent adaptive networks of crosslinked 

polymers in which the crosslinkers undergo dynamic exchange. With the rapid topology change, 

macroscopic flow can be achieved, and thus, reprocessability can be realized. In this work, we 

developed a new vitrimer based upon poly(methyl methacrylate) (PMMA). The materials were 

synthesized from methyl methacrylate (MMA) with hydroxyethyl methacrylate (HEMA) and 

aromatic disulfide crosslinkers. The incorporation of aromatic disulfides to PMMA increased its 

solvent resistance, thermal stability, and mechanical qualities without compromising transparency. 
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The dynamic exchange reaction between the aromatic disulfide group at high temperature enabled 

material reprocessing. After being reprocessed for multiple times in the absence of catalysts, the 

reprocessed PMMA vitrimer had mechanical qualities that were comparable to the original 

material. The overall performance of the aromatic disulfide crosslinked PMMA will lead to new 

applications in the future. 

 

Figure 5.1 Graphical abstract for the vitrimer developed in this work  

5.2 Introduction  

Due to their low density, flexibility, and mechanical properties, synthetic plastics, such as 

polypropylene (PP), polyethylene (PE), polymethyl methacrylate (PMMA), polystyrene (PS) and 

polyvinyl chloride (PVC), have been used in many fields. As one of the most widely used plastics, 

PMMA has been applied to eyeglass lenses, orthopedic surgeries, lightweight windows, and 

batteries because of characteristics such as exceptional optical transparency and good malleability. 

Unfortunately, the linear structure of PMMA has meant unsatisfactory mechanical properties, 

dimensional stability at high temperature, and poor solvent resistance that have inhibited other 

applications of the material.1ï3 It is well-known that polymer chains crosslinked with ionic or 
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covalent bonds can improve the properties of linear polymers through confinement and restriction 

of mobility of the polymer chains. In most cases, crosslinked polymers have better chemical 

resistance,4,5 thermal stability,6 and improved mechanical behavior.7ï9 However, the malleability 

is sacrificed. Crosslinked PMMA cannot be reprocessed nor recycled in solution or melted 

processes. With plastic waste accumulation becoming a serious problem, crosslinked polymeric 

materials that can be reused, repaired, and reprocessed are in high demand.  

Vitrimers are novel types of polymers that incorporate the advantages of thermosets and 

thermoplastics in one substance. After conversion of thermoplastics into vitrimer materials, the 

thermal and mechanical properties of thermoplastics can be significantly improved.10ï12 

Furthermore, vitrimers can be repaired, reprocessed, and recycled through conventional processing 

techniques, such as extrusion,13 injection,14 compression molding,15,16 3D printing,17,18 etc., at 

lower cost than conventional recycled thermosets. In recent years, a considerable number of 

vitrimers based upon dynamic covalent chemistry have been effectively produced, such as 

dioxaborolane metathesis,19,20 silyl ether metathesis,21,22 transimination,23,24 

transcarbamoylation,25,26 transalkylation,27,28 and boronic ester exchange.29,30 When the networks 

in the materials are stimulated by heat or light, the dynamic exchange reaction occurs rapidly, 

which results in rapid topology changes and rapid macroscopic flow, that afford reprocessability 

and recyclability. 

Among the dynamic covalent networks, aromatic disulfide linkages deserve special emphasis 

since their dynamic reversibility can be accomplished without a catalyst, and provides rigidity to 

the polymer structure.31-38 For a long time, two controversial mechanisms of the dynamic exchange 

reaction between aromatic disulfides were considered: metathesis and a radical mediated 

mechanism. However, recently, most research based upon computational studies support the 
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radical mediated mechanism over metathesis.31,32 The mechanism of the aromatic disulfide free 

radical-mediated exchange reaction is schematically depicted in Figure 5.2. Unlike other 

disulfides, which need an UV trigger,33 exchanges of aromatic disulfides have been found to 

exchange without a catalyst at ambient temperature, which would be a possible simpler choice for 

the fabrication of self-healing materials.34 Aromatic disulfide crosslinks have been introduced in 

polyurethanes,35 poly(urea-urethanes),36 and epoxy resins.37,38 A broad range of commercially 

available chemicals with aromatic disulfides have been developed. They usually include other 

reactive functionalities, such as an amino or hydroxyl group, used for subsequent reaction with the 

polymers.  

 

 

Figure 5.2 Schematic representation of aromatic disulfide radical-mediated reaction 

mechanisms. 

 

Based upon the above, this work developed a new vitrimer from PMMA and aromatic 

disulfide linkages. The material was synthesized from commercially available and low-cost 

monomers: methyl methacrylate (MMA) and 2-hydroxymethyl methacrylate (HEMA), and 

aromatic disulfides were introduced as the crosslinkages. The chemical structure of the vitrimer 

was characterized by proton nuclear magnetic resonance spectroscopy (1H NMR) and Fourier 

transform infrared spectroscopy (FTIR). The introduction of aromatic linkages improved solvent 

resistance, thermal stability, and tensile strength without sacrificing processability. The exchange 
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reactions of disulfide bonds triggered by heating were used on bulk PMMA vitrimers multiple 

times. Scanning electron microscopy (SEM), dynamic mechanical analysis (DMA), and tensile 

tests were applied for the determination of mechanical characteristics and reprocessability. Finally, 

the approach for introducing aromatic disulfide linkages designed in this paper can be used for the 

introduction of aromatic disulfide linkages into different resins, thereby allowing for a more 

flexible strategy for developing greener high-performance polymer materials. 

5.3 Experimental  

5.3.1 Materials  

2-Hydroxymethyl methacrylate (HEMA), methyl methacrylate (MMA), 2,2ó-azobis 

(isobutylnitrile) (AIBN), 2,2ô dithiodibenzoic acid (DTBA), oxalyl chloride, N,N-dimethyl-

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(MMA-HEMA)  

Copolymers of MMA  and HEMA were prepared by a free radical reaction. AIBN (an initiator, 

0.083 mmol) was dissolved in 15 mL DMF. The solution was purged with nitrogen gas at room 

temperature for 30 min. MMA (45 mmol) and a co-monomer HEMA (45 mmol) were added to 

the DMF solution. The solution containing initiator and monomers was purged again with nitrogen 

gas at room temperature for another 30 min. Then, the solution was heated in an oil bath and stirred 

for 20 h at 70ᴈ. The copolymers were isolated by precipitation in diethyl ether. The product was 

dried in a vacuum oven at 50ᴈ for 12h. 
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5.3.3 Synthesis of 2,2ô Dithiodibenzoic Chloride (Crosslinker)  

2,2ô Dithiodibenzoic acid (0.43 mmol) was dissolved in 10 mL THF in an ice bath. An excess 

amount of oxalyl chloride (0.1 mL) was added into the solution. 2 drops of DMF were added into 

the solution as a catalyst. The solution was stirred at 0 ᴈ for ~ 30 min. The flask was opened to 

the atmosphere and HCl produced during the reaction was released. The reaction was completed 

at the point where the solution became turbid and bubbling stopped. The resulting suspension was 

denoted as suspension A and was used in a subsequent synthesis of crosslinked polymer without 

further purification.  

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

2g P(MMA-HEMA) (8.6 mmol hydroxyl group) was dissolved in 30 mL THF in a 250 mL 

round-bottom flask in an ice bath, denoted as solution B. Suspension A was poured into solution 

B while solution B was stirred. The mixture was then poured into a PTFE evaporating dish. The 

product was cured at room temperature for 12 h and then dried under vacuum at 70 ᴈ for 

evaporation of residual solvent. The final product had a yellowish color.  

5.3.5 Preparation of Cross-linked and Linear P(MMA -HEMA) Bulk Samples 

Raw products were placed into a steel mold sandwiched between anti-adhesive Kapton films. 

Spacers were used for the control of thickness. The mold was preheated for 10 min and was 

reprocessed by hot press (pressure = 15 MPa) in air for 1 h at 170 °C.  

5.3.6 Characterization 

Proton nuclear magnetic resonance (1H NMR) spectroscopy was conducted on samples 

dissolved in deuterated dimethyl sulfoxide on an Agilent 400 MHz spectrometer. Fourier transform 
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infrared (FTIR) spectroscopy was performed on solid film with Nicolet iS5 spectrometer equipped 

with an ATR/iD7. 

Scanning electron microscopy (SEM) images of healed films were collected on a LEO Zeiss 

1550 at a working distance of 3.4 mm and a voltage of 2.0 kV. The healed films were sputtered 

with iridium (3 nm, Leica ACE600) which improved electric conductivity. 

For solvent resistance, samples (weight = ὡ ) were immersed in solvents of ethanol, THF, 

DMF, and chloroform for 24 h. The swollen samples were collected and weighed (ὡ ). The swell 

ratio was calculated according to the following equation:  

ὛύὩὰὰὭὲὫ ὶὥὸὭέ 
ὡ ὡ

ὡ
  ρππϷ 

The swollen sample was then dried in a vacuum oven at 80 °C until a constant weight (ὡ ) was 

reached. The gel fraction was calculated according to the following equation:   

ὋὩὰ ὪὶὥὧὸὭέὲ 
ὡ

ὡ
  ρππϷ 

 

The thermal stability was evaluated on a TA Q500 thermal gravimetric analyzer (TGA) under 

nitrogen. 

Dynamic mechanical analysis (DMA) was performed with a TA Instrument Q800 apparatus. 

Rectangular samples were tested at 1 Hz with a strain of 0.04%. Heating ramps of 3 °C/min were 

applied from 35 to 250 °C.  

Room temperature tensile tests were performed on a 5500R Instron universal testing station 

at a speed of 1 mm/min, at room temperature. 
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Sample for reprocessability studies were cut into small pieces and placed into a steel mold 

sandwiched with anti-adhesive silicone paper. Then, the reprocessing was conducted on a hot press 

(pressure = 15 MPa) at 170 °C for 1h.  

5.4 Results and Discussion  

5.4.1 Synthesis and Identification of Structure 

The synthesis of the crosslinked P(MMA-HEMA) vitrimer was achieved in three steps, as 

illustrated in Scheme 1. First, MAA was polymerized with HEMA in the presence of AIBN as an 

initiator of free radical polymerization. A linear random copolymer of MMA and HEMA was 

obtained. Next, DTBA was converted into DTBC by oxalyl chloride. This reaction was conducted 

in an ice bath due to the violent reaction of DTBA and oxalyl chloride under DMF catalysis with 

the release of HCl. The resulting product was used directly without any further purification. Finally, 

DTBC in THF solvent was added into the P(MMA-HEMA) solution and reacted rapidly and 

efficiently with the P(MMA-HEMA). 

The chemical structure of the linear P(MMA-HEMA) was confirmed by 1H NMR, as shown 

in Figure 5.3. The characteristic signal of the methyl ester group in MMA appeared at ŭ = 3.55 

ppm, and those of the ethyl group in HEMA appeared at ŭ = 3.48 ppm and ŭ = 3.80 ppm. The 

overall spectrum was consistent with literature reports.39 The FTIR spectrum was consistent with 

the structure of a crosslinked P(MMA-HEMA) vitrimer. Linear P(MMA-HEMA) and DTBC 

crosslinker were also characterized by FTIR for comparison, as shown in Figure 5.4. The 

absorption peak at 2900 cm-1 corresponded to the aryl group. The absorption peaks at 1700 cm-1 

and 1490 cmī1 corresponded to the ester groups in the polymer backbone and the ester groups 

close to the phenyl group of the crosslinker, respectively. These absorption peaks indicated that 

the aromatic disulfide was successfully attached to the polymer backbone.  
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Scheme 5.1 Synthetic scheme for the preparation of crosslinked P(MMA-HEMA) vitrimer 
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Figure 5.3 1H NMR spectrum of linear P(MMA-HEMA) 
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Figure 5.4 FTIR spectra of DTBA crosslinker (blue), linear P(MMA-HEMA) (red), and 

crosslinked P(MMA-HEMA) vitrimer (black). The colored ovals and squares over the spectra 

correspond to the functional groups highlighted with the same color on the chemical structure. 

5.4.2 Thermal Properties 

The thermal stability of the aromatic disulfide crosslinked vitrimer was investigated by TGA. 

Figure 5.5 shows the obtained TGA curves of linear P(MMA-HEMA) (black) and aromatic 

disulfide crosslinked P(MMA-HEMA) vitrimer (red). For the linear P(MMA-HEMA), the thermal 

decomposition temperature at 5% mass loss occurred at 200 °C. The initial degradation at 

relatively lower temperatures was attributed to water linked to the hygroscopic HEMA, which was 

reported previously.40ï42 After consumption of the hydroxyl group during the crosslinking reaction, 

the initial decomposition temperature for the aromatic disulfide crosslinked sample increased to 

250 °C (5% mass loss). The mass of linear P(MMA-HEMA) declined rapidly at about 275 °C. 

When the temperature reached 400 °C, about 90% of the initial weight was lost. In contrast, for 

the vitrimer sample, the weight dropped more slowly. At 400 °C, ~55% of the original mass 

remained. The enhanced thermal stability was probably related to the presence of phenyl functional 
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groups, which have been widely used in fire retardants because of their good antioxidant 

properties.43,44  

   Glass transition temperature (Tg) is one of the most important characteristics for polymers. As 

shown in Figure 5.6, the vitrimer exhibited a broad glass transition range centered at ~ 110 °C, 

which was similar to the Tg of linear P(MMA-HEMA).41 This observation indicated that the 

crosslink density was not so high that the glass transition temperature increased. In addition, the 

storage modulus (Eô) indicated the vitrimer was a hard thermoset with 2.25 GPa at 35 °C. 

 

  

Figure 5.5 TGA curves of linear P(MMA-HEMA) (black, bottom curve) and aromatic disulfide 

crosslinked P(MMA-HEMA) vitrimer (red, top curve). 
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Figure 5.6 DMA curves for the crosslinked P(MMA-HEMA) vitrimer 

5.4.3 Chemical Resistance  

The most remarkable feature of crosslinked polymers is their resistance to organic solvents. 

Typical solvents used in chemical labs include dimethylformamide (DMF), tetrahydrofuran (THF), 

and chloroform. Linear P(MMA-HEMA) was easily dissolved in THF and DMF. Crosslinked 

polymers are not soluble in any organic solvents. Swelling experiments were performed on the 

crosslinked P(MMA-HEMA) vitrimer for confirmation of the robustness of the crosslinked 

network and exploration of solvent resistance for the vitrimer. The experiments were conducted 

by immersion of the vitrimer samples in ethanol, DMF, THF, and chloroform for 24 hours at room 

temperature. The swelling ratios and gel fractions obtained were listed in Table 5.1. As expected, 

the vitrimer samples only swelled in these solvents. The samples showed the highest swell ratio in 

DMF, which is a good solvent for most polymers. On the other hand, in THF and chloroform, the 

samples showed similar swelling ratios, which was attributed to the similar polarity of THF and 

chloroform. The gel fraction was obtained after the samples were dried in a vacuum oven at 70 °C 

Table 5.1 Solvent resistance of linear P(MMA-HEMA) and crosslinked P(MMA-HEMA) vitrimer 
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overnight. The samples showed essentially no solubility of the network in chloroform, and 8% and 

7.5% solubility in DMF and THF, respectively. It should be noted that the vitrimer material had a 

lower gel fraction in ethanol than the other solvents, even though it had a relatively low swelling 

ratio in ethanol. The behavior observed for ethanol was attributed to the instability of disulfide 

bonds in protic solvents.45 

 

 

 

 

5.4.4 

Reprocessability  

Reprocessability of the vitrimer was examined by hot pressing films. For conventional 

polymeric material, hot pressing has been used to shape and ñweldò linear polymers. In contrast, 

the absence of flow in crosslinked polymers has prevented thermal reprocessing. However, the 

dynamic aromatic disulfide in the vitrimer network was successfully reprocessed by hot pressing 

at 170 °C. As shown in Figure 5.7 left, the raw material was full of bubbles due to the HCl 

generated during the reaction and solvent elimination in the vacuum oven. As bubbles in the 

sample affect physical properties, elimination of the bubbles through hot pressing was important. 

As shown in Figure 5.7 right, the vitrimer was remolded into a transparent bulk material with a 

uniform surface. The aromatic disulfide crosslinked vitrimer displayed a yellowish color as a result 

of the natural color of the disulfide. The raw material was white because of scattering from the 

numerous bubbles within the material. 

 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  
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Figure 5.7 Reprocessing of the crosslinked P(PMMA-HEMA) disulfide vitrimer by hot pressing 

 

Figure 5.8 A representative stress-strain curve for the vitrimer sample processed by hot pressing. 

The inset contains the corresponding curve for the linear P(MMA-HEMA). 

 

The mechanical properties of the vitrimer were then investigated using uniaxial tensile 

tests. Figure 5.8 compared the stress - strain behavior for linear P(MMA-HEMA) and the aromatic 

disulfide crosslinked P(MMA-HEMA) vitrimer. The linear P(MMA-HEMA) showed expected 

behavior for a plastic. Initially , the material exhibited an elastic behavior with linear stress-strain 

relationship. Next, the material yielded at a strain of 5%, where the stress started to decrease as the 

strain increased, a phenomenon known as ñstrain softeningò. From a start of 50 to 150%, the stress 
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gradually increased as the strain increased, a phenomenon known as "strain hardening" or "stress 

induced crystallization". The observed properties were caused by the orientation and alignment of 

polymer chains along the stretch direction. The maximum strain achieved 150% with a stress at 

break of 2.5 MPa. The aromatic disulfide crosslinked P(MMA-HEMA) vitrimer was a stronger 

but more brittle plastic. A yield point disappeared as the result of crosslinking, in which the 

orientation and alignment of polymer chains were restricted by the crosslinkages. The maximum 

stress reached 17 MPa and occurred at a much smaller strain. The failure at smaller strain was 

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

 

 

Figure 5.9 SEM images of the boundary of two samples connected via hot pressing 

 

In order to further elucidate the reprocessability, the morphology of the reprocessed sample 

was characterized using SEM. The experiment was conducted in two steps. First, one uniform 

sample and one sample with numerous defects were connected via hot pressing. Then, SEM 

images were taken at the connection boundary. As shown in Figure 5.9, those two samples were 

well-connected.   
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Figure 5.10 DMA curves of recycled samples by tensile tests 

 

Reprocessability was also evaluated through DMA and tensile tests. The material was broken 

into pieces and reprocessed by hot pressing for 1 hour at 170 °C after each cycle. Figure 5.10 

shows DMA curves of the vitrimer for 3 cycles. The storage modulus was recovered for each cycle. 

Stressïstrain curves from tensile tests for successive samples are shown in Figure 5.11. The 

breaking stresses ranged from 16 to 17.5 MPa for three cycles. Youngôs modules for each cycle 

were summarized in Table 5.2. The three cycles exhibited almost full recovery of the mechanical 

properties. Classic thermosets with permanent covalent crosslinks cannot be reprocessed or 

molded in the same way as thermoplastics can. Thus, the remarkable reprocessability of this 

system was attributed to the dynamic exchange of the aromatic disulfides in the network. 
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Figure 5.11 Representative stress-strain curves of recycled samples by tensile tests 

 

Table 5. 2 Youngôs modulus of recycled samples by tensile tests 

 
Modulus (Young's Tensile stress 0.005 mm - 0.025 mm) GPa 

1st Cycle 1.7  0.6 GPa 

2nd Cycle 1.8  0.4 GPa 

3rd Cycle 1.7  0.1 GPa 

 

5.5 Conclusions  

In summary, a new vitrimer based upon P(MMA-HEMA) with aromatic disulfide crosslinks 

was synthesized. In contrast to traditional thermosets, the vitrimer was reprocessable by hot 

pressing at 170 °C with 15 MPa pressure and SEM imaging revealed thermal welding of two pieces 

of the sample was possible. Furthermore, the vitrimer exhibited thermal, mechanical, and solvent 

resistance properties that differed from linear P(MMA-HEMA). Even though the vitrimer was 
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more brittle than linear P(MM-HEMA), Youngôs modulus (~1.7 GPa) and tensile strength (17.5 

MPa) increased along with an increase in thermal stability. More importantly, the vitrimer showed 

excellent solvent resistance with gel fractions greater than 90% for good solvents. These results 

indicated that P(MMA-HEMA) with aromatic disulfide crosslinkers 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 

Based upon the discovery of caffeyl alcohol (C-monolignol) in nature, the present work 

studied the incorporation of C-monolignol into conventional p-coumaryl alcohol (H-monolignol). 

The polymerization and degradation processes were monitored by a quartz crystal microbalance 

with dissipation (QCM-D). The H-C lignin film was formed via horseradish peroxidase (HRP)-

initiated dehydrogenative polymerization. Subsequently, the H-C lignin films were subjected to 

chelator-mediated Fenton reactions for degradation. Mass spectrometry revealed signals consistent 

with copolymerization of C-monolignol and H-monolignol via ɓ-O-4 bonds. With the total 

monolignol concentration fixed, the amount of HC lignin that formed decreased as the amount of 

C-monolignol present in the polymerization increased. The topology of the synthesized HC-DHP 

films was investigated by AFM. The HC lignin films were smoother as the amount of C-

monolignol present in the polymerization increased. The degradation was conducted on (1) 

different ratios of C-monolignol and H-monolignol with constant total concentration and (2) a 

fixed H-monolignol concentration and various C-monolignol concentrations. In both series, as the 

amount of C-monolignol present in the polymerization increased, the degradation percentage 

increased. Finally, the æD provided from QCM-D suggested that HC-DHP copolymer films were 

more rigid than pure H-DHP films. We envision that this work provides new knowledge about a 

new monolignol ð C-monolignol and revealed the incorporation of C-monolignol into lignin 

improved degradation. This work supported the validity of the effort toward lignin valorization 

through incorporation of C-monolignol to plant lignin through genetic modification.  

Lignin films of 5-hydroxyconiferyl alcohol (5H-monolignol) were synthesized via surface-

initiated dehydrogenative polymerization. The topology of the 5H-lignin film was investigated by 
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AFM. The formation of 5H-lignin was greatly influenced by the monolignol concentration and 

temperature; however, it was barely affected by the hydrogen peroxide concentration. Compared 

to lignins formed from p-coumaryl alcohol (H-monolignol), coniferyl alcohol (G-monolignol), and 

C-monolignols, the rate of polymerization of 5H-monolignol was much slower. The rates of 

polymerization followed the order of G-DHP ~ H-DHP > C-DHP >> 5H-DHP. The topology of 

the 5H-DHP films exhibited irregular aggregates with higher root mean square (RMS) roughnesses 

than other lignins. Enzymatic and chemical degradation of the 5H-DHP films were investigated. 

5H-DHP films were scarcely degraded when subjected to LiP or MnP, even though the enzymes 

strongly adsorbed to the films. The absence of degradation was attributed to the absence of non-

phenolic structures and benzylic hydroxyl groups. In contrast, 5H-lignin films were largely 

degraded by a chelator-mediated Fenton reaction system under ambient conditions. This work 

provided a comprehensive study on 5H-DHP, from polymerization to degradation performed by 

surface analytical techniques. 

Besides lignin studies, a new vitrimer based on poly(methyl methacrylate-co-hydroxyethyl 

methacrylate) (P(MMA-HEMA)) with aromatic disulfide crosslinks was synthesized. In contrast 

to traditional thermosets, the vitrimer was reprocessable by hot pressing at 170 °C with 15 MPa 

pressure and SEM imaging revealed thermal welding of two pieces of the sample was possible. 

Furthermore, the vitrimer exhibited thermal, mechanical, and solvent resistance properties that 

differed from linear P(MMA-HEMA). Even though more brittle than linear P(MM-HEMA), 

Youngôs modulus (~1.7 GPa), tensile strength (17.5 MPa), and thermal stability of the vitrimer 

increased. More importantly, the vitrimer showed excellent solvent resistance with gel fractions 

greater than 90% in organic solvents. These results indicated P(MMA-HEMA) 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 Future Work  

6.2.1 Optimizing Chelator-mediated Fenton Reaction Conditions for Lignin Degradation  

In Chapter 3, it was found that H-DHP films were weakly degraded by a chelator-mediated 

Fenton reaction system under the conditions used in this thesis. However, by tuning the 

experimental conditions, it was shown that the H lignin was fully degraded. Representative results 

from QCM-D studies for H-DHP film degraded by Fenton reactions under different conditions are 

provided in Figure 6.1. Compared to the experimental conditions in Chapter 3, the result in Figure 

6.1 was conducted without DHBA (chelator), and Fe2+ and H2O2 were added together instead of 

separately. Table 6.1 was provided for the explanation of the experimental details of Figure 6.1. 

H-lignin was synthesized on the sensor surface, and the degradation occurred at 400 min. The 

degradation proceeded for 45 hours. In contrast to the low degradability in Chapter 3, the increase 

in frequency in Figure 6.1 indicated that the H-lignin was degraded effectively. Accordingly, 

Fenton parameters greatly influenced the results. Effects of other parameters, such as H2O2/Fe(II) 

ratio, flow time, and other chelators should be investigated.  
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Figure 6.1 A representative time dependent æf/n profile for the synthesis of H-DHP films 

through polymerization of H-monolignol (0.5mg/mL) in the presence of 20 mM H2O2 in H2O 

and the subsequent degradation by 10 mM FeSO4 + 400 mM H2O2 at 20 ЈC. 

 

Table 6.1 Experimental details of the Fenton degradation process for the H-DHP film in Figure 6.1 

H2O Steady State 

HRP 0 ς 55 min 

H2O 35 ς 55 min 

H monolignol & H2O2 65 ς 155 min 

H2O 165 ς 260 min 

Acetate buffer 270 ς 330 min 

FeSO4 & H2O2 340 ς 349 min 40 sec 

Degradation 349 min 40 sec ς 3100 min 

Acetate buffer 3100 min ς 3370 min 

H2O 3380 min ς 
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6.2.2 Identification of the Products from Lignin Degraded by Fenton Reaction Systems  

In Chapter 3 and Chapter 4, degradation of the lignin films formed by H- and C- monolignol 

and 5H-monolignol was conducted via a chelator-mediated Fenton reaction system. It was shown 

that those lignin films were thoroughly degraded. However, the degradation products have not 

been identified. Those products were likely vanillin and phenol derivatives. Various approaches, 

such as nuclear magnetic resonance (NMR) spectroscopy, and gas chromatography ï mass 

spectrometry (GC-MS) should be applied to characterize the degradation products.  

6.2.3 Investigation 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 from conventional cinnamyl monolignols, catechol monolignols are novel 

monolignols and were only discovered recently. They exhibited different chemical and physical 

properties than conventional lignins. The simplified structure reduced the resistance of the lignin 

to degradation. Thus, molecular biology studies to incorporate catechol alcohol into lignin may 

enable lignin to be turned into value-added products. It would be interesting to fundamentally 

study lignin formation with those catechol monolignols in terms of the reaction mechanism and 

thermodynamics. According to previous studies, electron paramagnetic resonance spectroscopy is 

a useful technique to deduce the structure of the free radicals and thus better understand the 

molecular details of the lignin formation.1 Also, for many years, computational calculations 

provided insights into the thermodynamics of the polymerization of reaction. In recent years, some 

aspects of catechol alcohol polymerization have been studied.2 However, the interaction between 

the catechol monolignol and conventional monolignols, and the dissociation of the chemical bonds 

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 was introduced as a dynamic covalent crosslinker for 

vitrimers. It would be interesting to further study the rheological behavior of the material. One of 

the unique characteristics for vitrimers is the topology freezing temperature, a transition which is 

absent in traditional thermosets and thermoplastics, and the characteristic is the reason why 

vitrimers display viscoelasticity that differs from conventional thermosets.3,4 Below the topology 

freezing temperature, the exchange reaction rate is slow and the vitrimer responds as a typical 

thermoset. Above the topology freezing temperature, the dynamic exchange reaction occurs 

rapidly, leading to rapid topology changes and macroscopic flow. Through rheological studies, a 

better understanding of the viscoelastic behavior should be possible, and thus a better control of 

the processing conditions would be possible. Small-amplitude oscillatory shear measurements 

should be conducted to quantitatively analyze the viscoelasticity of the vitrimer.4 Models can be 

generated to describe the behavior of the modulus as a function of temperature, crosslink density, 

and catalysts (which were absent in Chapter 5).  

6.2.5 Other Studies 

Incorporation of the aromatic disulfides into the polymer network introduced fluorescence. 

As shown on Figure 6.2, the aromatic disulfide crosslinked vitrimer material exhibited strong 

fluorescence. It would be interesting to further study the fluorescent properties for future 

applications.  
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Figure 6.2 Fluorescence spectrum of aromatic disulfide crosslinked P(MMA-HEMA) vitrimer 

developed in Chapter 5 

 

 

While aromatic disulfide linkages were chosen for this study, there are many dynamic 

covalent motifs that can be incorporated into vitrimers. These include olefins,5.6 urethanes,7 ureas,8 

imidazoliums,9 and boronic esters.10,11 Each of these crosslinker has their own advantages. It would 

be interesting to incorporate different motifs into a single conventional polymer and compare their 

properties. Another variable factor that has an effect on vitrimers is the polymer backbone. So far, 

the polymeric materials that have been modified include epoxy resin,12 polyurethane,13 

polydimethsiloxane,14 polystyrene,15 etc. Applying the vitrimer concept to other materials would 

be an intriguing topic and offers an excellent platform to systematically study the structure-

property relationships of vitrimers. Other properties like shape-memory could also be investigated.  

In addition to the catalyst-free vitrimers in Chapter 5, there are many vitrimers that used 

catalysts, such as zinc (II) acetylacetonate,16 Ti(IV) alkoxide,17 dibutyltin dilaurate,18 

triphenylphosphine,19 or 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD).20  Those catalysts promote 

the dynamic exchange reactions and hasten the stress relaxation. The catalysts can be added to the 

vitrimers by physical mixing or can be chemically linked onto the polymer backbone. An 
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investigation of the effect of catalyst loading and the interactions between polymer and catalyst 

would benefit vitrimer development.  

Vitrimers could be used in a variety of sectors since they are both mechanically strong and 

bendable. In the realm of additive manufacturing, 3D printing has shown great advantages as a 

technique for a growing range of applications, such as soft robotics, microfluidics, nano-devices, 

and tissues.21 Direct-ink-writing (DIW) is one of the most extensively utilized 3D printing methods. 

In the DIW approach, the resin is extruded out of a nozzle attached to a syringe. More specifically, 

the instrument deposits a layer of ink and the ink is cured immediately. Then, another layer of ink 

is deposited and cured.21 The conventional ink is an epoxy resin, which is not reprocessable once 

it is cured. Also, most epoxy is made of bisphenol A, which is harmful to human health, especially 

to infants and children. By replacing the conventional ink with vitrimers, safety might be improved. 

Furthermore, the object might exhibit better mechanical properties. The traditional ink is cured 

once it is deposited, so the layers are independent of each other. That leads to fractures and cracks 

between the layers and causes fractures. The application of vitrimer as ink for 3D printing produces 

mechanically robust objects. Since the network is formed via dynamic covalent bonds, the polymer 

chains in one layer can be crosslinked to the adjacent layer, and thus connect the gaps between the 

layers as illustrated in Figure 6.3.  In addition, the object may be repairable at a 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 

are expected to be at lower temperature.  
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Figure 6.3 Vitrimers as ink for 3D printing and the enhancement the mechanical properties 

through interlayer connections 

 

While the analysis of lignin in this dissertation contributed 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-service-lif e and recyclable materials will speed up the development of vitrimers. 
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Appendix A: Bulk and surface structural changes in high nickel cathodes subjected to fast 

charging conditions 
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