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Remember to look up at the stars and not down at your feet … 

 

Be curious. And however difficult life may seem, there is always 

something you can do and succeed at. 

It matters that you don't just give up. 

 

- Stephen Hawking 
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Summary 

The threat of global environmental change, including atmospheric/oceanic warming, 

sea-level rising and glacial retreat, have given rise to a necessity for a drastic alteration 

of how electrical and chemical energy is sourced. Anthropogenic emissions are 

undoubtedly the cause of rising atmospheric concentrations of CO2 and other 

greenhouse gases and in order to avoid catastrophic alteration of the global climate, it 

is imperative that alternative sources of fuels be found that either drastically lower, or 

eliminate altogether the emission of greenhouse gases. 

Biofuels offer one such source of low carbon energy as the combustion of biomass or 

biomass derived compounds releases CO2 in equal amounts to that which is taken up 

by the growth of the plant material. Whilst combustion has been the method for the 

extraction of the chemical potential energy stored within biomass, an alternative 

approach is the thermochemical conversion of biomass to produce more readily 

utilised chemical species. Pyrolysis, the heating of biomass in an oxygen free 

environment, is a method that has attracted significant interest over the past half 

century as a means of producing high value products from biomass. The large natural 

variability and complex interplay of the different chemical species present within 

biomass feedstocks gives rise to a complicated network of interconnected reactions 

that can occur during pyrolysis. The scale of potential reactions, in terms of both the 

number of reactions and of the size of the molecular species, means that significant 

fundamental understanding of the processes that govern biomass pyrolysis have yet to 

be elucidated. One particular hurdle is the lack of any clear mechanisms by which char 

forms during the pyrolysis of biomass.  
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Char is a carbonaceous material that can lead to problems with upgrading of liquid and 

gas biomass products. In other circumstances, the formation of char is desirable for 

use as a carbon material. In either case, an understanding of the mechanisms for char 

formation are essential for promoting or subduing char formation. Furthermore, char 

forms more readily in the lignin portion of biomass than in the other polymeric biomass 

constituents. 

The aim of this work is to put forward an atomistic proposal for the mechanism of char 

formation from lignin. The molecular level understanding of the fundamentals of a 

mechanism may enable control over a reaction not availed through macroscopic 

investigation. To that end, we have employed Density Functional Theory calculations 

to probe the energetics and molecular structures associated with the conversion of 

lignin to aromatic chars. Firstly, we assessed the stability of a range of lignin derived 

phenolic bio-oil compounds through the calculation of bond dissociation enthalpies. 

We show clearly that methoxy PhO-CH3
 bonds are the weakest of the commonly found 

bonds in the phenolic species, followed by hydroxy O-H bonds. The strongest 

observed bonds were Ph-OH, Ph-CHO and Ph-CHCHCH3 bonds which agreed with 

the literature reports of their observation at higher pyrolysis temperatures. 

Secondly we propose a reaction mechanism for the formation of aromatic char clusters 

from the products of lignin decomposition. The reaction consists of a Diels-Alder 

cycloaddition of two unsaturated species to form a variety of new three ring 

compounds. The newly formed structure is subsequently aromatised through two 

elimination reactions, the identity of which is dependent upon the isomerism of the 

reacting species. The four elimination reactions consist of a dehydrogenation or a 

dehydroxymethylation, and then either a Grob fragmentation or a dehydration. Due to 

the asymmetry and isomerism of the Diels-Alder reactants, there are a total of 16 
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possible intermediate structures and all are investigated. It is then shown how a 

continuation of these cycloaddition/eliminations may yield larger char intermediates. 

The final study further investigates the char expansion reactions, up to a char cluster 

size of eleven rings. In order to model a relatively large atomic structure, we employ 

the Same Level Different Basis method which is validated against ‘full basis set’ 

systems. It is shown that subsequent reactions to increase char size do not lead to an 

increase in either Diels-Alder reaction energies or to barrier heights for elimination 

reactions. 

These works present a credible set of mechanisms for the formation of char from a 

common component of lignin. It also shows clear routes for the formation of small gas 

compounds that have also eluded description at the present time.  

  



vi 
 

 

List of Publications 

1. J. Liu, X. Zhang, A. Shaw, Q. Lu, B. Hu, C.-Q. Dong, Y.-P. Yang, Theoretical 

study of the effect of hydrogen radicals on the formation of HCN from pyrrole 

pyrolysis, J. Energy Inst. 92 (2019).  

2. J. Liu, X. Zhang, Q. Lu, A. Shaw, B. Hu, X. Jiang, C. Dong, Mechanism study on 

the effect of alkali metal ions on the formation of HCN as NOx precursor during 

coal pyrolysis, J. Energy Inst. (2018) 1–9.  

3. A. Shaw, X. Zhang, Density functional study on the thermal stabilities of 

phenolic bio-oil compounds, Fuel. 255 (2019) 115732.  

4. JK. Lindstrom, A. Shaw, X. Zhang, RC.  Brown, Condensed phase reactions 

during thermal deconstruction. In: RC Brown, editor. Thermochemical Processing 

of Biomass: Conversion into Fuels, chemicals and Power. 2nd ed. Chicester: John 

Wiley & Sons, Inc.; 2019. pp. 17-48. 

5. A. Shaw, X. Zhang, R. C. Brown, Mechanistic Insights into Char Growth from 

Lignin Monomers, (2020), (Under Review) 

6. A. Shaw, X. Zhang, Investigation of Lignin Char Cluster Aggregation, (2020), 

(Under Preparation) 

  



vii 
 

List of Conferences 

1. A. Shaw, X. Zhang, ‘Phenolic Bio-Oil Compound Stabilities Assessment 

through Density Functional Study’, 22nd Symposium on Analytical and Applied 

Pyrolysis, Kyoto, Japan, 3rd - 8th June 2018 

 

Nomenclature 

Abbreviations  

BDE Bond dissociation enthalpy 

CC Cis-cis 

CNT Carbon nanotubes 

CT Cis-trans 

D3BJ D3 dispersion correction with Becke-Johnson damping 

DFT Density functional theory 

EMSL Environmental Molecular Sciences Laboratory 

HACA Hydrogen abstraction acetylene addition 

HOMO Highest occupied molecular orbital 

IRC Intrinsic reaction coordinates 

LUMO Lowest unoccupied molecular orbital 

meta-GGA Global gradient approximation including the second 

derivative of the electron density 

Mtoe Million tonnes of oil equivalent 

MUE Mean unsigned error 



viii 
 

NMR Nuclear magnetic resonance 

ONIOM Our own n-layered integrated molecular mechanics 

PAH Polycyclic aromatic hydrocarbon 

PPE Phenethyl phenyl ether 

RIJCOSX Resolution of the identities approximation with chain-of-

sphere integration for the Hartree-Fock exchange integrals. 

RMSD Root mean squared deviation 

SLDB Same level different basis 

TC Trans-cis 

TT Trans-trans 

ΔE(ζ) Energy of the system at a point along a reaction coordinate 

ΔEdist(ζ) Distortion energy of the reactants 

ΔEint(ζ) Interaction energy between the reactants 

ΔfH298 Enthalpy of formation at standard conditions 

  

List of Highlighted Computational Methods  

B3LYP Becke, 3-parameter, Lee-Yang-Parr functional 

B3PW91 Becke, 3-parameter, Perdew-Wang functional 

G3B3 G3 composite method using B3LYP structures 

M05-2X Minnesota functional with 56% Hartree-Fock exchange 

M06-2X Minnesota functional with 54% Hartree-Fock exchange 

PBE0 Perdew–Burke-Ernzerhof functional with 25% Hartree-Fock 

exchange 

PW6B95 Perdew-Wang exchange, Becke 95 correlation functional 



ix 
 

QCISD(T) Quadratic configuration interaction with single and double 

excitations and perturbative triple excitations  

Wn-F12 Explicitly correlated W1-F12 & W2-F12 methods 

ωB97X-V Range-separated hybrid functional with nonlocal correlation 

  

List of Highlighted Basis Sets  

3-21G Split valence basis set with 3 primitive Gaussians 

6-31G** Split valence basis set with 6 primitive Gaussians and 

polarisation functions on all atoms 

CBS Complete basis set limit 

def2/J Auxiliary basis set for def2 family 

def2-QZVP Valence quadruple-zeta polarization basis set 

def2-SVP Split valence polarization basis set 

def2-SVPD Split valence polarization basis set with diffuse functions 

def2-TZVP Valence triple-zeta polarization basis set 

def2-TZVPD Valence triple-zeta polarization basis set with diffuse 

functions 

PC-2 Polarisation consistent triple-zeta basis set 

 

  



x 
 

Table of Contents 
Acknowledgements ...................................................................................................... ii 

Summary ..................................................................................................................... iii 

List of Publications ..................................................................................................... vi 

List of Conferences .................................................................................................... vii 

Nomenclature ............................................................................................................. vii 

Table of Contents ......................................................................................................... x 

List of Figures ............................................................................................................. xi 

List of Tables.............................................................................................................. xv 

Introduction .................................................................................................................. 1 

1.1 Background ................................................................................................ 1 

1.2 Aim and Objectives .................................................................................... 5 

1.3 Thesis Outline ............................................................................................ 6 

Thermal Stabilities of Phenolic Compounds Formed During Biomass Pyrolysis ....... 8 

2.1 Introduction ................................................................................................ 9 

2.2 Methodology ............................................................................................ 10 

2.3 Results and Discussion ............................................................................. 15 

2.4 Conclusions .............................................................................................. 29 

Mechanistic Insights into Char Formation from Lignin Derived Monomers ............ 31 

3.1 Introduction .............................................................................................. 32 

3.2 Methodology ............................................................................................ 37 

3.3 Proposed Char Formation Mechanism ..................................................... 40 

3.4 Results ...................................................................................................... 47 

3.5 Discussion ................................................................................................ 55 

3.6 Conclusions .............................................................................................. 69 

Investigation of Lignin Char Cluster Aggregation..................................................... 70 



xi 
 

4.1 Introduction .............................................................................................. 71 

4.2 Mechanism of Char Cluster Aggregation ................................................ 72 

4.3 Methodology ............................................................................................ 72 

4.4 Results & Discussion ............................................................................... 77 

4.5 Conclusions .............................................................................................. 91 

Conclusions and Future Work .................................................................................... 94 

5.1 Conclusions .............................................................................................. 94 

5.2 Limitations and Future Works ................................................................. 96 

Bibliography ............................................................................................................... 98 

 

List of Figures 

Figure 1 Plot of calculated BDEs against mean experimental values taken from [66] 

for the O-H bond in meta- and para- substituted phenols. ………………………….. 14 

Figure 2 BDEs for all methoxy PhO-CH3 bonds. The measured bond is represented 

by a dashed red line. ……………………………………………………………….. 17 

Figure 3 BDEs for all methoxy Ph-OCH3 bonds. The measured bond is represented 

by a dashed red line. ……………………………………………………………….. 19 

Figure 4 BDEs for the lower 12 Ph-CH3 bonds. The measured bond is represented by 

a dashed red line. …………………………………………………………………… 21 

Figure 5 BDEs for the higher 12 Ph-CH3 bonds. The measured bond is represented by 

a dashed red line. …………………………………………………………………… 21 

Figure 6 BDEs for the lower 17 phenolic O-H bonds. The measured bond is 

represented by a dashed red line. …………………………………………………… 23 

Figure 7 BDEs for the higher 18 phenolic O-H bonds. The measured bond is 

represented by a dashed red line. …………………………………………………… 23 



xii 
 

Figure 8 BDEs for the lower 17 phenolic Ph-OH bonds. The measured bond is 

represented by a dashed red line. …………………………………………………… 25 

Figure 9 BDEs for the higher 18 phenolic Ph-OH bonds. The measured bond is 

represented by a dashed red line. …………………………………………………… 26 

Figure 10 BDEs for the 3 Ph-CHO bonds, 3 Ph-CHCHCH3 bonds and 3 PhCHCH-

CH3 bonds. The measured bond is represented by a dashed red line. ……………… 27 

Figure 11 Proposed char structures from slow pyrolysis (l), fast pyrolysis (c) and 

gasification (r). Adapted from Brewer et al. [70] ………………………………….. 33 

Figure 12. Decomposition products of a β-O-4 linkage containing compound. …… 35 

Figure 13. General scheme for the two-step char formation mechanism. Following the 

cycloaddition reactions, two elimination reactions occur to yield a polycyclic aromatic 

complex. ………………………………………………………………………….... 41 

Figure 14. Four possible pairings of reactants based on their cis/trans isomerism. ... 42 

Figure 15. Generalised reaction scheme for the initiation step when the reactants are 

both cis isomers. …………………………………………………………………… 42 

Figure 16. Generalised reaction scheme for the initiation step when the diene is the cis 

isomer and the dienophile is the trans isomer. ……………………………………… 43 

Figure 17. Generalised reaction scheme for the initiation step when the diene is the 

trans isomers and the dienophile is the cis isomer. ………………………………… 44 

Figure 18. Generalised reaction scheme for the initiation step when both reactants are 

the trans isomer. ……………………………………………………………………. 44 

Figure 19. Four orientations for diene-dienophile approach for initiation of Diels-Alder 

cycloaddition reaction. Functional groups have been removed from the skeletal 

structural formulae for clarity. MO diagrams show the HOMO of the diene and the 

LUMO of the dienophile. Arrows are included to show the in-phase orbital overlap 

occurring during Diels-Alder cycloaddition. ………………………………………. 45 

Figure 20. Example reaction scheme for aromatic cluster aggregation. …………… 46 



xiii 
 

Figure 21. Relative enthalpies for each compound along the four CC pathways. Gibbs 

free energy values are given in parentheses. The labels for each point along the reaction 

profile correlate to the example intermediates shown in Figure 15. ……………….. 47 

Figure 22 Relative enthalpies for each compound along the four CT pathways. Gibbs 

free energy values are given in parentheses. The labels for each point along the reaction 

profile correlate to the example intermediates shown in Figure 16. ………………... 49 

Figure 23 Relative enthalpies for each compound along the four TC pathways. Gibbs 

free energy values are given in parentheses. The labels for each point along the reaction 

profile correlate to the example intermediates shown in Figure 17. ……………….. 50 

Figure 24 Relative enthalpies for each compound along the four TT pathways. Gibbs 

free energy values are given in parentheses. The labels for each point along the reaction 

profile correlate to the example intermediates shown in Figure 18. ………….…….. 52 

Figure 25 Relative enthalpies for each compound along the G-type and S-type 

pathways. Gibbs free energy values are given in parentheses. ……………………... 54 

Figure 26 Relative enthalpies for each compound along the char growth pathway. 

Gibbs free energy values are given in parentheses. ………………………………… 55 

Figure 27 Plots of the distortion, reaction, and interaction enthalpies for each CC 

pathway along the reaction coordinates, from a partially reacted complex to the 

transition state structure. …………………………………………………………… 59 

Figure 28 Plots of the distortion, reaction, and interaction enthalpies for each CT 

pathway along the reaction coordinates, from a partially reacted complex to the 

transition state structure. …………………………………………………………… 61 

Figure 29 Plots of the distortion, reaction, and interaction enthalpies for each TC 

pathway along the reaction coordinates, from a partially reacted complex to the 

transition state structure. …………………………………………………………… 62 

Figure 30 Plots of the distortion, reaction, and interaction enthalpies for each TT 

pathway along the reaction coordinates, from a partially reacted complex to the 

transition state structure. …………………………………………………………… 62 

Figure 31 Representative basis set partitioning of the 1st and 2nd aggregation 

reactions. …………………………………………………………………………… 75 



xiv 
 

Figure 32 Two aggregation reaction pathways for 1PN. …………………………… 78 

Figure 33 Relative enthalpies for each compound along the 1-i and 1-ii pathways. .. 79 

Figure 34. Four aggregation reaction pathways for 2PN. …………………………... 80 

Figure 35. Relative enthalpies for each compound along the four 2-i - 2-iv pathways. 

……………………………………………………………………………………… 81 

Figure 36 Demonstration of the loss of aromatic resonance in the naphthyl moiety 

following cycloaddition at the C3 carbon. ………………………………………… 81 

Figure 37 Two aggregation reaction pathways for 2C. ……………………………. 83 

Figure 38 Relative enthalpies for each compound along the 2C-i and 2C-ii pathways. 

……………………………………………………………………………………… 83 

Figure 39 Two aggregation reaction pathways for 2D. …………………………….  84 

Figure 40 Relative enthalpies for each compound along the 2D-i and 2D-ii pathways. 

……………………………………………………………………………………… 85 

Figure 41 Aggregation reaction pathway for 2D1. …………………………………. 86 

Figure 42 Relative enthalpies for each compound along the 2D1-i pathway. ……... 87 

Figure 43 Ring closure reaction pathway for 2D1A. ……………………………… 88 

Figure 44 Relative enthalpies for each compound along the 2D1A-i pathway. ……. 88 

Figure 45 Ranges in activation energies for the three different reaction types with 

respect the growth of the aromatic char cluster. ……………………………………. 89 

Figure 46 Potential char clusters equivalent to 2D1A1 if the three oxygenated 

monomers were used as reactants. …………………………………………………. 90 

Figure 47 Van Krevelen diagram for growing char clusters formed of H-type (pink), 

G-type (red) and S-type (blue) monomers. Also included are temperature dependent 

O/C and O/H ratios from two literature sources. …………………………………… 91 

 

 



xv 
 

List of Tables 

Table 1 Calculated BDEs of each bond for the five DFT methods, their unsigned errors 

and their MUEs against the reference values. Energies are in kcal mol-1. ………… 12 

Table 2 Phenolic species selected for this study. …………………………………… 16 

Table 3 BDE ranges for the seven different bond types assessed within this study. .. 28 

Table 4 Activation enthalpy, error against the CBS value, and number of basis 

functions for all of the basis sets tested. ……………………………………………. 38 

Table 5 The calculated activation energies for the model 1st aggregation reaction and 

the associated errors using the three different basis set approaches. ………………. 76 

Table 6 The calculated activation energies for the model 2nd aggregation reaction and 

the associated errors using the two different basis set approaches. ………………… 77 

  



 
 

1 
 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 

 
1.1 Background 

The impacts of a rapidly altering global climate present a clear danger to all ecosystems 

on this planet, whilst the evidence for an anthropogenic origin of this change is now 

unequivocal [1]. The increasing energy demands of an ever expanding global 

population and the unabated consumption of fossil fuels are leading towards 

catastrophic climatic conditions as well as a worldwide energy shortage. The 2016 

global CO2 emissions from fuel combustion were in excess of 32,000 Mt [2], which 

is more than double the value around 40 years prior. In the same year, the world total 

primary energy supply was 13,761 million tonnes of oil equivalent (Mtoe), also more 

than double the 6,101 Mtoe value from 43 years earlier.  
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The production and utilisation of energy from renewable sources is vital in order to 

alleviate, not only the CO2 emissions, but the potential shortfall in energy availability. 

Renewable energies including wind, solar, geothermal, and tidal power have all seen 

widespread utilisation, as has the implementation of hydroelectric dams, however, the 

combined energy outputs of these still provide only a fraction of global power 

consumption. In 2016, all of the aforementioned forms of renewable energy only made 

up 4.2% of the world’s primary energy supply, with hydroelectric power providing 

2.5% alone [2]. In the same report, fossil fuels are estimated to provide over 80% of 

global energy demand. 

Biomass, including wood, grasses and agricultural waste products, represents a vast 

reservoir of both renewable energy and industrially important chemical precursors 

[3,4]. The uptake of atmospheric carbon in equal amounts to its combustion product 

that is necessary for biomass growth creates the potential for the formation of carbon 

neutral products. The incorporation of agricultural and forestry waste products as 

feedstock materials can act to alleviate challenges associated with waste management 

[5,6].  Furthermore, use of biomass derived compounds would ease concerns regarding 

feedstock shortages, owing to the enormous potential for sustainable biomass growth. 

For millennia, combustion has been the most common means for exploiting the energy 

potential of biomass; however, over the last century several non-combustion based 

routes have received serious attention as methods for the conversion biomass into 

useful chemical products [7–10].  

The first generation biofuels include bioethanol and biodiesel. The former is produced 

through the fermentation of sugar from agricultural crops including corn and sugar-

beet. Bioethanol has been employed in countries such as Brazil and the USA, where it 

is used as an add-in for traditional fossil fuels. According to figures from the 
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Renewable Fuels Association [11], the USA produced 15.80 billion gallons of 

bioethanol in 2019 whilst Brazil produced 8.62 billion gallons, which together totalled 

around 85% of the total global bioethanol production.  

Biodiesel is produced through the transesterification of vegetable oil derived fatty 

acids with short chain alcohols including methanol, ethanol or, less frequently, 

isopropyl alcohol or butanol. Each of these feedstock materials can be readily 

generated from renewable biomaterials. Biodiesel sees greater use in the European 

Union although current trends toward the obsolescence of diesel engines may well 

limit the use of biodiesel in the coming decades.  

Second generation biofuels are generally described as those formed from non-edible 

biomass feedstocks, with lignocellulosic materials being the most common. 

Thermochemical deconstruction of lignocellulosic biomass is a promising technique 

for the generation of renewable fuels [12–14]. Three related technologies that have 

received significant research interest for the conversion of biomass are torrefaction, 

pyrolysis and gasification. During torrefaction and pyrolysis, the feedstock material is 

thermally decomposed in an inert atmosphere, whilst in gasification a partial oxidative 

atmosphere is commonly used. In all three processes solid, liquid and gas products are 

all formed in varying amounts. The ratios of each fraction and their chemical makeup 

is closely tied to both the identity of the feedstock material and, more importantly, the 

processing parameters. Torrefaction, occurring at a relatively low temperature over a 

period of several hours, produces largely solid products alongside minor amounts of 

liquids and gases. Gasification is carried out at much higher temperatures and with 

shorter residence times and, as is alluded to in the name, produces mainly gases, with 

small amounts of liquids. Pyrolysis can be seen as an intermediate process, producing 

products from all three phases but primarily liquids. Within the liquid fraction of the 
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pyrolysis products, termed bio-oil or pyrolysis-oil, many fuel precursor compounds 

have been identified and bio-oil yields in excess of 50% are commonly reported in the 

literature [15–17]. This bio-oil is readily subjected to upgrading processes, including 

hydro-treating, catalytic cracking or several post-gasification treatments [18–22] to 

yield transportation fuel compounds comparable to those found in traditional fuels. 

Lignin, as one of the three main components of lignocellulosic biomass, is formed 

from the radical polymerisation of three monomer units, p-coumaryl alcohol, coniferyl 

alcohol and sinapyl alcohol. Hardwood lignins are mainly guaiacyl based whereas 

softwoods are formed more primarily of syringyl lignins[23]. These phenolic 

monomers are the source of large concentrations of phenols and other substituted 

aromatic products arising from the thermal degradation of lignin [24–29]. The 

common pyrolysis products, guaiacol (2-methoxy phenol) and syringol (2,6-

dimethoxy phenol), are derived from the presence of coniferyl alcohol and sinapyl 

alcohol, respectively. Loss of the methyl groups from these two compounds may give 

rise to catechol (1,2-dihydroxybenzene) or pyrogallol (1,2,3-trihydroxybenzene), from 

guaiacol and syringol, respectively. Phenol can be formed from p-coumaryl alcohol 

units and may also arise following the loss of functional groups from various other 

intermediate species. Furthermore, an array of trans-methylation reactions, 

dehydrations, dehydrogenations and other thermal rearrangements give rise to the 

numerous other species detected in lignin bio-oil including, alkylphenols, aromatic 

aldehydes, and compounds with various unsaturated side-chains. Phenolic oligomers 

have been observed in high concentrations [30–32], whilst small quantities of 

polycyclic aromatic hydrocarbons have also been detected [33–35]. 

Whilst bio-oil makes up a significant quantity of the products of lignin pyrolysis, a 

large proportion of the feedstock is alternatively converted to a solid component, 
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commonly termed ‘char’. The char that is formed during lignin thermal conversion 

takes on a range of chemical and physical structures that are largely temperature 

dependent [36,37]. The formation of char is commonplace, whether through slow-

heating thermogravimetric analysis regimes [38,39], flash pyrolysis of native lignin, 

or from the thermal treatment of lignin-model unimolecular compounds [40–42]. The 

formation mechanisms of char from each of these processes are likely to share a degree 

commonality that can be linked back to the chemical structure of the native lignin. By 

investigating the mechanisms by which small lignin-derived species may aggregate to 

yield aromatic char, clear insights can be gained into the reactions of macromolecular 

lignin structures during the char forming process. 

At present, there are no mechanisms reported in the literature to explain the formation 

of char arising from the thermochemical conversion of lignin. This lack of clear 

explanation and fundamental understanding on this process, represents a significant 

gap in the state of the art that must be filled to improve the viability of biomass 

thermochemical conversion technologies.   

1.2 Aim and Objectives 

The overall aim of this work is to derive a mechanistic understanding of how char may 

be formed from lignin derived monomers. Once the mechanisms of char formation are 

known, experimental procedures may be tailored to favourably control char formation 

and improve the economics and viability of lignin thermochemical conversion.  

This research aim can be achieved through the following objectives:  

1) Investigate the thermal stability of phenolic monomers produced from biomass: As 

monomers are created within the high temperature regime of pyrolysis, an 

understanding of their thermal stability is crucial for knowledge of how they may 
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participate in char formation reactions, as thermally unstable functionalities will be 

unable to participate on large scale char generation. 

2) Elucidate the mechanism for the initiation of lignin char formation: At present, the 

reactions that lead to the formation of lignin char from monomers are largely 

speculative and have not been investigated in detail. It is therefore necessary to derive 

feasible and experimentally verifiable reaction mechanisms that represent the genesis 

of the char formation process.   

3) Investigate the growth of lignin char through aggregation reactions: Once the 

reaction mechanism is known, a description of how multiple monomers, and the 

products thereof, may concatenate to give the experimental measured large aromatic 

char clusters is needed.  

1.3 Thesis Outline 

Chapter 1 contains the introduction to the thesis. Key background topics are discussed 

to provide insight into the topic of this body of work and to highlight the necessity for 

the research undertaken. The overall aim of this project is given alongside the key 

objectives for accomplishing that aim. 

Each of the three technical chapters of this thesis contains a review of the literature 

that is pertinent to the topic discussed within that chapter. As such, this thesis does not 

contain a traditional standalone literature review chapter. 

Chapter 2 comprises the study on the thermal stabilities of phenolic bio-oil 

compounds. This body of results contains a thorough assessment of several common 

density functionals for their accuracy in measuring bond dissociation energies. The 

results of this chapter were published in Paper 3 of the list of publications found on 

Page iii of the preceding Summary section. 
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Chapter 3 reports the proposed initiation mechanism for the formation of aromatic char 

clusters from lignin derived monomers through ring-forming and subsequent 

elimination reaction. This chapter also contains the preliminary investigation into the 

aggregation of the aromatic char cluster through further ring-forming and elimination 

sequences. 

Chapter 4 contains the investigation into the growth of the aromatic char clusters from 

three-ring systems to eleven-ring polycyclic aromatic species. The results for this 

chapter were largely obtained through the use of the Same-Level-Different-Basis 

approach. This is the first reported use of this approach to study any biomass thermal 

conversion reactions. 

Chapter 5 contains concluding remarks that draw upon the results reported in Chapters 

2-4. This chapter also proposes new avenues for the investigation of lignin char 

formation and the potential impact of the work contained herein to other closely related 

fields. 
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Chapter 2 

Thermal Stabilities of Phenolic 

Compounds Formed During 

Biomass Pyrolysis 

 
In this chapter, the thermal stabilities of a range of biomass derived phenolic 

compounds are assessed through the calculation of key bond dissociation enthalpies. 

For the elucidation of any char formation mechanisms, it is important to understand 

the fate of prevalent functional groups at different pyrolysis temperatures. If radical 

species are posited to play a role in char formation, it is crucial to understand the 

identities of the type of radical intermediates that can form at different temperatures. 
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Through calculation of the BDEs of critical pyrolysis products, the likelihood of 

radical formation can be readily understood. If non-radical routes are proposed, 

understanding which functionalities are thermally stable so as to engage in char 

forming reactions is also of critical importance and this too can be made clear through 

an assessment of key bond dissociation energies. 

2.1 Introduction 

No in-depth study on BDEs for a range of biomass derived phenolic products has been 

reported previously. However, although not concerned directly with compounds 

derived from biomass, several studies have calculated the BDEs of smaller sets of 

phenolic compounds using computational approaches. Phenolic compounds are 

defined as those containing at least one hydroxyl group bonded directly to an aromatic 

ring, with phenol being the simplest example. Brinck et al. [43] found a reasonable 

correlation between the O-H BDE of 10 substituted phenols calculated at the 

B3LYP/6-31G** level with values obtained through experimental measurements. 

Klein and Lukeš [44] also performed calculations using the B3LYP functional, 

reporting the O-H BDEs for 30 meta- and para- substituted phenols. The results 

showed that DFT is able to accurately represent the changes in O-H BDEs caused by 

substituent groups. Furthermore, they showed that the O-H dissociation enthalpy is 

correlated to the C-O bond length of the hydroxy group. Marteau et al. [45] derived 

the O-H BDEs of several newly synthesised o-propenyl substituted phenols, as well 

the common bio-oil compounds p-cresol, guaiacol and isoeugenol. Through the use of 

using both experimental and computational techniques they concluded that the o-

propenyl substituent group was the most effective at lowering the O-H BDE. 

A thorough study performed by Richard et al. [46], involving DFT, high-level post 

Hartree-Fock methods, and experimental calorimetry, showed that the O-H BDEs of 
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cresols are lower than that of unsubstituted phenol. In a study on catalytic 

hydrodeoxygenation, Roman-Leshkov et al. [47] calculated the C-O BDEs of phenol, 

anisole, guaiacol, m-cresol, and various monolignols. The Ph-OH bond was shown to 

be the strongest, with all values over 100 kcal mol-1. The Ph-OMe bonds were 

predicted to be around 90 kcal mol-1 and the PhO-Me bonds were around 50-60 kcal 

mol-1. The latter bond type also showed the greatest variation between the different 

compounds, showing that it is may be the most susceptible to alteration of the 

substituent groups.  

From these literature studies, and others on larger lignin model compounds [48–51], it 

is evident that DFT is a suitable approach for the calculation of BDEs for aromatic 

compounds. Nonetheless, there is still no in-depth work providing the BDEs for a 

range of biomass derived phenolic compounds. In this study we present BDEs for 

twenty-seven phenolic compounds, reporting the values for 140 bonds in total. Such 

values are necessary for developing a clear and quantifiable relationship between 

compound occurrence and pyrolysis conditions. 

2.2 Methodology 

2.2.1 Computational Details 

All calculations were carried out using the quantum chemistry program ORCA 

(Version 4.0.0.2) [52]. The hybrid density functionals M06-2X [53], B3LYP [54], 

PBE0 [55], PW6B95 [56] and B3PW91 [57,58] were compared for accuracy in 

predicting BDEs and all further calculations were performed using the PW6B95 

functional. All calculations used the def2-TZVP basis set [59] and the auxiliary def2/J 

basis [60] as provided in ORCA. Grimme’s atom-pairwise dispersion correction with 

Becke-Johnson damping was applied (D3BJ) [61,62] to all functionals, except M06-
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2X, where zero damping was applied instead. The Becke-Johnson damping scheme is 

incompatible with some Minnesota functionals due to short-range double-counting 

effects [63]. The RIJCOSX approximation [64] has been used to improve convergence 

rates and has been shown to have minimal effect upon the accuracy of results. 

Numerical frequencies were used for all calculations as analytical frequencies were 

unavailable for the meta-GGA functionals.  

BDEs were calculated using Equation 1 [65]: 

BDE = ΔfH298(A) + ΔfH298(B) - ΔfH298(AB)             (1) 

where A and B are the radicals resulting from the homolytic cleavage of the molecule 

AB. ΔfH298 is the enthalpy of formation of the species at standard conditions. All terms 

on the right hand side of Equation 1 are obtained from DFT calculations and from 

which the BDE is calculated. 

2.2.2 Method Selection 

Five regularly employed hybrid density functionals (M06-2X, B3LYP, PBE0, 

PW6B95 and B3PW91) were assessed for their accuracy in predicting BDEs. Each 

method was used for the calculation of seven bond types and the results were compared 

to literature values. All of the empirical values used in the comparison study were 

reported in the work of Yu-Ran Luo [66], in which BDEs were determined by collating 

and assessing a variety of laboratory measurement techniques. The bonds selected for 

the test set were the phenol Ph-OH and PhO-H bonds, anisole Ph-OCH3 and PhO-CH3 

bonds, toluene Ph-CH3 bond, styrene Ph-CHCH2 bond, and benzaldehyde Ph-CHO 

bond, all of which are representative of the bonds found in lignin derived bio-oil 

compounds. 
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These predicted values, their unsigned error and the mean unsigned errors (MUEs) of 

each functional are presented together in Table 1. The MUEs are calculated using 

Equation 2: 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝛴𝛴𝑖𝑖=1
𝑛𝑛  |𝑦𝑦𝑖𝑖−𝑥𝑥𝑖𝑖|

𝑛𝑛
                                 (2) 

where y and x are the reference BDE and calculated BDE, respectively, for any 

compound i, and where n is the total number of bonds calculated for each functional. 

Table 1 Calculated BDEs of each bond for the five DFT methods, their unsigned errors and their MUEs 

against the reference values. Energies are in kcal mol-1. 

Bond Type  Ref M06-2X B3LYP PBE0 PW6B95 B3PW91 

Ph-CH3 
BDE 102.0 102.6 98.8 101.6 102.2 100.7 
ΔE - 0.6 3.2 0.4 0.2 1.3 

        

Ph-OH 
BDE 111.3 112.5 107.9 110.7 111.1 109.9 
ΔE - 1.2 3.4 0.6 0.2 1.4 

        

PhO-H 
BDE 88.0 90.3 85.3 85.7 86.7 85.9 
ΔE - 2.3 2.7 2.3 1.3 2.1 

        

Ph-OCH3 
BDE 99.2 102.0 95.3 98.1 98.3 97.3 
ΔE - 2.8 3.9 1.1 0.9 1.9 

        

PhO-CH3 
BDE 64.2 68.9 59.9 63.7 64.7 62.3 
ΔE - 4.7 4.3 0.5 0.5 1.9 

        

Ph-CHCH2 
BDE 115.2 115.1 112.4 114.8 114.8 114.3 
ΔE - 0.1 2.8 0.4 0.4 0.9 

        

Ph-CHO 
BDE 97.6 99.1 95.7 98.7 97.7 97.8 
ΔE - 1.5 1.9 1.1 0.1 1.4 

        

MUE   1.9 3.2 0.9 0.5 1.4 
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From Table 1, it is evident that the highest accuracy for the seven bonds in the test set 

is achieved with the PW6B95 functional, followed closely by the PBE0 functional. 

Both methods have a MUE of 1.0 kcal mo-1 or less (commonly termed as sub-kcal) is 

considered to be within the limits of experimental accuracy for the measurement of 

many thermochemical properties and is therefore the target accuracy for predictions of 

those properties using computational approaches [67]. Both B3LYP and M06-2X, 

functionals that have been used frequently in the literature performed poorly in this 

comparative assessment.  

2.2.3 Method Validation 

Many of the species observed in lignin bio-oil are mono- di- and tri-substituted 

aromatic species. The position and identity of the different functional groups has a 

significant impact upon the BDEs of functional groups through the combination of 

inductive, mesomeric and radical stabilisation effects. To evaluate the potential of the 

PW6B95 functional for calculating the BDEs of substituted phenolic compounds, the 

O-H BDEs of eight meta- and eight para-substituted phenols were calculated and 

compared to empirical values. 

Often the change in a BDE that is caused by the addition of a substituent group to an 

aromatic system may be sufficiently small that it is less than the experimental error for 

a particular technique. This leads to considerable variation in the reported value of a 

particular BDE between two different studies. In an effort to overcome this, we have 

used the mean of all values given in reference [66] for correlation against. It is hoped 

that by using average values, the impact of spurious results will be counteracted, 

without the need for dismissing certain studies over others. Ortho-substituted phenols 
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were not used in this assessment as a large enough data set was not available for many 

BDEs so as to produce a reliable mean. 

Figure 1 shows the correlation between the mean reference values and those calculated 

at the PW6B95/def2-TZVP level. A strong correlation is observed between the 

calculated values and the reference data for the para-substituted phenols for which the 

R2 values is 0.97. The R2 value of the meta-substituted phenols shows a less clear 

correlation, although a strong trend is still observed.  

 

Figure 1 Plot of calculated BDEs against mean experimental values taken from [66] for the O-H bond 

in meta- and para- substituted phenols. 

This weaker correlation may find its routes in the smaller data set used, meaning that 

an erroneous value will have a larger impact upon the mean. Any deviations from the 
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trend line are around 1.0 kcal mol-1 or less and so any errors observed in the final BDEs 

should be low. Both the lower MUE in the method comparison and strong correlation 

with empirical values show that the PW6B95 functional is an appropriate choice for 

calculating the BDEs of bio-oil phenolic compounds. 

2.3 Results and Discussion 

In this study, we selected eight common bond types found in phenolic bio-oil species. 

These are the PhO-CH3, Ph-OCH3, PhO-H, Ph-OH, Ph-CH3, Ph-CHO, Ph-CHCHCH3 

and PhCHCH-CH3 bonds. In total, 140 BDEs were calculated from the 27 compounds 

shown in Table 2. These compounds were selected owing to their prevalence in 

literature studies on bio-oil [68,69]. 

2.3.1 Analysis on thermal stability of each bond type 

2.3.1.1 PhO-CH3 

Figure 2 shows the BDEs for all of the methoxy PhO-CH3 bonds. What is clear from 

these values is that intramolecular hydrogen bonding affects the PhO-CH3 bond 

enthalpies. In eleven of the first thirteen compounds, excluding 20 and 25, the 

rupturing methoxy group exhibits hydrogen bonding with the neighbouring hydroxy 

group. It is proposed that the oxyradical species formed following dissociation of the 

methyl group will be stabilised by this hydrogen bond. By comparing the two methoxy 

groups in 25, we can approximate the stabilising effect of this interaction to be around 

5 kcal mol-1. 
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Table 2 Phenolic species selected for this study. 

No Compound Name  Structure No Compound Name  Structure 

1 phenol  15 catechol  

2 2-methylphenol  16 guaiacol  

3 4-methylphenol 
 

17 isoeugenol 
 

4 2,4-dimethylphenol 
 

18 3-methyl-1,2-benzenediol  

5 2,6-dimethylphenol  19 5-hydroxyvanillin 
 

6 2-methoxy-4-methylphenol 
 

20 2,4-dimethoxyphenol 
 

7 2-methoxy-5-methylphenol  21 2,4,6-trimethylphenol  

8 
3-methoxy-2,5,6-

trimethylphenol 
 22 3,4,5-trihydroxytoluene  

9 3-methoxy-5-methylphenol 
 

23 pyrogallol  

10 3-methoxy-1,2-benzenediol 
 

24 syringaldehyde 
 

11 
2,6-dimethoxthy-4-(1-

propenyl)phenol 

 
25 syringol  

12 
2,6-dimethyl-4-(1-

propenyl)phenol 

 
26 

6-hydroxy-4-methoxy-2,3-

dimethyl-benzaldehyde 
 

13 
3,5-dimethyl-4-hydroxy-

benzaldehyde 
 27 3,4,5-trimethylphenol  

14 vanillin     



 

17 
 

 

 

Figure 2 BDEs for all methoxy PhO-CH3 bonds. The measured bond is represented by a dashed red 

line. 

There are three examples where the impact of the addition of a methoxy group on C6 

can be seen. By comparing 17 with 11, 16 with 25, and 14 with 24, it is clear that the 

addition methoxy group has very little impact upon the PhO-CH3 BDE, lowering it by 

less than 0.3 kcal mol-1 in all instances. Conversely, an additional methoxy at C4, the 

other position meta- to the group of interest, has a much larger effect. Comparing 16 

and 20, the additional methoxy group reduces the PhO-CH3 BDE by 4.16 kcal mol-1. 

Compound 19 is similar in structure to 14 but with the addition of a hydroxy group on 

C6. Again, the presence of an oxygen bearing group of C6 has little impact on the bond 

enthalpy, although in this case a slight increase in BDE is observed. This can also be 

seen for 16 and 10 where the increased BDE is more significant, albeit still rather 

minimal. The high BDE in 26 is ascribed to its position meta- to a hydroxy group. This 

idea is supported by 8 and 9 which both exhibit high BDEs and both have methoxy 

groups found meta- to a hydroxy group. 
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Non-oxygenated functional groups also lead to shifts in BDEs and, as with the 

oxygenated groups, the effect is quite variable. Compounds 6 and 7 are both methyl 

substituted guaiacols, with the methyl group found at C5 and C4, respectively. The 

change in BDE caused by the variation in methyl group position is rather minimal at 

0.24 kcal mol-1. Both compounds exhibit lower PhO-CH3 bond enthalpies than 

unsubstituted guaiacol (16), reducing by less than 1.5 kcal mol-1. 

The presence of multiple methyl groups lowers the bond enthalpy more considerably. 

Comparing 8 and 9 it can be seen that the two extra methyl groups, on C2 and C6, lead 

to a reduction in the BDE of 4.18 kcal mol-1. The propenyl chain on 11 and 17 lowers 

the PhO-CH3 BDE C2 by slightly over 1 kcal mol-1 in both instances. Conversely, the 

PhO-CH3 BDE of the methoxy group at C6 on 11 is increased partially by the presence 

of the propenyl chain. In all instances, the formyl group on carbon 4 increases the PhO-

CH3 bond enthalpy. For the methoxy group on carbon 2, this increase is over 4 kcal 

mol-1. Overall, whilst there is considerable variation amongst the PhO-CH3 BDEs in 

these compounds, it is difficult to ascertain the influence of any particular substituent 

group or its relative location on the bond enthalpy. The impact of hydrogen bonding 

in reducing PhO-CH3 BDEs is certainly clear. Furthermore, it appears that the 

placement of oxygen bearing functional groups meta- to the bond of interest most 

likely leads to elevated BDEs. 

2.3.1.2 Ph-OCH3 

The BDEs for all Ph-OCH3 bonds are shown in Figure 3. The most noticeable trend is 

that these values fall within a much smaller range than those for the PhO-CH3 bonds. 

The implication of this is that the nature and position of substituent group has much 

less influence on the stability of the carbon centred radical following the bond cleavage 
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than when an oxyradical species is formed following loss of a methyl group. As with 

the PhO-CH3 bonds, the role played by hydrogen bonding is clear. The weakest of the 

BDEs are those in which hydrogen bonding plays no role. Conversely, ten of the 

highest eleven BDEs are found on compounds where cleavage of that bond would 

disrupt a hydrogen bond. The Ph-OCH3 bond in 26 is the exception which likely has a 

high BDE due to the presence of the formyl group.  

 

Figure 3 BDEs for all methoxy Ph-OCH3 bonds. The measured bond is represented by a dashed red 

line. 

This is supported by the fact that the three highest BDEs all have a formyl group on 

the ring. The reason for the effect of the formyl group is unclear but may be due to the 

electron withdrawing effect of the formyl group which may, in turn, stabilise the 

radical species.  

The compound pairs 11 and 17, 16 and 25, and 14 and 11, show that the addition of a 

methoxy group on C6 still exhibits a sub-kcal influence on the BDE. Unlike the PhO-

CH3
 enthalpies, addition of a methoxy group on C4 has only a minor impact on the Ph-

OCH3 BDE. Addition of a single methyl group lowers the bond enthalpy when 
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compared to unsubstituted guaiacol (16), as seen in the methyl guaiacols 6 and 7. 

Addition of further methyl groups (8) lowers the BDE more notably. It is interesting 

to note that propenyl side chains have little impact on the BDE of the 2C methoxy 

group. The same is true when considering the 6C methoxy group of 11 and its 

comparison to the equivalent group of 25. 

We observe almost zero correlation between the Ph-OCH3 and PhO-CH3 bond 

enthalpies for each compound, further promoting the idea that the carbon based radical 

requires alternative stabilisation routes than the oxyradical. As observed for the PhO-

CH3 bonds, hydrogen bonding has a notable influence on the strength of Ph-OCH3 

bonds, however, the trend here is reversed, with hydrogen bonded compounds 

exhibiting higher BDEs. As compound 16 has one of the highest BDEs, this suggests 

a general trend that substitution of guaiacol leads to reductions in the Ph-OCH3 BDEs. 

2.3.1.3 Ph-CH3 

A total of 26 Ph-CH3 bonds were calculated which are shown in Figures 4 and 5. In 

general, the relationship between Ph-CH3 bond strengths and substituent groups is 

difficult to correlate. One particular trend is that the lower strength bonds, six of the 

lowest seven, are all found ortho- to another methyl group. Addition of further methyl 

groups leads to irregular changes and so the effect of methyl groups is difficult to 

quantify. If the methyl group of interest is ortho- or para- to a hydroxy group, the BDE 

tends to increase. Those found ortho- to a hydroxy group tend to exhibit lower bond 

enthalpies. The presence of a formyl group appears to not lead to any significant 

changes in bond strength which is in stark contrast to the methoxy group bonds. 
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Figure 4 BDEs for the lower 12 Ph-CH3 bonds. The measured bond is represented by a dashed red 

line. 

Compound 8 exhibits the highest Ph-CH3 BDE, which is most likely due to the methyl 

group being located adjacent to two strongly electron donating groups. It is observed 

that the highest BDEs are all found either ortho- or para- to strong electron donating 

groups. For the methyl phenols, 2-methyl phenol (2) has the highest BDE, and any 

further substitution with methyl groups only tends to lower the bond enthalpy.  

 

Figure 5 BDEs for the higher 12 Ph-CH3 bonds. The measured bond is represented by a dashed red 

line. 
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2.3.1.4 PhO-H 

The phenoxy O-H bonds are given in Figures 6 and 7 and exhibited the largest range 

of any bond type. Once more, hydrogen bonding plays a crucial role in controlling the 

BDEs. A trend amongst the lower BDEs is that the oxyradical generated during the 

bond cleavage is stabilised through a hydrogen bonding interaction with the 

neighbouring hydroxy group. Comparing compound 19 in Figure 6 with 14 in Figure 

7, the effect of the hydrogen bond in stabilising the radical becomes readily clear. The 

O-H BDE in 19 is almost 9 kcal mol-1 lower than 14 owing to the presence of the 

hydroxy group on C6. The highest energy O-H bond is found in compound 26, with a 

BDE of 99.93 kcal mol-1, almost 12 kcal mol-1 higher than the nearest value. The 

reasons for this are likely twofold. Firstly, the strong hydrogen bonding interaction 

between the hydrogen atom and adjacent formyl group may act to stabilise the 

compound and bind the hydrogen atom. Secondly, following the cleavage of the O-H 

bond, the newly formed species exhibits considerable repulsion between the radical 

oxygen atom and the oxygen of the formyl group. 

Exactly what effect the addition of methyl groups has upon the O-H BDEs is difficult 

to discern, however, when we compare the methylated phenols (2, 3, 4, 5 and 27) 

against unsubstituted phenol (1), we see that the presence of 1 or more methyl groups 

lowers the O-H BDE by at least 2.11 kcal. Only small differences are observed 

between the BDEs of 4 and 5, and 2 and 3 which suggest that substitution with 

additional methyl groups on either the ortho- (2 and 5) or para- (3 and 4) positions 

gives rise to minimal changes in O-H BDES. Propenyl substitution leads to lowered 

BDES whilst substitution with formyl groups seems to increase the bond enthalpies. 

The three highest BDE compounds all contain a formyl group.  
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Figure 6 BDEs for the lower 17 phenolic O-H bonds. The measured bond is represented by a dashed 

red line. 

The wide ranging values for O-H bond enthalpies is reminiscent of those presented 

earlier for the PhO-CH3 bonds. This provides further evidence that the stability of the 

oxyradical is highly dependent on the substitution pattern on the ring. Unsubstituted 

phenol (1) has a relatively high O-H bond enthalpy, indicating that, like was observed 

for the guaiacol (16) PhO-CH3 bond, additional substitution will, in general, lower the 

O-H BDE.  

 

Figure 7 BDEs for the higher 18 phenolic O-H bonds. The measured bond is represented by a dashed 

red line. 
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2.3.1.5 Ph-OH 

The phenolic Ph-OH BDEs are given in Figures 8 and 9. All the Ph-OH bonds are 

found within the range of 109.66 kcal mol-1 to 121.57 kcal mol-1. The highest Ph-OH 

BDE is found on 26, which also exhibited the greatest O-H value. Again, this high 

bond strength is attributed to the hydrogen bonding interaction with the neighbouring 

formyl group. Once more, it is clear that hydrogen bonding plains an important role in 

influencing the BDEs. All of the lowest BDEs are found on non-hydrogen bonded 

functional groups, which are adjacent to either methyl groups of hydrogen atoms. An 

exception to this pattern can be seen in the high bond strength in 13. The route of this 

113.29 kcal mol-1 bond enthalpy is likely due to the presence of the strongly electron 

donating formyl group found para- to the hydroxy group. The next highest BDEs are 

found on species in which only the oxygen atom of the hydroxy group is hydrogen 

bonded to a neighbouring group, as is the case with 22, 18, 15 and 23. 

The compounds in which only the hydrogen of the hydroxy group is engaged in 

hydrogen bonding are next in terms of their BDE. Hydroxy groups engaged in this 

form of interaction have BDEs that are approximately 1 kcal mol-1 stronger than the 

aforementioned ‘oxygen only’ type. Pyrogallol (23) shows the extent of the difference 

between these two styles of hydrogen bonding as the hydroxy groups on either side of 

the molecule have BDEs that differ by 1.75 kcal mol-1. 

The presence of a formyl group para- with respect to the OH group gives rise to 

deviations from this trend, with 24 and 14 exhibiting elevated BDEs. Many of the 

highest BDEs measured, excluding 26, 14 and 24, are found where the hydroxy group 

is hydrogen bonded both at the hydrogen atom and the oxygen atom. Cleavage of this 
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group disrupts both of the stabilising hydrogen bonds and leads to higher instability in 

the radical species.  

 

Figure 8 BDEs for the lower 17 phenolic Ph-OH bonds. The measured bond is represented by a dashed 

red line. 

All of the methyl phenols are found within a relatively small range around 

unsubstituted phenol (1) in Figure 8. The impact of methyl substitution on the Ph-OH 

BDE is somewhat unclear, however, addition of a methyl group ortho- to a hydroxy 

appears to increase the BDE. Meta- and para- substitution generally leads to a 

reduction in the Ph-OH bond strength. Despite this, the impact of methyl substitution 

at any point on the ring appears to be minimal. The addition of a propenyl group on 

C4 gives rise to a small increase in bond strength, as seen in 5 and 12, 25 and 11, and 

16 and 17, but the effect is less than 0.4 kcal mol-1.  Addition of a non-hydrogen 

bonding methoxy group shifts the Ph-OH BDE down by over 1 kcal mol-1, as noted 

for 16 and 25, and 17 and 11. 
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Figure 9 BDEs for the higher 18 phenolic Ph-OH bonds. The measured bond is represented by a dashed 

red line. 

The small range in the BDE between 8 and 12 in Figure 8 shows that the addition of 

multiple functional groups on the phenol ring has little impact upon the Ph-OH bond 

strength. Furthermore, as was observed earlier for the methoxy group bonds, there is 

almost zero correlation between the Ph-OH and corresponding PhO-H BDES. 

2.3.1.6 Ph-CHO 

There were only three formyl groups in the compounds in this study and their bonds 

enthalpies are provided, together with those for the propenyl groups, in Figure 10. 

These BDE for removal of a formyl group is similar to that of the methyl groups in 

Figures 4 and 5. The Ph-CHO BDE in 26 is much greater than the other two 

compounds and this is most likely due to the hydrogen bonding interaction of the 

formyl oxygen with the adjacent hydroxy group. Removal of this formyl group would 

disrupt the hydrogen bond and lead to a higher BDE. Comparing 24 and 14, it can be 

seen that addition of the methoxy group on C6 gives a reduction in Ph-CHO BDE of 

0.42 kcal mol-1, a similar change in bond strength as was observed for other bonds in 

this study. 
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2.3.1.7 PhCHCH-CH3 

The three BDEs for the removal of the methyl group from a propenyl chain are found 

within a very narrow range of just 0.06 kcal mol-1, as shown in Figure 10. We can infer 

from this that that the identity of the other substituent groups upon the ring have almost 

zero stabilising effect upon the post-cleavage radical species. 

 

Figure 10 BDEs for the 3 Ph-CHO bonds, 3 Ph-CHCHCH3 bonds and 3 PhCHCH-CH3 bonds. The 

measured bond is represented by a dashed red line. 

2.3.1.8 Ph-CHCHCH3 

The energy requirements for removal of the entire propenyl chain is much higher than 

the methyl cleavage and are shown in Figure 10. The three values are still found within 

a very small range from 116.17 kcal mol-1 to 116.32 kcal mol-1. These are the largest 

BDEs reported in this study and the cause of these elevated bond enthalpies is 

purported to be due to disruption of the conjugation between the propenyl chain and 

the benzene ring upon dissociation. 
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2.3.2 Comparison to experimental observations  

Table 3 shows the BDE range for each bond type reported in this study, highlighting 

the large variation in bond strengths between the different functional groups. The 

results showed that the PhO-CH3 bond in the methoxy groups are much weaker relative 

to the other functional groups. This is in agreement with the observations of 

experimental studies. This helps explain the significant reduction in methoxy 

compounds observed following higher temperature pyrolysis. Jiang et al. [69] reported 

that the total yield and relative concentrations of methoxy phenols was reduced at the 

higher reaction temperature of 800 OC.  Similar trends in the loss of methoxy groups 

were also found by Shafaghat et al. [26] and by Shao et al. [28]. As the methoxy PhO-

CH3 bond is considerably weaker than the Ph-OCH3 bond, cleavage of the former will 

be occur at a far higher rate than the latter, meaning that the strength of the Ph-OCH3 

bond will have little impact upon the thermal stability of a methoxy group containing 

compound. 

Table 3 BDE ranges for the seven different bond types assessed within this study. 
         

Bond Type PhO-CH3 Ph-OCH3 Ph-CH3 PhO-H Ph-OH Ph-CHO PhCHCH-CH3 Ph-CHCHCH3 

BDE Range 

(kcal mol-1) 
51.1-66.9 96.9-100.9 99.1-106.8 76.4-99.3 109.7-121.6 101.0-106.3 102.2-102.3 116.2-116.3 

The O-H bonds of the hydroxy groups are also relatively weak in comparison to the 

other bonds types in this study. It could be assumed that this would lead to lower 

concentrations of phenolic compounds at higher pyrolysis temperatures, however, it is 

likely that recombination of the oxyradical species with hydrogen radicals would be 

frequent and this would lead to reformation of hydroxy groups. Based on this, thermal 

degradation on O-H bonds is unlikely to alter the identity of a detected species.  
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Conversely, if a Ph-OH bond were to be cleaved, this would alter the identity of a 

product compound. Phenolic species are found in high concentrations following higher 

temperature pyrolysis, as shown in the works of Jiang et al. [69] and Shafaghat et al. 

[26], suggesting that the range of bond enthalpies for Ph-OH bonds presented here are 

sufficiently large enough as to be thermally stable at elevated temperatures. The Ph-

CH3, Ph-CHO and PhCHCH-CH3 bond types all have similar values for their BDEs 

and all generally exhibit stable concentrations at high pyrolysis temperatures. 

2.4 Conclusions 

The aim of this study was to present and evaluate the BDEs for a collection of 

commonly encountered phenolic bio-oil compounds. Our method validation study 

showed that the PW6B95 functional can produce accurate BDEs for the seven bond 

types commonly found in bio-oil species. Further validation of this functional showed 

its capabilities in capturing the effect of various aromatic substituent groups upon O-

H bond enthalpies. 

The weakest bond type was the methoxy PhO-CH3, found within the range of 51.13 

kcal mol-1 to 66.94 kcal mol-1. Next weakest was the hydroxy PhO-H bonds, which 

ranged from 76.35 kcal mol-1 to 99.33 kcal mol-1. The methoxy Ph-OCH3 bonds were 

only observed within a small distribution, from 96.94 kcal mol-1 to 100.93 kcal mol-1 

and their relative weakness may help to explain the low thermal stability of methoxy 

phenol compounds such as guaiacol and syringol. The Ph-CH3, Ph-CHO and 

PhCHCH-CH3 all had similar bond strengths values over 100 kcal mol-1 and all are 

prevalent following high temperature pyrolysis experiments. The Ph-OH and Ph-

CHCHCH3 bonds all had large BDEs, which agrees with higher concentrations of 

phenol and styrene from high temperature experiments. Furthermore, because of the 

wide ranging BDEs for the PhO-H and PhO-CH3 BDEs, we conclude that the stability 
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of aromatic oxyradicals is strongly dependent upon the identity of substituent groups 

on the benzene ring. 
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Chapter 3 

Mechanistic Insights into Char 

Formation from Lignin Derived 

Monomers 

 
In this chapter, the formation of aromatic char clusters from lignin derived monomer 

units is investigated. Background literature on the formation of char during lignin 

pyrolysis is discussed in detail and an underlying mechanism of aromatic cluster 

formation is proposed. This is followed by a thorough assessment of the applicability 

of the DFT methodology for modelling cycloaddition reactions. Sixteen related 
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initiation pathways are reported as well as a mechanism for the further aggregation of 

these aromatic clusters. 

3.1 Introduction 

Amongst the plethora of pyrolysis products, char is produced in large quantities, often 

accounting for 30-40% of the product mass [70–72]. The term ‘char’ is sometimes 

used ambiguously to describe any solid matter observed during pyrolysis, such that 

some works have reported char yields of over 90% at low temperatures [71,72]. This 

inclusion of unreacted feedstock material is misleading when attempting to elucidate 

how char is formed. It is well known that the chemical structure of the solid residues 

from biomass pyrolysis are highly temperature dependent [72]. Furthermore, this 

lumped representation of solid residue gives the impression that char is formed from 

biomass solely by solid-phase reactions, which the experimental literature does not 

support.  

To understand the mechanisms by which char forms, it is important to clarify the 

structure of pyrolysis-derived chars. Sharma et al. [72] characterised chars formed 

from the pyrolysis of lignin in the temperature range of 150 to 750 oC. The reported 

yield of char (defined as solid residue remaining after pyrolysis) decreased rapidly 

from an initial 100% to 62% at 400 oC. Further mass loss was more gradual, with 40% 

solids remaining at 750 oC. A multi-technique analysis revealed that an increase in 

pyrolysis temperatures leads to significant reductions in hydroxy, methoxy and 

aliphatic functional groups in chars. 13C nuclear magnetic resonance (NMR) reveals 

increases in aromatic signals and aromatic CH infrared stretches with increasing 

temperature, indicating the development of a highly aromatic structure. Brewer et al. 

[70] presented an in-depth comparison of chars obtained from slow pyrolysis, fast 

pyrolysis and gasification of switch-grass and corn stover. Quantitative 13C NMR 
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analysis elucidated typical cluster sizes of chars arising from these distinct thermal 

treatments, where cluster size is defined as the number of fused aromatic rings. As 

evident in Figure 11, the chars have condensed aromatic structure whilst maintaining 

some oxygen-bearing functional groups. The similarity in aromatic cluster size for 

chars obtained from slow and fast pyrolysis contrasts with the much larger aromatic 

cluster size for char obtained from gasification. These findings suggest that reaction 

time is not a primary factor in controlling char morphology and that the higher 

temperatures and oxic conditions of gasification may play a more critical role. Slow 

pyrolysis chars showed a greater percentage of aromatic C-H signals than fast 

pyrolysis chars, suggesting that increased residence times may facilitate functional 

group removal [70]. 
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Figure 11 Proposed char structures from slow pyrolysis (l), fast pyrolysis (c) and gasification (r). 

Adapted from Brewer et al. [70] 

Whilst the structures of biomass chars have been thoroughly studied, the mechanisms 

of formation remain unknown. The widely accepted hydrogen abstraction acetylene 

addition (HACA) mechanism describes the formation of polycyclic aromatic 

hydrocarbon (PAH) [73]; however, this cannot be directly used to explain the 

evolution of char during biomass pyrolysis because the evolution of products from 

HACA is such that the distribution is heavily favoured towards two and three ring 

PAHs, with only small quantities of larger products formed. [35,74] This is at odds 

with general experimental observations of biomass pyrolysis, wherein both mono-
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aromatic compounds [75–77] and chars composed of large condensed structures 

[72,78,79] are found in significant quantities whilst polyaromatic compounds of only 

two or three rings are relatively scarce [33,80].  

Whilst char can be formed during the pyrolysis of cellulose and hemicellulose, the 

greatest quantities are formed from thermal conversion of lignin [81]. Notably, 

Demirbas [82] reported that at temperatures from approximately 650 oC upwards, the 

yield of char was directly proportion to the lignin content of the biomass feedstock. 

This is supported by pyrolysis studies on individual biomass components where 

greater char content was obtained from lignin over polysaccharides [83,84]. This 

suggests that an inherent property of lignin makes it more susceptible to char formation 

than for cellulose and hemicellulose. The primary linkage found in lignin are β-O-4 

ether bonds, which account for up to 50% of linkages [85]. As such, most model 

compounds used in lignin studies contain this bond with phenethyl phenyl ether (PPE) 

and its derivatives being prominent examples [86,87]. 

Parthasarathi et al. [51] undertook a thorough computational study of the strength of 

lignin linkages through assessment of bond dissociation energies (BDEs). They 

calculated C-C and C-O BDEs for the β-O-4 linkage in twenty-one substituted PPE 

compounds. The C-O bond was invariably weaker than the C-C bond, the former being 

53.94-69.35 kcal mol-1 and the latter being between 72.05 kcal mol-1 and 79.75 kcal 

mol-1. Several studies have proposed mechanisms for the decomposition of β-O-4 

linkages through homolytic cleavage reactions, including experimental works by Britt 

et al. [88] and theoretical studies of Huang et al. [89] and Huang et al. [90]. Works 

from Klein and Virk [91], Jarvis et al. [86] and Huang et al. [89] suggest that a more 

low-temperature accessible route for cleavage of the β-O-4 linkage of lignin is through 

one of two concerted mechanisms: a 6-centred retro-ene fragmentation or a 4-centred 



3. Mechanistic Insights into Char Formation from Lignin Monomers 

35 
 

Maccoll elimination. Following rearrangement in the former, both reactions yield 

phenol and styrene from PPE. In further works, substitution on the α and β carbons, 

and the inclusion of aromatic methoxy groups yielded more complex propenyl benzene 

derivatives [40,87,92,93]. Regardless of the cleavage mechanism of the β-O-4 linkage, 

it has been shown that a propenyl benzene type species and a phenolic species are the 

most likely products. The cis/trans isomers of a possible propyl benzene product are 

shown in Figure 12. 

  

Figure 12. Decomposition products of a β-O-4 linkage containing compound.  

Whilst these concerted mechanisms provide more energetically favourable routes, the 

reported yields of vinyl and propenyl-benzene type compounds from empirical 

pyrolysis studies are much lower than might be expected [69], particularly given the 

regular recurrence of the β-O-4 linkage within the lignin structure. This raises the 

possibility that such unsaturated species are readily converted at pyrolysis 

temperatures. Hosoya et al. [94] pyrolysed several lignin-derived compounds in glass 

ampoules, reporting significantly larger char yields from guaiacols featuring propenyl 

side chains. Their assessment was that methoxy groups were the primary factor in 

promoting char formation; however, little attention was paid to the role of the 

unsaturated chain. Furthermore, they proposed that the distribution of char throughout 

the ampoule indicated that formation took place in the vapour phase. Pyrolysis of 
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lignin derived compounds was carried out in an earlier work by the same group [41]. 

Here it was seen that the concentration of compounds with unsaturated side chains 

decreased to almost zero when the residence time was increased from 40 to 120 

seconds, although char yields were not reported. 

Significant insight into the origin of lignin chars can be found in the work of Drage et 

al. [95], wherein slow pyrolysis of model compounds containing two β-O-4 bonds was 

carried out in a closed system at 300 oC. The products were all phenolic in nature, 

suggesting a rupturing of the ether linkage C-O bond; however, only products from 

the ring bearing the ether oxygen were observed. The aliphatic-bearing ring was absent 

from the products and was proposed to be consumed during the formation of char, of 

which ample yields were obtained. Char was collected after one hour of slow pyrolysis 

and subjected to flash pyrolysis. Analysis of the pyrolysate revealed a range of 

compounds clearly derivable from the propyl benzene component, indicating that it 

was consumed during the char formation process. 

A better understanding of the mechanism of char formation will allow for greater 

control over the functionality, morphology and yields of carbonaceous materials 

derived from lignin. In the present study we propose char forms in two steps, consisting 

of an initiation step that combines two mono-aromatic compounds released from 

depolymerizing lignin to form a small aromatic cluster followed by cluster aggregation 

to form char. We perform density functional theory calculations to assess sixteen 

routes for the initiation step and the cluster aggregation mechanism. The proposed 

mechanism from this work is versatile and can be used for elucidation of char 

formation from biomass other organic materials.  
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3.2 Methodology 

Computation was based on the meta-hybrid level M05-2X [96] functional method, 

which belongs to the Minnesota family that have been used extensively to investigate 

thermal conversion of biomass [50,53,97,98]. In a recent study assessing a wide array 

of density functional methods by Goerigk, Grimme and co-workers [63], M05-2X was 

found to perform second best amongst the hybrid methods, with only ωB97X-V [99] 

producing a lower weighted mean deviation. Karton and Goerigk [100] have calculated 

highly accurate barrier heights for a range of pericyclic reactions including ten Diels-

Alder cycloadditions, which is one of the core reactions involved in this work. Their 

calculation results showed that M05-2X performed well with a root mean squared 

deviation (RMSD) of 1.7 kcal mol-1 across the set of pericyclic reactions. The general 

accuracy of M05-2X makes it a more appropriate choice, considering that the current 

work contains an array of reaction types [56,101]. Dispersion is included in the form 

of Grimme’s D3 correction with zero damping [61–63]. 

To confirm the appropriateness of the chosen functional, the energy barrier for the 

intermolecular Diels-Alder cycloaddition of styrene has been calculated using the 

accurate G3B3 [102] composite method as a benchmark value. Karton and Goerigk 

[100] reported that the G3B3 values had a RMSD of 1.1 kcal mol-1 against Wn-F12 

[103] values for pericyclic reaction barrier heights and was selected for the current 

work owing to higher methods being prohibitively expensive for benchmarking. The 

energy barrier for the Diels-Alder cycloaddition of styrene was found to be 28.2 kcal 

mol-1 at the G3B3 level. The same energy barrier at the M05-2X-D3/def2-TZVP [59] 

level was calculated at 27.9 kcal mol-1, a minor difference of 0.3 kcal mol-1. 
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To determine whether closer agreement between the M05-2X and G3B3 energy 

barriers could be reached, several basis sets were tested for comparison with def2-

TZVP. Where not predefined within Gaussian 16 [104], all basis sets in the following 

work were taken from the EMSL basis set exchange [105,106]. def2-QZVP, the larger 

set from the same family, was included as well as the smaller def2-SVP as high 

accuracy in the latter would provide a significant saving on computational cost [59]. 

The diffuse augmented def2-TZVPD [107] was included to assess the impact of the 

addition of diffuse functions on modelling the transition state as well as the smaller 

def2-SVPD [107] set. The PC-2 [108] basis set of Jensen was included to allow 

comparison to a different basis sets family. Furthermore, it has been shown that the 

PC-n type basis sets converge rapidly to the complete basis set (CBS) limit [108,109] 

and so the PC-2 energy barrier should be closer to the M05-2X/CBS value. Table 4 

shows the energy barriers calculated with each basis set, the respective errors against 

the G3B3 value and the number of basis functions required for the transition state 

system. 

Table 4 Activation enthalpy, error against the CBS value, and number of basis functions for all of the 

basis sets tested.  

Basis Set ΔH (kcal mol-1) Error (kcal mol-1) Basis Functions 

G3B3/CBS 28.2 - - 

def2-TZVP 27.9 0.3 592 

def2-SVP 26.3 1.9 304 

def2-QZVP 27.9 0.3 1392 

def2-SVPD 22.9 5.3 448 

def2-TZVPD 27.8 0.4 736 

PC-2 27.9 0.3 704 
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The selection of the smaller def2-SVP basis set leads to a greater deviation from the 

G3B3 energy barrier, shifting by 1.6 kcal mol-1 and precluding its selection. Use of the 

def2-TZVPD set reduces the barrier height by 0.1 kcal mol-1 which appears to be an 

artefact of the diffuse functions. This is supported by the significantly lower barrier 

height obtained with the def2-SVPD set compared to the non-augmented equivalent. 

The def2-QZVP barrier height is practically unchanged compared to the triple zeta set 

and is significantly more expensive as is true with the PC-2 set. As no improvements 

in barrier heights are found from applying larger basis sets, nor the use of additional 

diffuse functions, def2-TZVP, with its comparatively minimal number of basis 

functions, is a suitable choice for the relatively large systems in this study. 

To aid in understanding the variable cycloaddition reaction barrier heights, the energy 

of the system along each reaction coordinate up to the first transition state is partitioned 

into its distortion and interaction components. For this distortion/interaction analysis, 

M05-2X/def2-SVP transition state structures were taken as inputs for a thirty point 

IRC calculation at the same level of theory. The geometry at every fifth point was then 

used in an M05-2X/def2-TZVP frequency calculation.  

Employing the notation of Bickelhaupt and Houk [110], the distortion/interaction 

model can be described by Equation 3: 

ΔE(ζ) = ΔEdist(ζ) + ΔEint(ζ)    (3) 

wherein the energy of the system at any point along a reaction coordinate, ΔE(ζ), is 

decomposed into the distortion energy of the reactants, ΔEdist(ζ), and the energy of the 

interaction between those reactants in their distorted conformations, ΔEint(ζ). The 

distortion term is obtained through calculation of the energy of each separate reactant, 
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frozen at a particular point along the reaction coordinate, and compared to its initial 

unreacted state. The sum of these distortions is then subtracted from the energy of the 

whole system to yield the interaction energy at that point along the coordinate. The 

procedure for obtaining the distortion and interaction energies is outlined in greater 

detail in the review of Bickelhaupt and Houk [110] and its application towards Diels-

Alder reactions can be found in the following citations [111,112]. 

All calculations were carried out using Gaussian 16 Rev. A. [104] All ground state and 

transition state geometries were first obtained where visual inspection of the negative 

frequency mode and the use of intrinsic reaction coordinates (IRC) calculations, 

confirmed that the correct transition state structure had been arrived at. Further 

optimisation and frequency analyses were carried to obtain the final energies of the 

stationary point compounds presented herein. All frequency calculations assume 

standard temperature and pressure (298.15 K and 1 atm). 

3.3 Proposed Char Formation Mechanism 

The proposal of this study is that char compounds, of the type shown in Figure 2, can 

be formed through a two-stage mechanisms, with an initiation step in which two mono-

aromatic compounds are combined yield a small polycyclic aromatic species and a 

subsequent cluster aggregation step that gives rise to larger char cluster through the 

addition of further mono-aromatic species. An overview of this reaction is provided in 

Figure 13. 

The oxygenated propenyl benzene derivative formed from the reactions shown in 

Figure 2 is selected as the model compound for this work. The ratios of erythro- and 

threo- forms of the β-O-4 linkage have been obtained for a range of lignins [113,114]. 

For softwoods, this ratio is very close to 1:1, whereas in hard-woods the erythro- form 
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is more common. Owing to the presence of both these configurations in the native 

lignin, both the cis and trans isomers of this compound will be formed from cleavage 

of the β-O-4 linkage and so both isomers are considered in this study.  

 

Figure 13. General scheme for the two-step char formation mechanism. Following the cycloaddition 

reactions, two elimination reactions occur to yield a polycyclic aromatic complex. 

3.1 Initiation step 

The first elementary reaction of the initiation step is a Diels-Alder cycloaddition of 

two molecules of the model compound. The styrene core of the reactant species, which 

is emphasised for clarity in Figure 13, allows it to act as either a diene or a dienophile. 

The formation of this new ring is followed by two intramolecular-elimination reactions 

to yield a substituted derivative of phenyl-naphthalene. 

Due to the cis/trans isomerism of the reacting species there are four possible 

combinations of diene and dienophile pairing, outlined in Figure 14 and denoted as 

cis-cis (CC), cis-trans (CT), trans-cis (TC), and trans-trans (TT), indicating the 

isomerism of the diene first and the dienophile second. The isomerism of each reactant 

also controls the nature of the two elimination reactions owing to the variable 

orientations of the leaving groups and means that each pairing follows a separate 

overall pathway consisting of three elementary reactions.  
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Figure 14. Four possible pairings of reactants based on their cis/trans isomerism. 

An overall reaction scheme for the CC pairing is given in Figure 15. Following the 

cycloaddition, the first elimination reaction is a cross-ring dehydrogenation via a 6-

membered pericyclic transition state. Following this, aromaticity is arrived at through 

a variation upon a Grob fragmentation, forgoing the typical ionic products and yielding 

water and formaldehyde instead. Each of these two reactions is predicated by the 

isomerism of the reactants, where the dehydrogenation arises from the diene cis 

orientation and the cis dienophile enables the Grob fragmentation. 

 
Figure 15. Generalised reaction scheme for the initiation step when the reactants are both cis isomers.  
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For the CT pairing, as given in Figure 16, the cis orientation of the diene once again 

allows for dehydrogenation across the newly formed ring. The Grob fragmentation is 

precluded by the trans dienophile and aromaticity is achieved alternatively via a 

dehydration. The evolution of water involves the same hydroxyl group as the Grob 

fragmentation as well as the hydrogen found germinal to the hydroxymethyl chain. 

When the diene is in the trans configuration, as in the TC and TT pairings shown in 

Figures 17 and 18, respectively, a cross-ring dehydroxymethylation is the first of the 

two eliminations, owing to the opposite orientations of the two previously reacting 

hydrogens. For the TC route, the reaction proceeds through the expected Grob 

fragmentation, whilst the TT route undergoes dehydration.  

 
Figure 16. Generalised reaction scheme for the initiation step when the diene is the cis isomer and the 

dienophile is the trans isomer. 
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Figure 17. Generalised reaction scheme for the initiation step when the diene is the trans isomers and 

the dienophile is the cis isomer. 

 

Figure 18. Generalised reaction scheme for the initiation step when both reactants are the trans isomer. 

Further complexity arises owing to the asymmetry of the interacting components.  

Taking the position of the diene to be fixed in space, there are four possible directions 

of approach of the dienophile as given in Figure 19. Molecular orbital (MO) diagrams 

of the reacting species also given in Figure 19. For each orientation the Highest-

Occupied-Molecular orbital (HOMO) of the diene is shown alongside the Lowest-

Unoccupied-Molecular-Orbital (LUMO) of the dienophile.  
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Figure 19. Four orientations for diene-dienophile approach for initiation of Diels-Alder cycloaddition 

reaction. Functional groups have been removed from the skeletal structural formulae for clarity. MO 

diagrams show the HOMO of the diene and the LUMO of the dienophile. Arrows are included to show 

the in-phase orbital overlap occurring during Diels-Alder cycloaddition. 

The transition states and intermediates formed from the cycloaddition reaction contain 

four chiral centres, giving rise to a potential sixteen stereoisomers. The number of 

stereoisomers reduces to eight when enantiomeric forms are excluded. The 

intermediate formed from diene-dienophile approach A, in Figure 19, is a stereoisomer 

of approach C. Pathways CC-A, CT-A, TC-A and TT-A produce the first four 

stereoisomers and pathways CC-C, CT-C, TC-C and TT-C give rise to the remaining 

four. As approach B and D are stereoisomers, they will also each give rise to four 

intermediate stereoisomers. In order to assess the complex chirality, the parent 

mechanisms for each pairing are subdivided into a further four pathways, denoted with 

the letters A-D, giving rise to 16 pathways in total. As shall be apparent throughout 

this work, the chirality of the intermediate complexes can lead to significant variations 

in both reaction energy barriers and stabilities of intermediate complexes, however, 

the orientations do not affect the type of elimination reactions that occur. 
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5.3.2 Aromatic cluster aggregation 

Clearly, the phenyl-naphthalene derivative compounds formed from these sixteen 

pathways are not structurally analogous to the lignin-derived chars given in Figure 10. 

The formation of larger polycyclic aromatic structures requires further Diels-Alder 

cycloadditions, which are made possible by the intermediate chars to act again as a 

diene. Intramolecular eliminations of the sort already described then occur to yield a 

larger polycyclic complex. This new product may continue to engage in this pattern of 

ring-formation/elimination reactions in such a manner as to continually grow the 

aromatic structure. A generalised scheme for the first char aggregation steps is shown 

in Figure 20. As may be expected, the shape of the aromatic cluster depends upon the 

orientation of the dienophile as this will control the orientation of the diene region on 

the newly formed char. Furthermore, the isomerism of the dienophile will once more 

affect the nature of the elimination reaction as well as the oxygen functionality present 

upon the char.  

 

Figure 20. Example reaction scheme for aromatic cluster aggregation. 
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3.4 Results 

4.1 Cis-cis pathways 

Figure 21 shows the enthalpies and free energies for the four cis-cis pathways. The 

enthalpy barriers for this step vary significantly from 23.8 kcal mol-1 for CC-B-TS1 to 

32.9 kcal mol-1 for CC-D-TS1. The intermediates formed from the Diels-Alder 

cycloadditions are mildly exothermic for the first three pathways, whilst CC-D-Int1 

exhibits a near zero change in enthalpy. The free energy barriers of the transition states 

are all around 17 kcal mol-1 higher than the respective enthalpies, which is to be 

expected for the concatenation of two compounds. This increase in free energy, and 

the mild exothermicity, renders all intermediate compounds endergonic in relation to 

the reactants. 

  

Figure 21. Relative enthalpies for each compound along the four CC pathways. Gibbs free energy 

values are given in parentheses. The labels for each point along the reaction profile correlate to the 

example intermediates shown in Figure 15. 
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The second reaction in all four pathways is the 6-membered pericyclic 

dehydrogenation across the newly formed ring. The activation barriers for this process 

a much less variable, ranging from 38.5 kcal mol-1 to 41.4 kcal mol-1. The first three 

pathways exhibit a mild exothermicity for this step, with an enthalpy release of under 

3 kcal mol-1. CC-D is more notably exothermic, releasing 11.5 kcal mol-1 with the 

evolution of the hydrogen, which brings its overall enthalpy change in line with the 

other three pathways. As may be expected, the release of the hydrogen is exergonic 

and to a sufficient degree as to render all pathways favourable, with respect to their 

free energy change.  

The final step of each pathway proceeds through another six-membered pericyclic 

transition state, a variation upon a Grob fragmentation, which results in the release of 

water and formaldehyde and the formation of a conjugated aromatic system. The 

barrier heights range from 37.0 kcal mol-1 to 47.6 kcal mol-1, and in all pathways this 

final step is sufficiently endothermic so that the overall enthalpy change for the three 

step process is around 1 kcal mol-1 enthalpy releasing. The favourable entropic 

contributions from the formation of three separate compounds in the final reaction 

means that the overall pathway is around 18.5 kcal mol-1 exergonic in all pathways. 

4.2 Cis-trans pathways 

The energies of the CT pathways are shown in Figure 22. The approach between diene 

and dienophile in each of the CT pathways is the same as for the CC pairings. The 

barrier heights for the Diels-Alder reaction are comparable to those of the previous 

pairings, however, where pathway B was the lowest for the cis-cis pair and pathway 

D was the highest, the reverse is true for the cis-trans system. The barrier height for 

CT-D-TS1 is the lowest at 26.0 kcal mol-1 and CT-B-TS1 is the highest at 30.6 kcal 
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mol-1. Unsurprisingly, the entropic contribution to the free energy for the CT Diels-

Alder reaction is analogous to the CC pairings and as a result, exhibits similar free 

energy barriers. The enthalpy changes for the first step of the four pathways range from 

-2.6 kcal mol-1 to -9.3 kcal mol-1 for CT-B and CT-A respectively.  

 

Figure 22 Relative enthalpies for each compound along the four CT pathways. Gibbs free energy values 

are given in parentheses. The labels for each point along the reaction profile correlate to the example 

intermediates shown in Figure 16. 

The barrier heights for the dehydrogenation are considerably lower than the CC 

pathways, particularly through CT-C-TS2 and CT-D-TS2 where the activation energy 

is just 33.6 kcal mol-1. The barriers to reach CT-A-TS2 and CT-B-TS2 are 42.7 kcal 

mol-1 and 38.0 kcal mol-1 respectively. The favourable entropy change means all four 

pathways are between 3.9 kcal mol-1 and 8.2 kcal mol-1 exergonic for the whole 

reaction up to the Int2.  

The enthalpy requirement for the dehydration ranges from 49.6 kcal mol-1 to 57.2 kcal 

mol-1 which is higher than the Grob fragmentation barrier of the CC pathways. 

However, unlike the Grob fragmentation, the dehydration reaction is exothermic, 

meaning that all of the CT routes are exothermic in the range of 23.8 kcal mol-1 to 24.4 



3. Mechanistic Insights into Char Formation from Lignin Monomers 

50 
 

kcal mol-1. This fact, coupled with the entropic favourability of the water release leads 

to the large decrease in free energy in this final step and overall reaction pathways that 

are exergonic by between 28.6 kcal mol-1 and 29.6 kcal mol-1. 

4.3 Trans-cis pathways 

The enthalpies and free energies of the TC pathways are given in Figure 23. The energy 

barriers for the Diels-Alder reaction are much higher when the diene is in the trans 

configuration, ranging from 35.6 kcal mol-1 to 39.1 kcal mol-1. For TC-B and TC-D 

the overall enthalpies of reaction are within 1 kcal mol-1 of zero and TC-A is 3.8 kcal 

mol-1 exothermic. TC-C represents somewhat of an outlier, giving rise to a much more 

stable intermediate, TC-C-Int1, with a relative enthalpy of -10.9 kcal mol-1. The free 

energies of all the first intermediates are all around 16 kcal mol-1 higher than the 

corresponding enthalpies, which is in line with the observations for the earlier 

pathways.  

  

Figure 23 Relative enthalpies for each compound along the four TC pathways. Gibbs free energy values 

are given in parentheses. The labels for each point along the reaction profile correlate to the example 

intermediates shown in Figure 17. 
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The barrier heights for the dehydroxymethylation are much higher than the 

aforementioned dehydrogenation reactions, ranging from 52.9 kcal mol-1 to 62.3 kcal 

mol-1. The methanol evolution is the more exothermic process, although the enthalpy 

change takes on a more sporadic range from 5.6 kcal mol-1 for TC-C to 18.0 kcal mol-

1 for TC-B. 

The final step of the TC pathways is the simultaneous water and formaldehyde forming 

Grob fragmentation as seen in the CC pathways. The barrier heights fall within the 

range of 39.0 kcal mol-1 to 47.9 kcal mol-1, which are largely similar to the previous 

four instances of the same reaction. Whilst the enthalpy change of for this final step is 

mildly endothermic, it is counteracted by the enthalpy release of the previous step so 

that the overall enthalpy for each pathway is negative between 7.2 kcal mol-1 and 8.9 

kcal mol-1. The large change in free energy for both of the final reaction steps gives an 

overall free energy of reaction of between -28.6 kcal mol-1 and -30.4 kcal mol-1, close 

to the values for the CT pathways. 

4.4 Trans-trans pathways 

Lastly, the energies of the TT pathways are shown in Figure 24. The Diels-Alder 

barrier heights range from 31.3 kcal mol-1 to 38.3 kcal mol-1, closer to the TC values 

than those of the CT pairings, suggesting that the isomerism of the diene exerts a 

greater effect of the transition state energy than the dienophile. The reaction enthalpies 

vary widely from 0.2 kcal mol-1 for TT-D to -7.8 kcal mol-1 for TT-C. The entropic 

contributions are as expected and give rise to free energy barriers and reaction energies 

commensurate with the enthalpy values. 

The energy requirements for the dehydroxymethylation in TT-A, TT-B and TT-C are 

higher than those reported for the previous set of pathways, with values ranging from 
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60.2 kcal mol-1 to 63.1 kcal mol-1. TT-D exhibits an unusually low barrier height of 

50.9 kcal mol-1 although this may in part be due to the less stable TT-D-Int1 from the 

previous reaction step. The energetically favourable methanol release means that the 

second intermediate compounds have a relative enthalpy of between -20.8 kcal mol-1 

and -23.2 kcal mol-1, and a Gibbs free energy between -17.2 kcal mol-1 and 19.3 kcal 

mol-1.  

 

Figure 24 Relative enthalpies for each compound along the four TT pathways. Gibbs free energy values 

are given in parentheses. The labels for each point along the reaction profile correlate to the example 

intermediates shown in Figure 18. 

The barrier heights for the dehydration reaction are found within a small range, from 

52.3 kcal mol-1 to 55.9 kcal mol-1, values which are close to those given earlier for the 

CT pathways. The combination of high Diels-Alder activation energies, as well as the 

large enthalpy barriers for the dehydroxymethylation and dehydration reactions mean 

that the TT pathways are among the least facile in the work. Interestingly they are also 

the routes with the most negative overall changes in enthalpy and free energy.  

 



3. Mechanistic Insights into Char Formation from Lignin Monomers 

53 
 

4.5 Influence of methoxy groups 

Figure 25 shows the enthalpies and free energies for the two comparative pathways in 

which the reactant contains one or two methoxy groups. The structure of all transition 

states and intermediates for these pathways are given in Figures S17 and S18 of the 

supplementary information. In the first of the two pathways, named as G-type, the 

reactants are singly substituted with a methoxy group on the ring, similar to a guaiacyl 

unit of lignin. The reactants in the second pathway have been double substituted as 

found in the syringyl units of lignin and this pathway is named S-type. These two 

pathways are equivalent to Pathway CC-A in regards to the isomerism and orientation 

of the diene and dienophile. For the G-type reactants, the energy barrier has lowered 

partially to 25.3 kcal mol-1, whereas a more significant drop in the cycloaddition 

barrier height can be seen for the S-type pathway, with an activation energy of 18.3 

kcal mol-1 for the Diels-Alder reaction. As with the previous pathways discussed, the 

intermediate complexes are exothermic with respect to the reactants, but with slightly 

positive free energy values.  

The energy barriers for the dehydrogenation reaction are very similar for both 

pathways, ranging from 40.6 kcal mol-1 for the G-type pathway to 42.2 kcal mol-1 for 

the S-type complex. These energy requirements are commensurate with those found 

for the CC and CT pathways, if slightly closer to the higher dehydrogenation values. 

The barrier heights for the Grob fragmentation reactions are 42.1 kcal mol-1 for the G-

type system and 44.2 kcal mol-1 for the S-type which are also similar to those reported 

previously for the CC and TC pathways.  
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Figure 25 Relative enthalpies for each compound along the G-type and S-type pathways. Gibbs free 

energy values are given in parentheses.   

4.6 Aromatic cluster aggregation 

To investigate any variance in the energy barriers for aromatic cluster aggregation in 

comparison to the initiation step, the pathway beginning with the reaction of CC-A-

Product and the cis-dienophile was calculated. The enthalpies and free energies of the 

three elementary reactions are given in Figure 26. The Diels-Alder barrier height is 

45.9 kcal mol-1, higher than any of the cycloadditions thus far. The energy of Int1 is 

also higher than the previous reactions, with a relative value of 21.7 kcal mol-1. It is 

the only cycloaddition reaction in this work that is largely endothermic. The first 

elimination is a cross-ring dehydrogenation akin to those previously described. The 

energy barrier for this process is 36.6 kcal mol-1 and the reaction enthalpy is -29.6 kcal 

mol-1. This activation is similar to that of the CC and CT pathways; however, the 

dehydrogenation is much more exothermic in this instance. Lastly, as the diene was in 

the cis-conformation, the second elimination reaction is a Grob fragmentation that 

exhibits an energy barrier of 55.5 kcal mol-1, much greater than the CC and TC 
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pathways. Owing to the more exothermic cycloaddition reaction, the overall energy 

barrier for char growth is greater than that of any of the 16 initiation steps.  

 

Figure 26 Relative enthalpies for each compound along the char growth pathway. Gibbs free energy 

values are given in parentheses. 

3.5 Discussion 

In this work we propose that char is formed in a two-step process: an initiation step 

followed by a cluster aggregation step. Sixteen possible initiation pathways were 

investigated, all of which proceed through Diels-Alder cycloaddition. This is followed 

by the dehydrogenation and methanol evolution reactions of the second steps, and the 

formation of water and formaldehyde in the third elementary reaction that in all sixteen 

of the possible initiation steps yields an oxygenated derivative of either 1- or 2-

phenylnaphthalene. These show large differences in their reaction energy profiles. 

Between the four different pairings, this variation in activation barriers and reaction 

energies is easily attributed to the different types of elimination reactions that occur. 

The Diels-Alder cycloadditions in this work are all less than 10 kcal mol-1 exothermic, 

or in some instances very mildly endothermic. For the second step, the hydrogen 

evolution of the cis diene pathways is much less exothermic than the methanol 
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formation, but also proceeds via a smaller energy barrier. A result the Int2 complex of 

the trans diene pathways are generally lower in enthalpy than the corresponding 

complex of the cis diene pathways, but the energy barriers to form these species are 

higher for the TC and TT pathways. For the third elementary reactions, the Grob 

fragmentation is the more facile elimination compared to the dehydration reaction; 

however, it is also notably endothermic. The dehydration, on the other hand, is 

exothermic and is around 20 kcal mol-1 more enthalpically favourable than the Grob 

fragmentation. In general, the CC pathways, proceeding via a dehydrogenation and a 

Grob fragmentation, have the lowest activation barriers but are the least enthalpy 

releasing. Conversely, the TT pathways, undergoing a dehydroxymethylation reaction 

and a dehydration, have the greatest energy barriers and are the most enthalpy 

releasing. Despite the differences in elimination reactions, all 16 pathways are 

exothermic and, owing to the formation of several small side products, are 

correspondingly exergonic. 

The mechanisms put forward in this study are in good agreement with experimental 

observations. The slow-pyrolysis of two lignin model compounds by Drage et al. [95] 

strongly suggested that the propyl bearing moiety that is formed following cleavage of 

the β-O-4 linkage is subsequently consumed in the char formation process. Hosoya et 

al. [41] studied the secondary phase reactions of lignin-derived compounds with 

varying pyrolysis times. The authors suggest that the observed char formed early on in 

the pyrolysis regime (>40 s), although no mass is provided for any of the pyrolysis 

times for indication of continued char formation. Their results also showed a 

significant decrease in compounds with unsaturated side chains between 40-60 s, 

whilst, in the same time period, guaiacol concentrations increased.  
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The pyrolysis of lignin related compounds in a separate study by Hosoya et al. [94] 

showed that char is readily formed from compounds derived from lignin and that a 

bulk lignin is not required. Furthermore, they showed that char formation takes place 

in the gas phase through observation of char throughout the reaction vessel. Increased 

amounts of char were obtained from reactants bearing side chains with unsaturated 

carbon-carbon bonds, further suggesting a key role of unsaturated groups in char 

formation. Whilst the authors posited that methoxy groups were necessary for char 

formation, the pyrolysis of two synthetic lignin polymers by Liu et al. [115] showed 

that the presence of methoxy groups is not necessary to form char. In their study, 

greater char content was found following pyrolysis of an H-type lignin polymer (33% 

at 800 oC) than for a G-type polymer (27% at 800 oC). The products identified from 

the pyrolysis of both polymers are largely devoid of unsaturated side chains and a lack 

of evidence for an alternative fate of these groups may be taken as further indication 

of their consumption in the char forming process. The yield of hydrogen from the H-

type polymer was higher than the G-type polymer, which correlates with the greater 

yield of char in the former. Jakab et al. [116] carried out the pyrolysis of six lignins 

and reported that a greater yield of char was accompanied by increasing hydrogen 

formation, suggesting that the generation of hydrogen from lignin is strongly linked to 

the formation of char. It has been shown in numerous elemental analyses that, as chars 

form from lignin, the content of aromatic carbon increases whilst the amount of 

hydrogen and oxygen decreases. The elimination reactions presented in this study 

demonstrate feasible mechanisms for this shift in C:H and C:O ratios that remain, at 

present, unaccounted for through alternative mechanisms. 
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5.5.1 Diels-Alder cycloadditions 

Throughout the sixteen pathways, there is a large variation in the barrier heights for 

the Diels-Alder cycloadditions. This is true both between the different reacting pairs 

and when comparing the four pathways within each pairing. A large number of factors 

may contribute to the barrier height variation and the role that each element plays is 

unclear. 

The cycloadditions in the present work may be compared to the self-initiated 

polymerisation of styrene, which was proposed to proceed via Diels-Alder 

dimerization reactions in the work of Mayo [117]. The energy barrier for this reaction 

has been calculated by Khuong et al. [118] using the popular B3LYP density functional 

[119,120]. Applying the same naming conventions used for the pathways in this work 

(refer to Figure 19), their reported styrene Diels-Alder barriers ranged from 27.7 kcal 

mol-1 for Pathway A, to 35.6 kcal mol-1 for Pathway C. These values are close to those 

predicted in the current study and the small variation is unsurprising. The high degree 

of oxygen functionality it the present work is likely to alter the cycloaddition barrier 

heights as seen earlier. Furthermore, the different choice of functional between the two 

studies may well lead to significantly different energy values for transition states 

complexes. It is worth noting that Khuong and co-workers suggested that a stepwise 

mechanism was responsible for the cycloaddition reaction and not a single step 

mechanism as proposed in the current work. 

Whilst significant variation in the activation energies might be expected, the origin of 

these differences is not forthcoming when observing the transition state structures. In 

order to provide greater clarity, the energy of the reacting complexes has been 

partitioned at seven points along the reaction coordinates into their interaction and 
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strain/distortion components. This procedure is described in more detail within the 

computational methods section of this work. Figure 27 contains plots for the distortion 

and interaction energies for the four CC pathways up to the transition state. The values 

given for the enthalpies at the transition state show minor deviations from those 

provided in the earlier results, owing to the use of M05-2X/def2-SVP structures for 

this portion of the work. 

 

Figure 27 Plots of the distortion, reaction, and interaction enthalpies for each CC pathway along the 

reaction coordinates, from a partially reacted complex to the transition state structure. 

Considering first the interaction enthalpy, all four pathways show the same initial 

positive shift in energy (an increase in repulsive effects) as the distance between the 

reactants decreases. These repulsive forces are then rapidly overcome as the reactants 

adopt their transition state geometries and bond formation occurs. In CC-C and CC-D, 

this intermolecular repulsion is sufficient enough as to render the interaction enthalpy 

positive for a portion of the reaction progress. Even when the participating carbons are 

far apart and the cycloaddition is fractionally proceeded, there exists a strong attraction 

between the reactants. This is over 15 kcal mol-1 for CC-A and CC-B, 10.0 kcal for 
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CC-C and 4.7 kcal mol-1 for CC-D. One contributing factor for the differing attractive 

forces is hydrogen bonding. In pathways A and B, where the initial interaction 

enthalpy is most negative, a hydrogen bond exists between the diene and the 

dienophile. Assuming typical OH-O hydrogen bond enthalpies, this would lower the 

energy of the system by around 5.5 kcal mol-1
 [121], approximately the difference in 

energy of CC-C from CC-A and CC-B. 

The distribution in energies of the transition states is further explained by the presence 

of an additional hydrogen bond in CC-A, CC-B and CC-C. The hydrogen bond 

acceptor is the ring of the diene for CC-A and CC-B, and the ring of the dienophile for 

CC-C. An approximate value for the induced enthalpy change in the systems described 

here can be obtained from the value of OH-π bonds in methanol-benzene pairs, 

calculated to be -4.5 kcal mol-1 at the M06-2X level [122]. This value is close to the 

difference between CC-C and CC-D, corresponding to the lack of any such interaction 

in the latter. These hydrogen bonds are maintained throughout the progress of the 

reaction as the reactants adopt the transition state geometry and most likely play a 

significant role in the variable energy barrier of each pathway.  

The activation energy for CC-A is 2.9 kcal mol-1 higher than CC-B. By separating the 

interaction and distortion enthalpies, it is clear that the difference between the two 

barriers is largely due the greater distortion in CC-A and that the interaction enthalpies 

differ only by 0.5 kcal mol-1. The reverse of this ordering is true for the CT pathways, 

which are shown in Figure 28, where it is CT-B that exhibits the greater distortion in 

forming the TS adduct. The barrier height of CC-D is considerably higher owing to 

the weak interaction energy, over 10 kcal mol-1 less than CC-A and CC-B. It is difficult 

to reconcile the entirety of this change with the lack of hydrogen bonding interactions. 

Some repulsion may occur owing to steric interference between the two spatially close 
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rings in this system, which take on a staggered conformation that is likely to inhibit 

any π-π interactions. 

 

Figure 28 Plots of the distortion, reaction, and interaction enthalpies for each CT pathway along the 

reaction coordinates, from a partially reacted complex to the transition state structure. 

Hydrogen bonds are observed in all of the CT pathways and, as a result, all exhibit 

similar interaction energies. CT-C and CT-D exhibit the strongest interaction, when 

the hydrogen bonding patterns suggest that it should be pathway A and B. The 

interaction enthalpy in the CT-C is nearly identical to that of the equivalent CC 

pathway and so the alternative orientation of the dienophile methoxy is not likely to 

be the route of this change. The additional hydrogen bond in CT-D, coupled with the 

increased distance between the aromatic rings, is likely to be the route of the stronger 

interaction enthalpy. 

Hydrogen bonding plays a predictable role in controlling the energy barriers for the 

trans-cis and trans-trans pathways and, for the sake of brevity, will not be expanded 

upon at length. Further clarification may be sought through examination of the 
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transition state structures shown in the supplementary information and their 

corresponding enthalpies in Figure 29 and Figure 30, respectively. 

 

Figure 29 Plots of the distortion, reaction, and interaction enthalpies for each TC pathway along the 

reaction coordinates, from a partially reacted complex to the transition state structure. 

 

Figure 30 Plots of the distortion, reaction, and interaction enthalpies for each TT pathway along the 

reaction coordinates, from a partially reacted complex to the transition state structure. 
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5.5.2 Dehydrogenation reactions 

For the adduct formed from a cis diene, a cross-ring dehydrogenation is the second 

elementary reaction. For the CC pathways, the activation energies are found within a 

small range, from 38.5 kcal mol-1 – 41.4 kcal mol-1. For the CT pathways, the enthalpy 

barriers have a much higher range, from 33.7 kcal mol-1 to 42.7 kcal mol-1. In both 

pairings, the barrier heights are greater in pathways A and B, which is likely caused 

by steric hindrance from the dienophile benzene ring. In the C and D pathways, the 

orientation of the ring allows for an unhindered path between the two hydrogen atoms. 

CT-C and CT-D have very low energy barriers which can be correlated to the shorter 

inter hydrogen distances in these two complexes. 

The experimental work of Ellis and Frey [123] suggested that the activation energy for 

the dehydrogenation of 1,4-cyclohexadiene is 42.7 kcal mol-1. This was later supported 

by kinetic measurements by Benson and Shaw [124] who reported a value of 43.8 kcal 

mol-1. These values are close to the upper limit of the dehydrogenations in the present 

study and this difference may be due to the higher degree of saturation in the proposed 

compounds which leads to a shorter inter-hydrogen distance compared to the planar 

geometry of 1,4-cyclohexadiene [125]. 

Instead of the proposed elimination reactions, the post Diels-Alder intermediate 

complexes may undergo a retro-Diels-Alder reaction, forming once more the starting 

compounds. The activation barrier for this reaction is in fact lower than the 

dehydrogenation, yet it will be less exothermic than the elimination reaction. For the 

CT pathways, the barriers of the forwards and reverse reactions are close. We can 

consider the forward pathway as the thermodynamic pathway and the retro-Diels-

Alder as the kinetic route. This agrees with the findings of Smith and Gordon [126],  
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who carried out the laboratory pyrolysis of cyclohexene, the archetypal Diels-Alder 

product. They reported that the retro-Diels-Alder was the predominant pyrolysis 

mechanism and that dehydrogenation occurred much less frequently. A prior work by 

Uchiyama, Tomioka and Amano [127] reported just a 3% yield of cyclohexadiene 

from cyclohexene, compared to 96% of the retro-Diels-Alder products. It should be 

noted that experimental procedures of the type used in the aforementioned works are 

designed to have short residence times and will act under kinetic control. 

The generation of hydrogen gas during the pyrolysis of lignin is commonly reported 

[128–130], with yields much greater than would be generated from these proposed 

mechanisms. Jakab et al. [116] reported that, for the pyrolysis of six lignins, a greater 

yield of char was accompanied by increasing hydrogen formation, suggesting that the 

routes of formation for each may be linked. This is in agreement with the proposed 

mechanisms in the present work in which hydrogen generation is a critical step in all 

CC and CT pathways and would be further produced by dehydrogenation reactions in 

the subsequent char growth pathways. 

5.5.3 Dehydroxymethylation reactions 

Due to the orientation of the hydroxymethyl group, the trans diene complexes are 

unable to undergo a dehydrogenation reaction. A less facile alternative is the 

elimination of methanol through a 6-membered pericyclic transition state. The 

increased activation energies relative to the aforementioned dehydrogenation are 

unsurprising, considering that a C-C bond must now be broken for methanol formation. 

The disparity in the activation barriers between each pathway is most likely down to 

steric effects, as evidenced by the lower barrier heights in pathways TC-D and TT-D. 

Literature reports of dehydroxymethylation are limited [131–133] and appear to be 
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concerned with catalytic processes in all instances, affording no direct comparison of 

the energetics. 

The dehydroxymethylation reactions proposed herein are the first reported non-radical 

mechanisms for methanol formation from lignin. Previous studies have suggested that 

methanol is formed following homolytic cleavage of lignin functional groups; 

however, methanol evolution during the char formation pathways represent lower 

energy alternatives. Allan and Matilla [134] put forward the idea that methanol is 

formed from breaking off of aromatic methoxy groups in the lignin; however, it is well 

known that homolytic cleavage of such groups requires considerable energy. 

Furthermore, loss of the methyl group from the methoxy chain is a more facile process 

and is likely the degradation route for these functionalities. Klein and Virk [135] 

suggested that methanol is formed from cinnamyl alcohol groups, however pyrolysis 

studies of cinnamyl alcohol [136], p-coumaryl alcohol [137], and of lignin model 

compounds with similar functional groups [138] did not report any yield of methanol. 

Khachatryan et al. [136] and Xu et al. [137] (of the same research group) used DFT 

calculations to aid their efforts to better understand the pyrolysis mechanisms of these 

lignin model alcohols. The model compounds studied in both works are similar to the 

initial reactants of the current work, however there is no reporting from either study as 

to whether any solid residue was formed. Both papers argued that radical mechanisms 

are the lower energy decomposition pathways; however, the required bond 

dissociation energies calculated in these studies are higher than the barriers for char 

formation investigated in the present study. The mechanisms put forward in the present 

work regarding methanol formation are in agreement with Klein and Virk’s earlier 

proposal of char formation from unsaturated hydroxyl bearing side chains, albeit in a 

less indirect manner. 
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3.5.4 Grob fragmentation 

The third mechanism in all CC and TC pathways is a variation upon a Grob 

fragmentation that forgoes the typical production of ionic products and instead gives 

rise to water and formaldehyde. Two earlier works proposed that this reaction occurs 

during the pyrolysis of glycerol [139,140]. Nimlos et al. [139], using high level 

quantum chemical theory, calculated an energy barrier of 65.2 kcal mol-1 for this 

reaction, quite in contrast to the lower barriers of 37.0 - 47.9 kcal mol-1 calculated in 

the present study. Furthermore, their calculations produced a reaction enthalpy of 25.4 

kcal mol-1, whilst all of the Grob fragmentation reactions in the current work exhibit a 

lower increase in enthalpy, rising between 6.6 kcal mol-1 and 11.7 kcal mol-1. This 

difference in reaction energy is likely the result of introduction of aromaticity in the 

newly formed ring and the subsequent induced planarity of all bonds within the ring 

system. 

Formaldehyde has been reported in lignin pyrolysis studies, however, the yields are 

generally low, which is likely due to the low thermal stability of formaldehyde [141–

143]. The general consensus within the literature is that lignin is formed following the 

cleavage of hydroxyl bearing aliphatic groups in lignin, yet formation via this route 

would require significant energy input. Khachatryan et al. [136] reported a bond 

dissociation enthalpy of 90.7 kcal mol-1 for removal of the hydroxymethyl group from 

cinnamyl alcohol. The lower activation energies for the Grob fragmentation proposed 

in the current work provide more facile routes for the generation of formaldehyde from 

lignin and are in agreement with the experimental observations of formaldehyde 

formation at lower pyrolysis temperatures [116].  

3.5.5 Dehydration reactions 
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When the hydroxy and hydroxymethyl groups are non-coplanar, as with sets CT and 

TT, no Grob fragmentation transition state could be obtained. The hydrogen found 

germinal to the hydroxy methyl chain, will instead engage in a 4-centred elimination 

reaction with the neighbouring hydroxy group to yield water. The most straightforward 

equivalent of this reaction is the dehydration of ethanol yielding ethylene and water 

and which proceeds through an activation barrier of 66.0 kcal mol-1 according to the 

QCISD(T)/CBS calculations of Sivaramakrishnan and co-workers [144]. As is the case 

for the Grob fragmentation, the energy barrier for the simpler literature case is larger 

than any of the dehydration barriers in the present work, which range from 49.6 kcal 

mol-1 to 57.2 kcal mol-1. Furthermore, the enthalpy of reaction for the dehydrations in 

the present study are lower than the simple literature case. Sivaramakrishnan et al. 

report that ethanol dehydrogenation is 9.7 kcal mol-1 endothermic, yet the evolution of 

water in the current work is exothermic, between 7.0 kcal mol-1 and 12.9 kcal mol-1. 

This pattern mimics that of the Grob fragmentation and is likewise attributed to the 

induced resonance and planarity in the newly formed polycyclic compound. 

3.5.6 Influence of methoxy groups 

In this work, the presence of methoxy groups on the aromatic rings was investigated 

for the impact upon the cycloaddition and elimination reactions of pathway CC-A. The 

hydrogen bonding between the aliphatic hydroxyl groups present in CC-A was kept 

consistent for the G-type and S-type pathways. For the G-type pathway, the methoxy 

groups are oriented away from the reaction centre of the cycloaddition so as to 

minimise steric effects and focus on the electronic contribution. The Diels-Alder 

energy barrier is slightly lower for the G-type pathway compared to CC-A, suggesting 

that the change in electron distribution induced by the methoxy groups facilitates the 

cycloaddition reaction. Reorienting the methoxy group of the diene toward the ring of 
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the dienophile, and therefore meta to the reacting diene carbon, led to an increase in 

the cycloaddition barrier height of around 3 kcal mol-1. It is surprising therefore that 

the Diels-Alder barrier height for the S-type pathway is considerably lowered by the 

introduction of two more methoxy groups. Due to orientation, the second methoxy 

group on the dienophile is unlikely to interfere with the reaction and so there is only 

the steric influence of the single methoxy group and this steric disruption is easily 

overwhelmed by the increase in attractive forces between the reactants. As no obvious 

change in the distortion of the reactants is observed, it is assumed that the reduction in 

reaction barrier height is due solely to the electronic effects brought about by the 

introduction of a second pair of methoxy substituents. Compared to the previous 

sixteen initiation pathways, the barrier heights for the dehydrogenation and Grob 

fragmentation remain relatively unchanged. Without assessment of further pathways, 

it is not possible to know the full influence of the presence of methoxy groups. 

5.5.7 Cluster aggregation pathway 

The activation energy for the aggregation Diels-Alder cycloaddition is higher than was 

seen for any of the initiation pathways. As both of the diene carbons are now fixed 

within aromatic rings, less flexibility is afforded by the conjugated system and so the 

energy requirements to distort the diene to the transition state structure are higher, 

hence the increased energy barrier. This high activation energy will likely be worsened 

by steric hindrance, as the hydroxyphenyl ring must become more coplanar with the 

naphthyl moiety, when previously they were twisted about the inter-ring C-C bond. 

The two elimination reactions, a dehydrogenation and Grob fragmentation, have 

activation barriers that are similar to those found for the initiation reaction pathways. 



3. Mechanistic Insights into Char Formation from Lignin Monomers 

69 
 

It is reasonable to suspect that the dehydroxymethylation and dehydration reactions 

will also have energy barriers similar to those of the equivalent reactions in the 

initiation pathways. The pathways that proceed via alternative eliminations to this 

example pathway would most likely be of a more exothermic nature, so that not all 

routes in char growth would be endothermic as the one in Figure 26.  

3.6 Conclusions 

Despite the fact that there has been significant research into lignin pyrolysis, the 

mechanism of char formation from lignin are poorly understood. In this study we have 

proposed sixteen new pathways for the formation of polycyclic complexes that, 

through addition reactions, may act as intermediate compounds in the formation of 

char. 

The initiation step consists of a Diels-Alder cycloaddition of two isomeric species, 

which are obtained from the cleavage of a β-O-4 ether linkage. Subsequent elimination 

reactions give rise to a substituted phenylnaphthalene compound. During the cluster 

aggregation step, the initiation product participates in further Diels-Alder 

cycloadditions reactions that extend the polycyclic structure. The proposed energy 

barriers are all commensurate to those proposed in other modelling studies on biomass 

and the secondary products arising from this two-stage char formation are all well 

document in previous lignin pyrolysis literature. 

These mechanisms presented in this study can be used as a basis in other studies for 

understanding char formation, including ascertaining the catalytic or inhibitory role of 

inorganic mineral compounds, the effect of reduced pH conditions caused by often 

present organic acids, or to help reduce the causes and impacts of coking on bio-oil 

upgrading catalysts. 
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Chapter 4 

Investigation of Lignin Char 

Cluster Aggregation 

 
This chapter contains the study into the aggregation of char clusters through successive 

addition of lignin monomer compounds. In the previous chapter, it was shown how 

two lignin derived monomers could engage in a three step char forming initiation 

reaction. It was also demonstrated through a preliminary example how char growth 
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can occur through a subsequent aggregation reaction. In this chapter, the proposed 

aggregation reactions are investigated in-depth to determine their feasibility for the 

growth of aromatic char clusters. Employing the Same Level Different Basis approach 

to study a simplified aggregation procedure, the char growth process is examined up 

to the formation of an eleven ring cluster. The impact of increasing the cluster size on 

the activation barriers and reaction enthalpies of three-step aggregation mechanism is 

assessed and is found to be negligible. Furthermore, an alteration of the mechanism 

that enables the closure of the char cluster into a fused ring system is also presented.  

4.1 Introduction 

In recent years there has been significant research interest into the synthesis and 

utilisation of carbon materials due to their unique structures and chemical and physical 

properties [145–147]. Many of these materials present significant difficulties in their 

manufacturing processes including scale-up procedures, as is the case with graphene, 

or in the extreme production conditions, as is often the case for carbon nanotubes 

(CNTs) [148–150]. Many studies have reported the synthesis of both graphene and 

CNTs from biomass sources, however the process conditions and techniques (e.g. 

Chemical Vapour Deposition) render the source of the carbon largely irrelevant with 

respect to the mechanisms involved [151–153]. 

More recently, research interest has grown towards alternative biomass-derived 

carbon-based materials, including activated carbons and mesoporous carbons. The less 

extreme synthetic conditions required to obtain these materials means that the 

properties of the carbon material may be more strongly influenced by the feedstock 

choice [154–157].  
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The aromatic nature, renewability and enormous abundance of lignin makes it an 

obvious choice as a carbon source material and accordingly numerous publications 

have reported the formation of carbonaceous materials from lignin [154–157]. 

Understanding how lignin monomers can aggregate to form the simplistic structures 

of lignin chars, may provide invaluable insight into the mechanistic processes by 

which carbon materials, which share some chemical similarity to chars, are formed 

from lignin monomers or native lignin. 

4.2 Mechanism of Char Cluster Aggregation 

Sixteen possible pathways for the concatenation of two molecules of a propyl-benzene 

derivative (PB) were presented in Chapter 3. The high number of pathways arose 

owing to mixed reactant isomers and multiple spatial orientations of approach for the 

Diels-Alder cycloaddition. It is impractical to assess as many pathways for each char 

growth pathway in the present study, therefore, in order to reduce complexity, only the 

two endo structures of the cycloaddition are considered. Furthermore, initiating all 

pathways from a deoxygenated char compound forces all initial elimination reactions 

to be a dehydrogenation. Similarly, by only considering the cis isomer of PB, all 

second elimination reactions will be a Grob fragmentation, giving rise again to a 

deoxygenated char species.  

4.3 Methodology 

4.3.1 Method selection for modelling large systems 

As the simulated char cluster grows in size, continued application of a large basis sets 

becomes impractical owing to a rapid increase in computational expense. 

Nevertheless, use of a smaller basis set for modelling the whole reaction system may 

induce unsatisfactory errors in reaction energies.  



4. Investigation of Lignin Char Cluster Aggregation 

73 
 

For larger molecular systems, many researchers employ the ‘Our own N-layered 

Integrated molecular Orbital and molecular Mechanics’ (ONIOM) approach of 

Morokuma and co-workers [158]. One drawback of the ONIOM approach is the 

constraints placed upon the partitioning of the system. Generally, the boundary 

between two layers should not bisect an aromatic ring system, conjugated region or 

double/triple bond. This constraint produces an intractable problem in the present work 

as it does not allow for any way in which to partition the char cluster.  

An alternative approach is to use the Same Level Different Basis (SLDB) method. Its 

utility for modelling conjugated aromatic systems was demonstrated by Kar and co-

workers for investigations of functionality of carbon nanotubes [159,160]. In SLDB, 

different size basis sets are assigned to atoms, depending upon their proximity to the 

‘active site’ region of bond breaking/formation. Unlike ONIOM, there are no formal 

constraints as to the placement of boundaries between two regions described with 

different basis sets. The primary consideration is an appropriate description of the 

reaction through application of a suitable basis set to a large enough region around the 

active site. 

4.3.1.1 SLDB partitioning of the first expansion reaction 

The active site region of each ring formation pathway is relatively small, each 

occurring via a 6-centred transition state. Nevertheless, for an accurate description of 

the reaction energy barriers, the high-basis-region must be extended to capture the 

influence of the surrounding region. The basis set assignment for the first ring 

expansion reaction is shown in Figure 31. It can be seen that the entirety of the 

dienophile is within the high-basis-region as well as both of rings that contain the 
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diene. For this system, only the remaining four carbons of the naphthyl moiety are 

found within the small-basis-region.  

 

Figure 31 Representative basis set partitioning of the 1st and 2nd aggregation reactions. 

All hydrogens on the char are described by the same basis set as the carbons to which 

they are bonded. In our earlier work we highlighted the accuracy of the def2-TZVP 

basis set and so it has been employed in this work to describe the high-basis-region. 

Naturally, we have assigned the smaller def2-SVP set to the low-basis-region.  

The accuracy of this basis set distribution has been assessed through comparison 

against an all def2-TZVP system for the calculation of the relative energies of the 

transition states and intermediate complexes of the reaction pathway shown in Figure 

36. The errors of the SLDB calculation versus the benchmark def2-TZVP system are 

given in Table 5. The relative energies of a def2-SVP calculation and the comparative 

errors are also given. It can be seen that the errors of the SLDB approach are very low 

against the full def2-TZVP calculation. This isn’t particularly surprising considering 

only a small region of the SLDB system is assigned the smaller basis set. Int1 and TS2 

of the SLDB system have relative energies that are around 1 kcal mol-1 lower than the 

def2-TZVP values. This increased stability of the SLDB system is ascribed to basis set 
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superposition as the low-basis and high-basis regions are brought closer together 

through distortion of the intermediate char. Following dehydrogenation, the distorted 

intermediate is partially relaxed and the basis set overlap is minimised, thus reducing 

the superposition error. The def2-SVP system showed significant errors in relative 

energies for almost all species, highlighting the need for a larger basis set to accurately 

describe the active site. 

Table 5 The calculated activation energies for the model 1st aggregation reaction and the associated 

errors using the three different basis set approaches. 

 

4.3.1.2 SLDB partitioning of the second expansion reaction 

For the second expansion reaction, and those thereafter, it is necessary to introduce a 

third basis-region which is shown in Figure 31. The high-basis-region remains 

unchanged, whilst a new mid-basis-region has been assigned to the adjacent rings in 

an obvious extension to the partitioning of the first expansion reaction. Assigned to 

remaining four carbons, furthest from the active site, is a low-basis-region represented 

by the 3-21G basis set. For further char expansion reactions, the size of the high- and 

mid-basis-regions will remain the same size and the remainder of the system will be 

Structure 
Relative Energy (kcal mol-1) 

def2-TZVP def2-SVP Error SLDB Error 

TS1 45.4 41.2 4.2 45.2 0.2 

Int1 18.9 3.0 5.9 17.9 1.0 

TS2 51.6 45.8 5.8 50.7 0.9 

Int2 -9.2 -10.0 0.8 -9.3 0.1 

TS3 45.8 47.4 1.6 45.7 0.1 

Product 10.2 18.2 7.9 10.2 0.1 
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grouped as the low-basis-region. Assessment of this new distribution was carried out 

in a manner akin to the smaller system described previously and is shown in Table 6. 

A def2-SVP system was not included owing to the significant errors reported for the 

earlier system. Once again, the relative errors given by the SLDB method are very low 

against the def2-TZVP values. These results show that the size of the high-basis-region 

is sufficient in order to accurately describe the relative energies at all points along the 

char expansion pathway. Furthermore, the inclusion of a relatively minimal basis set 

such as 3-21G has a negligible effect on the calculated energies of the benchmark 

system. 

Table 6 The calculated activation energies for the model 2nd aggregation reaction and the associated 

errors using the two different basis set approaches. 

 

4.3.2 Computational Methods 

All calculations were performed using Gaussian 16. For all geometry optimisation and 

frequency calculations, the M05-2X basis set was used with the addition of Grimme’s 

D3 dispersion correction with zero damping. Unless stated otherwise, basis sets are 

Structure 
Relative Energy (kcal mol-1) 

def2-TZVP SLDB Error 

TS1 42.7 42.2 0.6 

Int1 15.6 15.0 0.6 

TS2 46.1 45.6 0.5 

Int2 2.4 2.2 0.2 

TS3 46.7 46.4 0.3 

Product 12.3 12.1 0.2 
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employed as outlined in section 4.3.1. All transition states were confirmed through 

visual inspection of the single negative frequency mode and all frequency calculations 

assume standard temperature and pressure. 

4.4 Results & Discussion 

4.4.1 First cluster aggregation pathways 

The two simplified char precursor species employed in this work, 1-phenylnaphthalene 

(1PN) and 2-phenylnaphthalene (2PN), are shown in Figures 32 and 34, respectively. 

There are two routes for the addition of PB to 1PN, which are shown in Figure 32 and 

the energies of all intermediates and transition state complexes are shown in Figure 

33. As the three elementary reactions involved in each char aggregation reaction have 

been described in detail in the previous chapter, they have not been included in the 

figures in this chapter. 

 

Figure 32 Two aggregation reaction pathways for 1PN. 

The Diels-Alder barrier height for Pathway 1-i is 47.0 kcal mol-1 and is the rate 

determining step. The overall enthalpy change for this reaction is 20.3 kcal mol-1. For 

Pathway 1-ii the activation barrier for the same reaction is lower at 43.5 kcal mol-1 and 

this pathway also has a marginally lower change in enthalpy of 19.1 kcal mol-1.  
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Figure 33 Relative enthalpies for each compound along the 1-i and 1-ii pathways.  

For the dehydrogenation step, both pathways exhibit very similar activation energies, 

27.3 kcal mol-1 and 27.0 kcal mol-1 for pathways 1-i and 1-ii, respectively. More 

significant differences are seen in the reaction enthalpy, with the second intermediate 

of 1-ii being 6.7 kcal mol-1 more exothermic than 1-i. 

The Grob fragmentation barrier height for 1-i is 45.8 kcal mol-1 and the enthalpy 

change is 11.3 kcal mol-1, giving an overall enthalpy of reaction of 9.8 kcal mol-1. The 

higher energy intermediate structure and reduced barrier height for this reaction step 

suggests that the oxygen containing functional groups inhibit the stability of the 

intermediate complex. For 1-ii, the increased stability of the second intermediate leads 

to a larger Grob fragmentation barrier height of 50.0 kcal mol-1 making it the rate 

determining step for this pathway. The reaction enthalpy for this final step is 20.1 kcal 

mol-1 endothermic, bringing the total enthalpy for pathway 1-ii only slightly higher 

than 1-i, at 10.7 kcal mol-1.  

The only significant difference between these two pathways was the energy of the 

post-dehydrogenation intermediate and the subsequent Grob-fragmentation barrier 
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height. The energies of both pathways are similar in range to those observed for the 

char initiation reactions in the previous chapter.  

There are four pathways for addition to 2PN owing to the two diene sites and these are 

given in Figure 34. The energetics of each pathway are given in Figure 35 where it is 

clear that there are significant differences in the Diels-Alder barrier height depending 

on which side of the char the cycloaddition takes place.  

 

Figure 34. Four aggregation reaction pathways for 2PN. 

Pathways 2-i and 2-ii are considerably less facile that 2-iii and 2-iv. The Diels-Alder 

barrier heights for 2-i and 2-ii are 52.1 kcal mol-1 and 48.8 kcal mol-1, respectively, 

values that are slightly higher than the equivalent reactions in pathways 1-i and 1-ii.  

The enthalpy of reaction for this first elementary reactions are 37.1 kcal mol-1 and 35.2 

kcal mol-1, for 2-i and 2-ii, respectively. For 2-iii and 2-iv, this barrier height is lowered 

to 38.1 kcal mol-1 and 36.5 kcal mol-1, respectively. The enthalpy of reaction is also 

lowered for the latter two pathways, where 2-iii is 15.9 kcal mol-1 endothermic and 1-

2-iv is 13.9 kcal mol-1 endothermic. The reason for the significant difference between 

the energy barriers and intermediate stabilities of the two pairs of Diels-Alder reactions 

is due to the different resonance structures that are generated for each.  
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Figure 35. Relative enthalpies for each compound along the four 2-i - 2-iv pathways.  

Figure 36 shows that when a new C-C bond is formed on C1, the leftmost ring of the 

diene retains full aromatic character. Formation of a C-C bond on C3 gives rise to an 

intermediate with no complete aromatic ring and is therefore less favourable. 

 

Figure 36 Demonstration of the loss of aromatic resonance in the naphthyl moiety following 

cycloaddition at the C3 carbon. 



4. Investigation of Lignin Char Cluster Aggregation 

81 
 

2-i and 2-ii, both having a less stable first intermediate, have lower energy 

requirements for the dehydrogenation reactions when compared to 2-iii and 2-iv. For 

2-i and 2-ii, the dehydrogenation energy barrier is just 18.6 kcal mol-1 and 18.7 kcal 

mol-1, respectively, significantly less than the 33.1 kcal mol-1 and 30.4 kcal mol-1 

required for pathways 2-iii and 2-iv, respectively. Following the dehydrogenation, 

aromaticity is restored to the naphthyl moiety in all pathways, meaning that the cause 

of the elevated energy in the intermediate Diels-Alder complexes has been eliminated. 

Accordingly, the enthalpy changes for the dehydrogenations in 2-i and 2-ii are 

considerably more exothermic than for 2-iii and 2-iv, and the energy of the second 

intermediate species for all four pathways is found in a small range from -4.8 kcal mol-

1 to -11.1 kcal mol-1.  

 The Grob fragmentation energy barriers are reasonably close for all four pathways, 

ranging from 43.5 kcal mol-1 for 2-i to 49.7 kcal mol-1 for 2-ii and all pathways are 

endothermic in the range of 13.6 kcal mol-1 to 18.4 kcal mol-1. These values are all 

similar to the Grob-fragmentation barriers and energies for pathways 1-i and 1-ii, 

suggesting that, to a large extent, the orientation of the dienophile has a minimal impact 

upon the Grob-fragmentation reaction.  

4.4.2 Second cluster aggregation pathways 

Starting with the product of pathway 2-iii (2C) there are two pathways for further 

expansion of the char cluster. These two pathways are shown in Figure 37 and the 

energies are given in Figure 38.  



4. Investigation of Lignin Char Cluster Aggregation 

82 
 

 

Figure 37 Two aggregation reaction pathways for 2C. 

The Diels-Alder barrier height of Pathway 2C-i is 44.8 kcal mol-1 and the enthalpy of 

reaction for the first step is 17.0 kcal mol-1. 2C-ii proceeds through a more facile first 

step, with a barrier of 40.2 kcal mol-1 and an enthalpy change of 13.4 kcal mol-1. We 

can ascribe the difference to the introduction of steric crowding in pathway 2C-i, due 

to the interaction of an aromatic hydrogen on the dienophile and a hydrogen on the 

char cluster. Coupled with the steric crowding already present on 2C due to similar 

hydrogen interactions, the structure formed through pathway 2C-i begins to twist away 

from a planar structure and so the energies of all intermediates are increased in energy.  

 

Figure 38 Relative enthalpies for each compound along the 2C-i and 2C-ii pathways. 
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For the dehydrogenation reactions, the activation energies are similar between the two 

pathways, 31.2 kcal mol-1 and 29.7 kcal mol-1 for 2C-i and 2C-ii, respectively, which 

is fairly similar to the dehydrogenation reactions in the first aggregations reactions. 

Despite this 2C-i is considerably more exothermic than 2C-ii, -24.4 kcal mol-1 versus 

11.2 kcal mol-1. The cause of this disparity in enthalpy release is unclear, but may be 

caused, in part, by a reduction in steric hindrance on the intermediate structure of 2C-

i.  

This large difference in the enthalpy of the second intermediate in both pathways is 

counteracted by the enthalpy change for the Grob fragmentation reactions, with 2C-i 

increasing by 21.4 kcal mol-1 and 2C-ii rising by just 7.7 kcal mol-1. The activation 

energy of these two reactions is 49.8 kcal mol-1 for 2C-i and 41.6 for 2C-ii. These 

values exhibit a much greater range than the earlier pathways which is a direct result 

of the variable energies of the preceding intermediate structures. The total enthalpy 

change for 2C-i is therefore 14.0 kcal mol-1 and for 2C-ii this value is 9.9 kcal mol-1, 

which align closely with the pathways discussed previously  

From the product of 2-iv (2D) there are also two pathways for char expansion which 

are given in Figure 39 and the energies are given in Figure 40. 

 

Figure 39 Two aggregation reaction pathways for 2D. 
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The activation energy for the first elementary reaction of Pathway 2D-i is 42.1 kcal 

mol-1 and for 2D-ii it is 38.9 kcal mol-1. It could be expected that the barrier height for 

2D-ii would be enlarged by considerable steric interaction between the dienophile ring 

and the ring below it, however, the barrier is lowered compared to 2D-i. We propose 

that this reduction in barrier height is due to stabilising aromatic stacking interactions 

between the two aromatic surfaces. This favourable interaction is not seen in the 

intermediate structure wherein the dienophile ring adopts a larger dihedral angle 

relative to the larger aromatic surface. The reaction enthalpy is 16.3 kcal mol-1 and 

17.9 kcal mol-1 for 2D-i and 2D-ii respectively.  

 

Figure 40 Relative enthalpies for each compound along the 2D-i and 2D-ii pathways. 

The dehydrogenation barrier for 2D-i is 33.5 kcal mol-1, close to the value of 35.5 kcal 

mol-1 for 2D-ii. Dehydrogenation in the latter pathway is notably more exothermic 

with an enthalpy change of -16.0 kcal mol-1, whereas Pathway 2D-i is exothermic by 

just 6.8 kcal mol-1.  

Again, the barrier heights for the Grob fragmentations are considerably different 

between the two pathways. For 2D-i the activation energy is 43.2 kcal mol-1 whilst for 
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2D-ii it is 49.8 kcal mol-1. Both pathways exhibit similar overall reaction enthalpies; 

16.1 kcal mol-1 for 2D-i and 17.4 kcal mol-1 for 2D-ii.  

4.4.3 Third cluster aggregation pathways 

For the formation of a nine ring system, one pathway has been investigated starting 

from the product of 2D-i (2D1). The Diels-Alder activation energy is 37.8 kcal mol-1 

and the enthalpy of this first elementary reaction is 22.2 kcal mol-1. The barrier height 

is at the lower end of the Diels-Alder reactions studied so far and this is most likely 

due to a lack of repulsive steric overlap in the transition state structure. The enthalpy 

change of this elementary reaction is higher than most of the previous Diels-Alder 

reactions which may be due to increased non-planarity in the cycloaddition product 

and interaction of the phenyl group and the bulk aromatic surface. 

For the dehydrogenation reaction, the barrier height is 33.0 kcal mol-1 and the reaction 

enthalpy is -15.6 kcal mol-1 which are both similar to previous instances. Lastly, the 

Grob fragmentation activation energy is 45.3 kcal mol-1 and the enthalpy change of 

this step is 21.5 kcal mol-1. The overall reaction enthalpy for this single pathway is 

28.1 kcal mol-1 which is notably higher than any of the other reaction pathways studied. 

Again, this is due to the distorted structure of the char cluster as the free phenyl group 

comes into close contact with the aromatic ring below it. 

 

Figure 41 Aggregation reaction pathway for 2D1. 
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Figure 42 Relative enthalpies for each compound along the 2D1-i pathway. 

4.4.4 Char Growth Termination 

Lastly, a final pathway is considered in which two new rings are created through an 

intramolecular Diels-Alder cycloaddition, forming a condensed aromatic structure. 

This ring closure pathway concludes with two dehydrogenation reactions. The 

cycloaddition has a barrier height of 49.4 kcal mol-1 which is unsurprising considering 

the significant distortion of the reactant required to form the transition state complex.  

The enthalpy of reaction is 25.6 kcal mol-1, which is higher than may be expected 

considering the unimolecular nature of the reaction, however, the large distortion 

component of the energy is most probably to blame.  

The first dehydrogenation barrier height is 27.9 kcal mol-1 which is due to the 

distortion in the intermediate complex facilitating approach of the hydrogen atoms. 

The enthalpy change is -15.9 kcal mol-1 which is in line with most of the previous 

dehydrogenation reactions. 
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Figure 43 Ring closure reaction pathway for 2D1A. 

The last of the three elementary reactions is a second dehydrogenation reaction, this 

time involving vicinal hydrogens and is unique to this study. This dehydrogenation 

reaction has a very large barrier height of 74.5 kcal mol-1 and is 23.7 kcal mol-1 

exothermic, giving an overall reaction enthalpy of -13.9 kcal mol-1. The large 

activation energy may explain the ordering of chars into more ordered crystalline 

structures at higher pyrolysis temperatures but remaining less ordered at lower 

temperatures. [161,162] The strong exothermicity is due to the formation of the two 

new aromatic rings and a reduction of the non-planarity in the polyaromatic structure.  

 

Figure 44 Relative enthalpies for each compound along the 2D1A-i pathway. 
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4.4.5 Trends in reaction barrier heights with char expansion 

The range in activation energies for each of the three reaction types have been collated 

in Figure 45 and plotted against the growth of the char cluster. 

 

Figure 45 Ranges in activation energies for the three different reaction types with respect the growth 

of the aromatic char cluster. 

There is a wide range in Diels-Alder barrier heights for the first aggregation reactions, 

and the activation energies of the latter cycloadditions do not extend beyond this range. 

This is evidence that the activation energy of the Diels-Alder reaction is not impacted 

by the size of the char, or the number of previous aggregation reactions. 

For the dehydrogenation reactions, the range in barrier heights for the second 

aggregations reactions are slightly higher than for the six initial pathways. The third 

and fourth aggregation pathway dehydrogenations are within the bounds set by the 

first two sets which supports the notion that the dehydrogenation reactions are not 

predicated by the size of the char to any obvious extent. 
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Lastly, the Grob fragmentation activation energies are all found within a reasonably 

small range and so we conclude that, like the other reaction types, the degree of 

aggregation of the char has little influence of the reaction barrier heights.  

4.4.6 Influence of oxygen bearing functional groups. 

The dienophile in all of the above pathways was selected in order to produce an oxygen 

free char structure. This was to facilitate a more consistent comparison of each reaction 

type as the degree of char aggregation increased, without the influence of 

intramolecular hydrogen bonding. It also assisted through the reduction in 

computational expense, which is critical for the study of such large structures. 

Experimentally studied lignin chars contain oxygen bearing functionalities that are not 

present in the final char cluster in this work. It is a straightforward task to add oxygen 

containing function groups to the large char cluster from this study in order to compare 

to experimental observations from literature. Figure 46 shows the potential structure 

of 2D1A1 if it were formed through the aggregation of H-type, G-type, and S-type 

lignin monomers, with the typical hydroxy and methoxy groups. For simplicity, it is 

assumed that no other reactions have taken place that would remove those oxygen 

bearing functional groups. 

 

Figure 46 Potential char clusters equivalent to 2D1A1 if the three oxygenated monomers were used as 

reactants. 
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Considering the sequential build-up of these aromatic clusters from their respective 

lignin derived monomers, a form of van Krevelen diagram can be produced that shows 

the evolution of H/C and O/C ratios with respect to the degree of cluster aggregation 

and this is shown in Figure 47.  

 

Figure 47 Van Krevelen diagram for growing char clusters formed of H-type (pink), G-type (red) and 

S-type (blue) monomers. Also included are temperature dependent O/C and O/H ratios from two 

literature sources. 

The point with the greatest O/C and H/C values on the three plots is for the unreacted 

monomers and represents unpyrolysed lignin. Each subsequent point is the cluster 

formed following a single aggregation reaction. The final point on each plot is the 

condensed char following the ring closure reaction. The loss of four hydrogen atoms 

gives rise to the steep drop in H/C for the H-type cluster, whilst for G-type and S-type, 

a methoxy group is lost along with three hydrogen atoms. The expected shift in O/C 

and H/C ratios that would result from Grob fragmentation or dehydrogenation are also 

shown. 
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The values taken from two literature studies on lignin pyrolysis have been included in 

the van Krevelen diagram for comparison. As may be expected, the plots for the H-

type, G-type and S-type monomers all following similar trajectories, albeit displaced 

in both the X and Y axis. The O/C and H/C ratios for ‘raw’ lignin taken from Shrestha 

et al. [163] are midway between those for the H-type and G-type monomers in the 

present work. The difference is due to the fact that native lignin is not formed solely 

from beta-O-4 linkage units. The reduction in O/C and H/C ratios is non-linear, which 

is to be expected due to the array of reactions that occur with increasing pyrolysis 

temperatures, however, the general trend of O and H loss follows reasonably well the 

trends predicted by the aggregation mechanisms put forward in this chapter. The solid 

residue obtained at 300 oC has a very similar O/C ratio as the G-type char after four 

aggregation reactions, but the H/C ratio suggests a lower degree of condensation. 

The lignin used in the study of Chua et al. [164] has a lower hydrogen content than 

Shrestha et al. and a significantly higher oxygen content. The O/C content is close the 

that of our G-type monomers which, coupled with the low H/C ratio, could suggest a 

higher content of carbonyl and carboxyl moieties. With increasing pyrolysis 

temperatures, the lignin loses oxygen more rapidly than would be predicted by our 

aggregation mechanism and this could be due to the loss of carboxyl groups. Between 

308 oC and 400 oC, the trajectory of the O/C and H/C plot correlates strongly with the 

fourth aggregation reaction and the ring closure of the G-type char. The final O/C and 

H/C ratios of the experimental char suggest that it could have a structure similar to the 

G-type cluster shown in Figure 46. 

4.5 Conclusions 

Through an extension of the mechanism discussed in the previous chapter, it was 

shown that aromatic cluster aggregation is carried out through a repeated three step 
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mechanism, starting with a Diels-Alder cycloaddition between a char cluster and an 

unsaturated lignin-derived monomer. In the simplified pathways outlined in this 

chapter, the cycloaddition reaction is followed by a dehydrogenation and a Grob 

fragmentation. 

The modelling of the large aromatic systems is accomplished by employing the SLDB 

approach, which is shown to produce results in very close agreement to when the vastly 

more expensive def2-TZVP basis set is used for description of the entire reaction 

system. 

Using the aforementioned methodology, aggregation reactions that led to the 

formation of an eleven ring char cluster have been produced and which showed that 

the barrier heights and enthalpy changes of equivalent reactions can be considered 

independent of char cluster size. 

The general trends in O/C and H/C ratios for char cluster aggregation in this study 

correlate well with literature reported values which suggests that the reaction pathways 

proposed may be considered representative of the growth of chars during lignin 

pyrolysis. 

The pathways presented in this chapter employed a simplified lignin monomer in order 

to reduce the sort of complexity that was observed for the results in the previous 

chapter. This had the inevitable consequence of forming char clusters with reduced 

complexity also. Future works could employ model compounds that are more 

representative of the structure of native lignins, which would also require consideration 

of the other linkages in lignin and not just the dominant β-O-4 linkage. It is hoped that 

the types of reactions presented in both this and the previous chapter, would aid in 

elucidation of more complex mechanisms for char formation from lignin. It is also 
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hoped that these reactions be used to better understand the formation of carbon 

materials from other sources, including cellulose and hemicellulose. 
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Chapter 5 

Conclusions and Future Work 

 
5.1 Conclusions 

The primary aim of this work has been to derive and evaluate potential mechanisms 

by which char may be formed from lignin derived monomers. This knowledge is 

essential in order to control the processes and parameters of biomass thermal and 

chemical conversion technologies. 

The first technical study, on the thermal stability of lignin derived unimolecular 

phenolic species, which is reported in Chapter 2, shows unequivocally that methoxy 

functional groups are the most susceptible to thermal alteration owing to their weak 

BDEs. Conversely, hydroxy, methyl, carbonyl and propenyl functionalities require 
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significant energy inputs to decompose via homolytic pathways. These findings are in 

strong agreement with experimental observations of functional group prevalence 

reported in the literature. From this it can be concluded that these functional groups 

have the potential to engage in char forming reactions at increased pyrolysis 

temperatures as they are likely to remain unaltered under such conditions. The 

contribution of this work to state of the art is confirmed through the publication of the 

results and analysis in the journal Fuel. This provides the first in-depth assessment of 

the thermal stability of an array of phenolic bio-oil compounds, either computationally 

or experimentally. 

In the second of the technical chapters, Chapter 3, a set of mechanisms were 

investigated for the concatenation of two lignin derived monomer units into aromatic 

char precursors. Following a comprehensive assessment of the available literature on 

lignin char formation, it is demonstrated how the unsaturated side chains of two 

aromatic compounds can engage in ring forming Diels-Alder cycloaddition reactions. 

The adduct of the two monomers may then undergo two of four orientation dependent 

elimination reactions in order to form a polycyclic aromatic char intermediate 

compound. A large number of potential reaction pathways arise owing to the 

asymmetry of both the reacting species and the transition state structures, and these 

were assessed in detail. The viability of the proposed reaction pathways and products 

produced thereof are strongly supported by a large body of literature evidence as is 

discussed at length within the chapter. 

The final technical study of Chapter 4 is an extension to the work of Chapter 3. As the 

structure of the char intermediate structure following the first char formation reaction 

contained a diene moiety, it facilitated the further expansion of the char cluster through 

consecutive three step reactions. One finding from this work is that the energy barriers 
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for each of the aggregation reaction steps seem unaffected by the size of the char 

system. As such, it may be assumed that the kinetics of aggregation reactions remain 

consistent regardless of the char size. It was also shown how chars of certain 

orientations may ‘close’ to give condensed structures that resemble very closely the 

structures of chars reported from experimental studies. 

Work is currently underway to further the proposed mechanisms of Chapters 3 and 4 

through experimental confirmation with collaborators at the Guangzhou Institute of 

Energy Conversion, China. If clear agreement can be found between the mechanisms 

put forward herein and the experimental observations, it will be the first 

comprehensive description of the formation of aromatic chars anywhere within the 

literature. 

5.2 Limitations and Future Works 

The primary limitation of the proposed char formation mechanisms is that they are 

centred around a single lignin derived monomer, itself arising from a single type of 

lignin linkage. Although the β-O-4 ether linkage is the most prevalent, there are several 

other common linkages, each giving rise to distinct decomposition products. Future 

computational studies are needed to assess to role that alternative lignin derived 

products play in the formation of char.  

Furthermore, it remains to be seen whether the mechanisms that monomers are 

purported to partake in, may be extrapolated for larger char structures. It is a fair 

conclusion that oligomeric species exhibiting the same chain-end functionality as the 

lignin monomers chosen in this work could engage in identical char formation 

reactions. Future studies may be able to recommend char formation pathways that are 
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unimolecular in nature, involving larger lignin networks that can condense to form 

char structures without first decomposing into their monomeric components. 

The mechanistic investigations undertaken to compile this body of work have 

eschewed consideration of reactions of a radical nature. It is probable that radical 

induced reaction pathways play a role in the generation of all manner of lignin 

pyrolysis product, including chars. There are doubtless numerous investigations that 

could be undertaken to understand the generation of lignin char via radical reactions 

and any interplay between these and the non-radical or concerted pathways. 

It is hoped that the shortcomings of the present work may provide ample opportunity 

for future research, whilst the results and analysis presented herein provide a solid 

basis for further understanding of the generation of chars during lignin pyrolysis. 
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