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Abstract

Lignocellulosic biomass pyrolysis for biofuel production shows potential but is challenged
with issues of bio-oil instability and low yield. To address these challenges, a bottom-up
approach integrating reaction chemistry and transport within biomass particle during
pyrolysis is crucial for predicting global performance and engineering parameters. At high
pyrolytic temperatures, cellulose undergoes an amorphous transformation into an active-
cellulose/melt-phase, making it essential to investigate the influence of this condensed
phase environment on cellulose reaction kinetics. Moreover, the pyrolysis product yields
from native biomass show stark differences from the pyrolysis of physically mixed
synthetic biomass highlighting the role played by lignin-carbohydrate complex (LCC)
linkages. Hence, this thesis focuses on investigating the chemistry of the pyrolytic
decomposition of cellulose and the influence of condensed phase environment, lignin and

LCC linkages on its decomposition.

A novel computational strategy is developed to limit computational cost, employing a
hybrid approach that combines density functional theory (DFT) and molecular dynamics
(MD) methods. Calculations using this novel strategy reveal two distinct cellulose
decomposition regimes transitioning at 900 K, in line with millisecond-scale kinetic
experiments. At high temperatures, the reduction in hydrogen bonding and the shift in
hydroxymethyl orientations result in a lowered enthalpic barrier within the melt/active
phase. As temperature increases, the melt-phase incurs an entropic penalty due to
increased degree of freedom exhibited by cellulose chains, reducing the free-energy
barrier and leading to an entropy-driven decomposition. Such entropic reductions are

significantly less pronounced in the gas phase, indicating that the condensed phase
ii



environment further enhances entropic losses. Furthermore, in native biomass, despite
clear evidence for the impact of lignin on cellulose decomposition, its mechanism remains
poorly understood. To investigate such condensed phase influence of lignin and LCC,
two different environments are modeled: one with covalent linkages between lignin and

cellulose, and one without such linkages, under pyrolysis conditions.

The presence of lignin and covalent interactions with cellobiose within the lignin-
carbohydrate complex (LCC) and lignin-rich melt-phase have been found to influence the
reaction energetics differently. In the LCC melt-phase, there is a promotion of cellulose
activation, leading to a significant 107 kJ/mol reduction in the free energy barrier between
100K and 1200K for transglycosylation. This creates two distinct reaction regimes,
resembling the behavior observed in pure cellulose. On the other hand, in the lignin-rich
melt-phase, the condensed phase environment has no notable impact. Despite the
different thermal responses, all three local reaction environments show that the disruption
of the hydrogen bonding network and subsequent conformational flexibility in the
hydroxymethyl group orientation directly affects the thermal shift in the free-energy
barriers for cellobiose activation. Furthermore, the trend in the calculated free energy
barriers for cellobiose activation in pure cellobiose and the lignin-rich melt-phase aligns
with experimental millisecond-scale kinetics for the pyrolysis of pure cellulose and Loblolly

pine.

To also account for the influence of covalent bonding between lignin and cellulose, we
have conducted first-principles DFT calculations to investigate the breakdown of cellulose

cross-linked with lignin in lignin-carbohydrate complexes (LCCs). The LCC models used



in the study incorporate p-O-4 benzyl ether linkages and are employed to analyze the
energetics associated with three mechanisms (transglycosylation, ring contraction, and
ring opening) that produce crucial biomass pyrolysis products, namely levoglucosan
(LGA), furans, and glycolaldehyde. The examination of activation barriers and reaction
energies reveals significant differences induced by LCC linkages on cellulose
decomposition kinetics and thermochemistry. Specifically, cross-linked cellobiose in LCC
exhibits higher activation barriers (2X) and reaction energies (3-4X) compared to pure
cellobiose. The higher reaction energy observed for glycolaldehyde, in contrast to LGA,
highlights its preferential formation at higher temperatures due to its more endergonic
nature. This reduction in LGA at higher temperatures finds support in the product
distribution observed in thin-film bagasse pyrolysis. Moreover, comparing relative
experimental yields with the calculated reaction barriers provides evidence suggesting
change in the reaction mechanism between cross-linked cellulose in LCC and pure
cellulose. This inference is further supported by HOMO-LUMO analysis, which reveals a
shift in HOMO orbitals from cellulose to the lignin moiety, suggesting the possibility of
inter-moiety mechanisms. In summary, the study sheds light on the intricate effects of
LCC linkages on cellulose degradation, highlighting both kinetic and thermochemical

alterations in the pyrolysis products formation.
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Chapter 1 Introduction

1.1 Background

The reliance on biomass as the primary energy source preceded the discovery of fossil
fuels. The subsequent identification of coal and, more significantly, crude oil
revolutionized the production of high-energy liquid fuels on a large scale. However,
the drawbacks associated with fossil fuels, such as environmental impact, supply
instability, volatile pricing and political considerations, have necessitated the
exploration of alternative sustainable energy sources. While wind, solar, geothermal,
tidal, and nuclear energy have been extensively investigated as viable alternatives,
biomass stands out as the only option capable of generating a renewable carbon
source compatible with existing fossil fuel infrastructure. This renewable carbon
source can be gaseous products like renewable natural gas (from waste biomass),
which can be blended into the existing pipeline infrastructure, or liquid fuels that can
be utilized in conventional combustion engines. Moreover, the carbon cycle is
significantly shorter for bio-energy (a few years) as compared to fossil energy (millions
of years). The abundance and diverse sources of biomass worldwide make it a crucial

resource for ensuring energy independence among nations .
1.1.1 Biomass — a renewable source of carbon fuel

This widely available resource is estimated to possess a global energy potential
ranging from 150 to 450 EJ/year by 2050 2. Canadian biomass availability ranges from
64 million green tonnes to 561 million dry tonnes, encompassing energy crops, forest
resources, urban waste, agricultural residue, logging, and mill residue 3. In 2006 4,
woody biomass accounted for 6% of Canada's energy consumption, with forest
resources capable of meeting 60% of the domestic energy requirement °. In terms of
fuel production, biomass is classified based on its source. First generation biofuels
utilize food-based biomass such as corn sugar or vegetable oil as feedstock, while
second generation biofuels utilize the non-edible parts of plants, specifically
lignocellulosic biomass ¢. The commercial production of first generation biofuels,
including bioethanol, biodiesel, biogas and sustainable aviation fuel, amounts to
approximately 50 billion liters worldwide, annually . In Canada, ethanol-based

sustainable liquid fuel produced from agricultural residue reached approximately 1



billion liters in 2007 7. However, ethanol production has been deemed
"environmentally-questionable" due to its negative impact on biodiversity, land use,
water consumption® and exacerbating the competition between first generation
biofuels and food production. The production of fuel from food crops has been
identified as a significant factor contributing to rising food prices °. Consequently,
lignocellulosic biomass, encompassing all non-food plant materials, holds tremendous

potential in meeting the increasing energy demand.
1.1.2 Lignocellulosic biomass and composition

The recent surge of interest in lignocellulosic biomass can be attributed to
advancements in agriculture and biotechnology, which have significantly reduced the
production costs compared to crude oil 0. Lignocellulosic biomass emerges as the
most abundant feedstock on Earth '" among the various biogenic sources. Biomass
primarily comprises three major biopolymers: lignin, cellulose, and hemicellulose.
Cellulose, a polysaccharide, consists of repeating units of glucose linked by glycosidic
bonds "2, forming a linear chain. Hemicellulose, on the other hand, comprises a diverse
range of sugar monomers, such as glucose, xylose, and mannose, forming branched
chains. Lignin, a complex polymer, consists of aromatic units such as p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol. Additionally, biomass contains trace
amounts of alkali and alkali-earth metals (AAEM), pectins, and proteins '3. In native
biomass, these biopolymers exist as intricate macrostructures, with cellulose arranged
in bundles enveloped by hemicellulose and lignin. The composition of these
biopolymers and their corresponding repeating oligomer units varies depending on the
type of biomass, whether it is derived from herbaceous plants, softwood, or hardwood
4. Herbaceous plants exhibit varying levels of lignin, hemicelluloses, cellulose, and
extractives, ranging from 0-40%, 20-50%, 25-95%, and 4—-9%, respectively 1516,
Softwood species typically consist of 33—42% cellulose, 22—-40% hemicellulose, 27—
32% lignin, and 2-3.5% extractives '’. In contrast, hardwood species contain 38-51%
cellulose, 17-38% hemicellulose, 21-31% lignin, and 3% extractives. The lignin
content shows a decreasing trend from hardwoods like oak to softwoods like spruce
and pine, and further to herbaceous plants like switchgrass and cornstover 819, This
variation is also evident in different parts of the plant—for instance, hazelnut shells

have high lignin content (51.3 wt%)2%, while tree leaves contain negligible?' amounts.
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1.1.3 Conversion technologies for lignocellulose utilization

A range of technology and process options are available for the conversion of biomass
into fuel. The conversion of biomass into useful fuels and chemicals involves multiple
process steps and can be achieved through one of three primary techniques:
biochemical, liquid phase catalytic, and thermochemical 22. Biochemical conversion
entails the utilization of microorganisms or enzymes to convert biomass or waste into
valuable energy sources. On the other hand, liquid phase catalytic conversion involves
the transformation of biomass through chemical reactions. Thermochemical
conversion, on the other hand, involves the decomposition of organic components in
biomass through the application of heat. The selection of a specific conversion
technology depends on various factors, including the feedstock used, the desired end

products, environmental principles and financial considerations 23.

1.1.31 Biological conversion

Biological conversion involves harnessing specialized microorganisms to convert
waste or biomass into valuable products. Processes utilized for the production of
gaseous and liquid biofuels include anaerobic digestion and acid fermentation 24.
During anaerobic digestion, microorganisms transform biomass into biogas,
predominantly composed of CH4 (60-70%) and CO2 (30-40%), with trace amounts of
H2S 25. This process occurs within temperature ranges of 30-35°C or 50-55°C 26,
Anaerobic digestion consists of three distinct phases: hydrolysis, fermentation, and
methanogenesis. Initially, acid-forming bacteria break down complex organic
compounds in biomass into simpler substances like acetic and propionic acids, volatile
fatty acids, and Hz2. Subsequently, methane-producing bacteria convert these acids
into CO2 and CHa, resulting in the formation of biogas 2. The low biomass
concentration in the feed stream poses a primary challenge for anaerobic digestion.
Alternatively, bioethanol can be produced through the alcoholic fermentation of
biomass residues containing fermentable sugars derived from cellulose and
hemicellulose. Alcoholic fermentation involves biochemical pathways encompassing
hydrolysis and fermentation reactions, leading to the conversion of biomass into
alcohols 28, The resulting crude alcohol, containing approximately 10-15% ethanol,
requires subsequent distillation 2°. The solid residue remaining after fermentation can

be further processed using thermochemical methods. While biological conversion is
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often favored for its ability to produce specialty chemicals with high selectivity 30, it
does have certain limitations. These include the stability of biological agents, the
requirement for pure feedstock, the need for sterile conditions 3!, narrow operating

conditions, and relatively low conversion rates 32.

1.1.3.2 Liquid phase catalytic (inorganic) conversion

Liquid phase catalytic processing of biomass converts biomass into smaller, low
oxygen containing molecules 33. Consequently, chemical conversion of biomass
encompasses a diverse range of reactions, including polysaccharide
depolymerization, cellulose hydrogenation, sugar and alcohol hydrogenolysis,
dehydration and catalytic synthesis of specialty furanic compounds 34. Biomass offers
advantages over petrochemicals in the production of functionalized chemicals. While
petroleum primarily consists of long-chain hydrocarbons, biomass is highly
functionalized. For example, glucose contains one oxygen atom for every carbon
atom. However, high functionality and oxygen content can also be a challenge in
controlling selectivity of products. Therefore, chemical processes in biomass
conversion mainly involve optimizing the functional group type and degree of
functionalization. Pentose (xylose) and hexose (fructose or glucose) in biomass can
be dehydrated to produce furfural and 5-hydroxymethylfurfural (HMF), which are
promising intermediates for synthesizing high-value products. Thus, biomass building
blocks are converted into these platform chemicals, which can then be further
upgraded to secondary chemicals 35. A notable example is the selective hydrogenation
of HMF using Ru/CeOx catalysts to produce functionalized furans, which serve as
precursors for solvents and monomers 36, Additionally, catalytic condensed phase
conversion enables the production of 2,5-dimethylfuran (DMF), a fuel additive, from
HMF. DMF can also be utilized in Diels-Alder reactions to produce p-xylene 3. It is
important to note that although HMF can be converted into various high-value
compounds, the availability of HMF on a large scale remains a bottleneck for industrial
application. While liquid-phase catalytic conversion is valuable for producing a wide
range of targeted products, it is limited by catalyst stability in the aqueous phase and

the requirement for pure feedstocks 3.



1.1.3.3 Thermochemical conversion

Thermochemical conversion encompasses a high-temperature reformation process
that involves breaking and reforming chemical bonds within organic matter, resulting
in the formation of solid biochar, non-condensable/synthesis gas, and highly
oxygenated bio-oil. Within the realm of thermochemical conversion, several primary
process alternatives exist, including combustion, gasification, liquefaction, and
pyrolysis. Combustion involves the burning of biomass in the presence of air, leading
to the release of heat and significant emissions of COz2 into the environment (Fan et
al., 2021). Gasification, on the other hand, entails the thermal decomposition of
biomass, generating a mixture of gases known as syngas (comprising Hz, CO, COz,
CHa4, and N2). This process is carried out at high temperatures with the controlled
introduction of oxidizing agents such as steam, air, or O2 (AINouss et al., 2020;
Shahbaz et al.,, 2017). Liquefaction involves subjecting biomass to higher
temperatures and pressures, allowing for reactions to occur in the liquid phase without
the need for moisture removal (Behrendt et al., 2008; Chan et al., 2019; Huang and
Yuan, 2015). Pyrolysis, on the other hand, involves thermal treatment of organic
compounds in an inert environment, leading to the production of solid biochar, liquid
bio-oil, and gaseous fuels (Chan et al., 2019). The condensable gases from pyrolysis
undergo room temperature condensation, forming an intermediate liquid known as bio-
oil, which predominantly comprises anhydro-sugars (such as levoglucosan), furans,
pyrans, and small oxygenates 3°. Bio-oil derived from pyrolysis can potentially be
upgraded into a fuel suitable for direct use in conventional automobiles. Depending on
the heating rate, pyrolysis can be categorized as either fast or slow. Slow pyrolysis
primarily aims to produce solid char rather than bio-oil. In contrast, fast pyrolysis
involves rapidly heating biomass at high temperatures (400°C - 800°C) in the absence
of oxygen to yield bio-oil 4041, Currently, there is greater emphasis on liquid production
from fast pyrolysis due to several advantages. This approach allows for rapid
conversion within seconds 42, offers flexibility by accommodating various feedstocks
without the need for extensive preprocessing, can be implemented on a scalable basis
43 supports decentralization to reduced capital and transportation costs ', and
facilitates transportation of the liquid intermediate (bio-oil) 4445, Techno-economic

studies indicate that fast pyrolysis exhibits competitiveness, despite lower product



value, owing to significantly lower capital costs, higher process efficiency, and greater

yield compared to gasification or biochemical techniques “6.

Pyrolysis systems can also be potentially integrated with existing petroleum
infrastructure 4’. For Canada, the production of bio-oil (intermediate in biomass
pyrolysis) offers an additional advantage, as it can be used as a diluent in bitumen
transportation. The province of Alberta, known for its vast bitumen reserves in the
boreal forests of the north, estimates that current technology allows for the extraction
of approximately 10% of the bitumen deposits, amounting to 27 billion m3, making
Canada the world's third-largest oil reserve 48, In 2014, 74% of Alberta's oil production
was transported to the United States via pipelines (Alberta Energy; Alberta Energy
Regulator; Statistics Canada). Due to its high viscosity, viscosity or friction reduction
techniques are employed using diluents like naphtha to reduce the cost of bitumen
transport 4°. Bio-oil, a pyrolysis intermediate derived from lignocellulosic biomass with
a viscosity range of 10-350 mPa s %0, is a potential diluent that eliminates the need for
further separation. Nevertheless, being competitive with petroleum technology or at
least parity with conventional fossil fuels is crucial for commercial viability.
Comparative studies %'show that biomass pyrolysis technology is not competitive with
fossil fuels, yet. However, many studies have concluded pyrolysis to be the most
promising technology for the production of liquid transportation fuels 4052-54 The
challenge is in the ability to efficiently convert biomass to liquid transport
fuel/chemicals. However, pyrolysis offers a cost effective 46 pathway for a high yield 5
production of liquid product (bio-oil) with sufficient feedstock flexibility. Though the
increased research interest to tap into this vast lignocellulosic resource is recent,
studies had been conducted as early as 1918 to isolate levoglucosan as a pyrolysis
product %. From the above mentioned advantages of pyrolysis (c.f. Figure 1.1) over
other conversions techniques, it is clear that pyrolysis is the preferred method for the
conversion of biomass to liquid transportation fuels. Therefore, this thesis will focus on

pyrolysis technologies for biomass conversion.
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Figure 1.1 Major advantages in fast pyrolysis of biomass

1.1.4 Challenges in pyrolysis of lignocellulosic biomass

There are however many challenges inhibiting the commercialization of pyrolysis 5'—

1.

The corrosive and unstable nature of bio-oil, coupled with its high oxygen
content 44, poses difficulties in terms of storage and transportation, making it

inferior to fossil-based hydrocarbons.

Pyrolysis exhibits low yields of bio-oil, and the upgradation of bio-oil also faces

challenges in achieving desirable yields.

The continuous and economic supply of feedstock introduces uncertainty 8,

which can impact the overall viability of pyrolysis processes.

. Efficient upgradation of bio-oil requires advanced catalytic technologies, and

the high consumption of hydrogen during upgradation leads to increased

operating costs.

The characterization of bio-oil is challenging, hindering consistent production

and quality control.

The removal of char, which is produced during pyrolysis, presents difficulties in
inhibiting the circulation of alkali metals within the process cycle. Char formation
also limits heat transport rates in the reactor, making scale-up challenging. An

ideal pyrolysis reactor should be char-free °.

The application of petrochemical processes for upgradation of bio-oil is hindered by

the presence of highly functionalized biomass molecules, characterized by elevated

oxygen content and reactivity. Nevertheless, promising alternatives, such as fixed-bed



pyrolysis reactors, have shown potential, achieving approximately 80 wt% bio-oil
production without char formation by utilizing H2 as a sacrificial fuel. However, a
fundamental challenge in this context lies in the poorly understood interdisciplinary
field of solid phase decompositions®. To address these challenges, a key strategy
involves gaining a comprehensive understanding of the structural composition of
native biomass and its fundamental pyrolysis reactions. In native biomass, cellulose
exists in a complex microscopic architecture intertwined with lignin and hemicellulose.
A critical review by Collard and Blin®' delved into the pyrolysis of individual
lignocellulosic components, namely cellulose, hemicelluloses, and lignin. They
highlighted that the mass superposition of product yields from individual components
significantly influences the total product yields for both primary and secondary
reactions. As a means to enhance product predictability, researchers have proposed
the analysis of individual biomass components (cellulose, hemicellulose and lignin)
6263 Given that dry biomass fuels typically contain approximately 50% cellulose by
weight, the kinetics of cellulose pyrolysis assume primary interest in this context,
prompting considerable focus on investigating cellulose reaction chemistry compared

to other bio-polymers.
1.2 Thermal decomposition of cellulose

Cellulose constitutes a significant proportion (40-50%) % of biomass composition and
its thermal decomposition can be initiated at a relatively low temperature of 150 °C 65,
due to its linear homopolysaccharide structure composed of B-D-glucopyranose units.
Given its prominence in biomass and the well-known structure, cellulose pyrolysis
mechanisms have garnered considerable attention 6466, Despite the presence of
hemicellulose and lignin, the cohesive and interlaced cellulosic microfibrils form the
fundamental framework of biomass cell walls 7. The annual production of cellulose
surpasses that of all other organic polymers, making an understanding of its thermal
decomposition a crucial scientific objective 4'. During the pyrolysis process, cellulose
undergoes dehydrating, fragmentizing, and condensing reactions, ultimately yielding
liquid tar, gaseous products, and residual chars. The comprehension of these
fundamental pyrolysis reaction mechanisms represents a critical bottleneck in the

development of first-principles based models for particle decomposition, essential for



reactor-level modeling and optimizing reaction conditions. As a result, kinetic studies

have been undertaken by early experimentalists in achieving this understanding.

1.2.1 Global experimental bio-oil product yields and Kinetic modeling

Characterizing the evolution of hundreds of compounds from cellulose posed a
challenge for researchers, leading them to rely on stoichiometry or yield-based lumped
kinetic models. These models, based on TGA experiments, incorporated various
factors such as intrinsic kinetics, transport, and phase transitions, resulting in a wide
range of reported activation energies, ranging from 50 to 285 kJ mol-1. However, due
to the lack of control over secondary reactions, coupled with experimental constraints
in measuring fast reaction time that cause mismatch between reaction and
measurement timescales, these models are insufficient for understanding the
underlying chemistry. To develop a mechanistic understanding of cellulose pyrolysis
reactions, it is crucial to maintain the sample in a reaction-controlled regime and
continuously analyze product evolution. Experimental studies have utilized
micropyrolyzer systems 6870 which feature precise temperature-controlled furnaces
and inert carrier gas that sweep the vapors to a gas chromatograph (GC) within the
device. For example, Shanks and colleagues employed a micropyrolyzer with a
sample size of 6-50 um to analyze glucose-based carbohydrates 8. They identified
levoglucosan as a major pyrolysis product, with its vyield increasing with
polymerization. Though cellulose decomposition was previously found to proceed
through the formation of levoglucosan 7', it was hypothesized as a precursor for lower
molecular weight products (LMWPs) 72, This sequential reaction model ® was
disproven by Shanks and co-workers 686974 ysing sample sizes < 50 pm in
micropyrolyzer systems. It was observed that levoglucosan (LGA) sublimes before
decomposition at 773K, and the pyrolysis products are obtained through competitive
reactions. The sequential reactions were found to be a result of secondary reactions
(with LGA as a precursor for LMWPSs) occurring in the cellulosic melt-phase, which

were not adequately limited by experimental constraints.

Although numerous lumped global kinetic models 75-8! have been proposed, enabling
macroscopic predictions of volatilization rate and overall yields, they do not provide a
fundamental understanding at a molecular level 3°47. These models are limited to
specific operating conditions and feedstock compositions, lacking the ability to predict
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reaction rates beyond that range, and they are not based on reaction mechanisms
[56]. Therefore, advanced experimental and computational techniques are employed

to investigate intricate reaction chemistry and calculate kinetics.
1.2.2 Millisecond scale kinetics and Thin-film experiments

Experimental activation energies for cellulose decomposition reported in the literature
have shown significant variations, ranging from 13 to 68 kcal/mol 73. This creates
uncertainty in their ability to differentiate between the two proposed mechanisms —
midchain and endchain scission. However, recent advancements in thin-film sample
techniques and microreactor technology have allowed for more detailed analysis of
cellulose pyrolysis. Mettler et al. 82 introduced a new thin-film technique (with a size of
approximately 1 ym) for sample preparation in mechanistic pyrolysis studies. They
argued that transport limitations alter the condensed-phase chemistry, leading to
secondary pyrolysis reactions. Their research demonstrated that to study fast pyrolysis
at 500°C, the sample dimension should be less than 20 ym to ensure an isothermal
kinetically limited regime. Therefore, experimental studies need to design appropriate
experiments to capture the primary pyrolysis reactions. Thin films offer the advantage
of enabling isothermal, kinetically limited experiments, although they only allow for the
analysis of cumulative product yields. However, addressing the temporal mismatch
between cellulose chemistry (milliseconds) and chromatography analysis
(kiloseconds) is crucial when investigating only the primary reactions 83. Reactors must
have the ability to control the progression of reactions to quantify products and
intermediates over time. Traditional micropyrolyzers undergo complete conversion,
making it impossible to analyze intermediate reaction products as a function of
reaction time. As early as 2000, Dr. L.D. Schmidt suggested the design of millisecond
reactors capable of rapidly adding and removing heat to regulate sample temperatures
84 Building on this concept, Dauenhauer and colleagues developed a microreactor
called the Pulse-Heated Analysis of Solid Reactions (PHASR) reactor 83. The PHASR
reactor can heat and cool samples in milliseconds using a silicon-based coolant
system, allowing control over reaction times as short as 10 ms. This technology
enables the analysis of composition within milliseconds, facilitating the measurement

of reaction rates.
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The use of the PHASR reactor has provided valuable insights into the kinetics of
cellulose decomposition at the millisecond scale and the composition of intermediate
products. It has revealed changes in reaction mechanisms and kinetics at different
temperature regimes. One important discovery is the influence of thermal phase
changes, including the formation of an intermediate liquid cellulose known as the
"melt-phase". These thermal phase changes impact the structure and hydrogen
bonding of cellulose, affecting product formation during decomposition and
emphasizing the role of temperature and the melt-phase environment. In studying
cellulose decomposition, model molecules such as cellodextrin of different chain
lengths and cyclodextrin have been utilized. Cyclodextrin, verified as an appropriate
surrogate for cellulose using first-principles methods, shares the same end-group-to-
chain-length ratio 82. Experimental investigations demonstrated that at 550°C, the rate
of furan formation was similar for all cellodextrin and cyclodextrin. However, at 400°C,
the rate of furan formation was only the same for all cellodextrin when normalized to
the polymer chain concentration, indicating that the reaction occurs at polymer chain
ends . This suggests that at 400°C, furan formation is solely from the chain ends,
while at 550°C, it can also occur from the mid-chain. This kinetic regime shift from an
end-chain to a mid-chain mechanism for furan formation from different cellodextrin
molecules was observed at a "reactive melting point" of 467°C. A subsequent study
85demonstrated that cyclodextrin pyrolysis follows first-order kinetics at all conditions
(550°C < T < 385°C). Below the reactive melting point, the rate of conversion at
different temperatures exhibited similar first-order kinetics. Above 467°C, a significant
relative difference in the rate of conversion of cyclodextrin was observed, indicating a
drastic increase in conversion. By using rate coefficients in the Arrhenius form, a
transition at 467°C was identified, above which the activation barrier was 53.7+1.1
kcal/mol, while below 467°C, it was consistently 23.2+1.9 kcal/mol, suggesting a slow

end-chain mechanism.

While these studies offer an overall understanding of the kinetics of cellulose
decomposition, a comprehensive molecular-level mechanistic understanding of
pyrolysis reactions is still lacking. Empirical kinetic models have limitations as they are
applicable only to specific operating conditions and feedstock compositions. Hence, it
is crucial to establish a fundamental knowledge base of pyrolysis reaction mechanisms

to construct mechanistic kinetic models. These newer models incorporate rate
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coefficients for elementary reactions obtained from experiments or first-principles
calculations 3942, For instance, a kinetic model developed for cellulose pyrolysis
accounts for 103 species and 342 reactions, allowing for the estimation of competing
reaction pathways within a complex reaction network 398 Such models provide a
quantitative understanding of the system and enable the integration of rate coefficients
determined through experiments or first-principles calculations 8. Moreover, these
models can be adapted to various reactor types, reaction conditions, and feedstocks,
making them valuable for process scale-up. Their flexibility permits the inclusion of
new mechanisms as they are discovered, underscoring the importance of molecular
understanding. To address the need for molecular-level insights, experiment-guided
simulations employing first-principles molecular modeling are utilized to analyze the
energetic aspects of reaction mechanisms. Employing a computational approach to
develop biomass conversion technology proves to be more effective and efficient than

an empirical approach 33,
1.3 Intricate chemistry and kinetics in pure cellulose

Molecular modeling plays a vital role in gaining insights into phenomena that are
otherwise inaccessible through experiments alone &. Early experimental 13C NMR
studies 8 and kinetic studies 7578 have contributed to generating the necessary
knowledge on molecular structure and reaction pathways, facilitating computational
studies. Cellulose can exist as four different polymorphs (1, II, Il and 1V) . In plants,
cellulose is created as crystalline cellulose | microfibrils °1. Algal cell wall majorly
consists of cellulose la °2 while plant cell wall is composed of cellulose If . A study
has shown that metastable cellulose la can easily be converted to IB using a
hydrothermal treatment. Therefore, almost all studies in literature deal with cellulose

IB structure.
1.3.1 Thermal changes in condensed phase using Molecular dynamics (MD)

Building on experimental findings, several computational studies have focused on
analyzing individual biomass components, with cellulose receiving significant
attention. In 2000, the native cellulose crystal structure was predicted using two (3-1,4
glucopyranose chains 9. Vietor et al. achieved this by rotating and translating the two

chains along the helical axis and estimating the minimum energy for inter-chain
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distance using force-field calculations. In 2002, Nishiyama et al. ®*determined three-
dimensional coordinates with a hydrogen bonding system using synchrotron X-ray and
neutron fiber diffraction data. This model has since been utilized in numerous
computational studies 997, Molecular dynamics (MD) considers atoms as the basic
unit and calculates energy using force-fields, employing a ball and spring model that
can simulate physical transformations. Many computational studies have employed
force-field-based MD %9 to investigate the thermal response of cellulose at pyrolysis
temperatures. These simulations were benchmarked against experimental density,
thermal expansion coefficient, dipole moment, and dielectric constant 9. Cellulose
seems to undergo a structural transformation and density reduction between 450K-
500K without depolymerization 97190, This reduction in density aligns with other kinetic
73, infrared spectroscopy %', and X-ray diffraction 192193 studies, which indicated a
change in d-spacing with temperature, signifying a crystalline phase transition at 500
K. Hydrogen bonding plays a vital role in understanding these high-temperature
cellulose structures, referred to as “active-cellulose” or as "melt-phase” in this thesis.
The intra-chain hydrogen bond HO9...03 breaks completely at 450 K, forming
HO9...03 and HO9...07 inter-chain bonding. This breaking of the HO9...03 bond is
supported by observations from infrared spectroscopy '°'. In the cellulose three-
dimensional hydrogen bonding network, intra-chain hydrogen bonds decrease, while
inter-chain bonds increase 989104 Consequently, more stable cellulose sheets are
formed as intra-chain bonds stabilize the chain conformation, whereas inter-chain
bonds stabilize the sheets 195, The additional intra-sheet hydrogen bonds explain the
stability of cellulose at temperatures above 450 K, with only a 20% reduction in total
hydrogen bonding but a significant 55% decrease in intra-chain hydrogen bonding °°.
Therefore, thermal phase changes characterized with increased inter-chain hydrogen
bonds and a reduction in total and intra-chain hydrogen bonds destabilize the chain

conformation, allowing for torsional freedom in cellulose chain.

Further, first principles methods offer the possibility of estimating thermodynamic
properties and rate constants for specific chemical reactions without assuming the
overall chemical process in advance '%. However, the identification of these specific
reactions is guided by experimental data. Once the reactions are identified, first-
principles methods can be employed to evaluate the extent of reaction (using rate

constants) and the primary products as well as side-products.
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1.3.2 Reaction mechanisms and First principles modelling

As previously mentioned, understanding the reaction mechanisms involved in
pyrolysis is crucial for the optimal design and operation of reactors 33. The use of first-
principles calculations to elucidate chemical reactions and their application in kinetics
has been extensively discussed in previous works 87197 However, simulating cellulose
microfibrils using first-principles molecular dynamics would require an impractical
amount of CPU time 44. Therefore, first-principles studies have employed tractable
surrogate molecules to simplify complex biopolymers. In the literature, surrogate
molecules such as glucose %8109 cellobiose %111, cellotriose 112, and cyclodextrin 82
have been utilized as substitutes for cellulose. These studies have significantly
contributed to our knowledge and understanding of the pyrolysis of these individual

surrogates and their relevance to the corresponding polymer.

It is known that levoglucosan is the major pyrolysis product 8, indicating that glycosidic
bond cleavage is the dominant mechanism for cellulose decomposition, as revealed
by recent computational studies '3. In 1921, an acid-catalyzed/dehydration pathway
to levoglucosan with glucose as an intermediate was proposed '#4 . To test this
pathway, cellulose was pyrolyzed with glucose, and it was observed that the yield of
levoglucosan was only half compared to pyrolyzing cellulose alone ''5. The authors
concluded that glucose was not an intermediate since the levoglucosan yield should
have increased or remained constant if it were. Subsequently, free radical
mechanisms were proposed, consistent with the knowledge available at that time
regarding the thermal decomposition of other stable organic compounds 6. Building
on this, a multistep mechanism was proposed "7, but considering the reactivity of
radicals, it is unlikely that all steps occur consistently without side reactions.
Nevertheless, this mechanism remained the widely accepted pathway until recently
when the activation barrier for this mechanism in the gas phase was calculated to be
very high (97.8 kcal/mol at 500°C) "8, lonic mechanisms were also proposed, inspired
by the influence of organic salts on cellulose pyrolysis observed through 1H-NMR
studies '"°. With advancements in computational techniques, Assary and Curtis 199
conducted gas phase DFT calculations and proposed a two-step mechanism known
as glycosylation, finding an activation energy of 48-53 kcal/mol. This value was close

to the experimentally determined activation barrier at that time using DSC-TGA 120,
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Hosoya et al. proposed the first ionic concerted mechanism for the decomposition of
methyl B-D glucoside to levoglucosan '?'. However, glucose does not accurately
capture the electrostatic nature of the glycosidic bond in cellulose. Therefore, this
mechanism was adapted to propose a transglycosylation mechanism for cellobiose
decomposition, involving simultaneous proton transfer from the methoxy group to the
glycosidic oxygen and the formation of a C6-O-C1 bridge 34(Figure 1B).
Transglycosylation has been reported to have gas phase activation energies in the
range of 190-230 kJ/mol 34121, Similar activation energies (201-222 kJ/mol) have been
calculated for the glycosylation mechanism '''. In addition to the formation of
levoglucosan through glycosidic bond cleavage, the formation of lower molecular
weight products such as glycolaldehyde has also been investigated. The C-C cleavage
of cellulose monomers during pyrolysis transforms two carbon fragments into
glycolaldehyde 7'. However, glycolaldehyde primarily originates from the ring opening
of cellulose. The generation mechanisms of lower molecular weight products have
also been studied using DFT 22125 and it has been found that the pyran ring,
undergoing dehydration, is more inclined to undergo the ring opening reaction 28,
These two-step ring opening mechanisms involve a series of steps including
dehydration and C-C cleavage to form lower oxygenates. A compilation of potential
reaction pathways for cellobiose decomposition was performed, and the activation
energies calculated using gas phase DFT were compared ''3. The lowest activation
energy was calculated for transglycosylation (228 kJ/mol), followed by glycosylation

(270 kJ/mol) and ring contraction (283.26 kJ/mol) in gas phase environment.

However, high speed photography has shown that cellulose pyrolysis proceeds
through a “liquid intermediate” before forming volatiles at 973K '27. Seconding that,
force-field based studies mentioned in section 1.3.1 that analyzed the structural
orientation and the thermal response of cellulose, show that at high temperatures,
cellulose exists in a “melt-phase”. This melt-phase can possibly lead to different
pyrolysis reaction chemistry/kinetics compared to cellulose in the gas phase or crystal

structure.
1.3.3 Condensed phase effects on cellulose reaction chemistry

The observation of a liquid intermediate known as the "melt-phase," which was

supported by high-speed photography and MD calculations %°, served as the
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motivation for researchers to conduct an accelerated ab-initio MD (CPMD-
metadynamics) study. In their investigation of cellobiose decomposition, Agarwal et al.
52 employed multiple collective variables to conduct an unbiased analysis. They found
that at 327°C, ring contraction from glucopyranose to glucofuranose is favored, while
at 600°C, glycosylation becomes favored with an activation energy of 36 kcal/mol,
significantly lower than the value proposed by the study "' suggesting the mechanism.
Moreover, the study %2 did not find a low-barrier pathway for pre-LGA formation in the

absence of a temperature-appropriate density.

To account for a temperature-dependent variation in reaction mechanisms and mimic
the melt-phase environment, a four-molecule periodic system with plausible densities
was employed. The results revealed that ring contraction from glucopyranose ring to
glucofuranose ring without glycosidic bond cleavage is favored (83.7 kJ/mol) at 600K,
while glycosylation (151 kJ/mol) is favored at 873K. The relatively low free energy
barrier for ring contraction at low temperatures suggests that depolymerization in the
melt-phase to form 'active cellulose' could involve the formation of furanic rings. This
temperature-dependent shift in reaction mechanism for cellulose decomposition aligns
with the observation of "active cellulose" and is supported by PHASR reactor studies
128 1t should be noted that the local pyrolysis environment in the melt-phase may alter
reactivity, rendering the direct relevance of these gas-phase calculations insufficient.
Alternatively, investigating hydroxyl catalyzed decomposition in the melt-phase, vicinal
OH groups from stacked parallel cellulose sheets were utilized to form hydrogen bonds
129 This arrangement of cellulose sheets enabled inter-sheet hydroxyl interactions that
stabilized the charged transition state. Consequently, catalyzed bond activation by
static hydroxyl clusters led to a reduced apparent activation barrier, and the reduction
in the activation barrier was proportional to the number of hydroxyl groups participating
in the reaction. This finding further supports experimental studies suggesting that a
shift in phase with temperature could alter reaction energetics [124] and requires

further investigation.

1.3.4 Bottom-up approach for investigating cellulose chemistry

As illustrated in the above sections, it is widely acknowledged that fundamental
research plays a crucial role in gradually integrating chemical mechanisms into particle
models, enabling the prediction of overall performance and facilitating the engineering
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of bio-oil composition 44. Therefore, it is essential to gain a comprehensive
understanding of the intricate reaction mechanisms occurring during pyrolysis, as it
serves as a foundation for advancing macro-scale comprehension, including transport
phenomena, process optimization, and selective product distribution. However, the
high temperatures at which pyrolysis reactions occur, rapid reaction kinetics, and the
complex composition of biomass feedstocks make it extremely challenging for
experimental researchers to explore pyrolysis chemistry comprehensively. Moreover,
the condensed phase effects induced by thermal phase changes seems to further alter
the reaction chemistry. Consequently, researchers have turned their attention to
studying the chemistry of individual biomass components, while also recognizing the
potential of molecular modeling as an effective tool for investigating condensed phase
pyrolysis chemistry. Therefore, a bottom-up approach is adapted to develop such
multiscale models encompassing molecular-level investigations of reaction
mechanisms which can further be used in particle-level analysis of transport

phenomena, and consideration of operating conditions at the reactor level.

In addition to high temperature condensed phase effects in pure cellulose, the intricate
macro-structures formed by cellulose, lignin, and hemicellulose in lignocellulosic
biomass further complicate studies aimed at understanding fundamental pyrolysis
chemistry. Although there is a preliminary understanding of the pyrolysis mechanisms
of individual biopolymers like cellulose, such information is not readily available for
native biomass. Lignocellulosic biomass fast pyrolysis likely involves a combination of
free radical, ionic, and concerted pathways for product formation 87-130, The presence
of hemicellulose and lignin in native biomass contributes to the formation of additional
compounds such as phenols (primarily derived from lignin) in addition to levoglucosan
(LGA), furans, and lower oxygenates. The pyrolysis of native biomass, such as spruce
and beech wood, exhibits significant changes in product distribution compared to pure
cellulose. This phenomenon is also observed in the pyrolysis of synthetic biomass
(model biomass prepared by mixing different extracted biopolymers) containing
mixtures of cellulose, hemicellulose, and lignin, where reaction rates slow down, and
lignin hinders cellulose breakdown and volatile formation '3'-133  Furthermore,
repolymerization reactions among lower molecular weight (LMW) compounds to form
heavier compounds are promoted by the homogeneity in functional groups, mainly

derived from lignin products 34136 Reducing the lignin content in the feed could
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potentially decrease the formation of heavier pyrolysis products and mitigate aging
effects. However, biomass pre-treatment to remove lignin and increase
polysaccharide content in the feed is expensive and poses environmental challenges
137 Therefore, it is necessary to investigate the pyrolysis of native biomass in addition

to the pyrolysis of individual biopolymers.
1.4 Thermal decomposition of cellulose in lignocellulosic biomass
1.4.1 Failure of additive models and interaction between biopolymers

A simple mathematical model that combines the thermal curves of individual
components (lignin, cellulose, hemicellulose) to explain the thermal behavior of native
lignocellulosic biomass was proposed 3. This model suggests that pyrolysis product
distribution trends, activation barriers, and kinetic parameters can be predicted using
additive models that disregard interactions between biopolymers. However,
experimental studies 3%-'4'have confirmed that cellulose, hemicellulose, and lignin
exhibit catalytic and anti-catalytic effects on each other's decomposition. Recent
studies have highlighted the deviation from the additive model and the inability to
accurately predict yields of pyrolysis gases (CO, COz2, CHas, H2, C2H2, Cz2H4) 142,
Nonetheless, there is minimal variation in reaction order between the additive model
and experimental pyrolysis, indicating that the pyrolysis mechanism remains largely
unchanged '3, In native biomass, the pyrolysis of cellulose occurs at higher
temperatures and the rate of mass loss decreases [26]. These interactions between
the biopolymers demonstrate that biomass pyrolysis behavior cannot be explained
solely by the individual pyrolysis chemistry of its components 3144, For instance,
when spruce and beech wood (both containing approximately 50% cellulose) are
pyrolyzed, they yield less than 3% levoglucosan (LGA) %5, whereas pure cellulose can
produce a 48% yield when pyrolyzed separately '. This deviation in kinetics is also
observed in the pyrolysis of synthetic biomass containing cellulose and lignin mixtures
produced through different mixing methods and over a wide temperature range 3132,
However, this deviation between pure cellulose and native/synthetic biomass pyrolysis
kinetics is only observed within a specific temperature range. Below and above the
cellulose decomposition temperature, the product distribution of both synthetic and
native mixtures aligns with additive model predictions, suggesting no interactions 2.
Furthermore, lignin exhibits a "liquid phase" above the glass transition temperature
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(50-150°C), where its units are redistributed and reallocated. This overlap in the
decomposition regime may facilitate CH-11 interactions between cellulose and lignin,
leading to the enhancement of lignin-derived products such as phenolics 40146, These
observations emphasize the existence of interactions between biopolymers during the
pyrolytic "melt-phase," but within a narrow temperature range where cellulose and
lignin decomposition overlap. Based on the yields obtained from the pyrolysis of native
and synthetic samples, no significant interactions were found between xylan
(hemicellulose monomer) and lignin, but substantial interactions were observed
between cellulose and other components '3'. Pyrolysis of native samples after
selectively removing one component from cornstover revealed a higher interaction
between cellulose and lignin compared to cellulose and hemicellulose '#7. Therefore,
hemicellulose has been intentionally omitted from the analysis as it does not seem to

exert a significant influence on cellulose decomposition.

1.4.2 Dependence on feed

Figure 1.2 Lignin dimer - Quinone methide intermediate

The pyrolysis of herbaceous biomass, such as grass, leads to different product yields
compared to woody biomass '°. When herbaceous cellulose-lignin samples are
pyrolyzed, there is a decrease of 10.28 wt% in LGA yield, which is compensated by
increases of 11.38 wt% in C1 to C3s products and 1.45 wt% in furans. In contrast, the
pyrolysis of woody biomass shows minimal deviation in product distribution compared
to pure cellulose, despite its higher lignin content. While interactions between cellulose
and lignin have little effect on char yields in synthetic samples, they promote char
formation in native biomass samples 48149 This decrease in LGA yield is also

observed in synthetic mixtures of cellulose with hemicellulose, where the presence of
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lignin inhibits LGA production by favoring C-C bond cleavage over C-O cleavage.
However, the change in product yields, particularly the inhibition of LGA and promotion
of furans and C1-C3 compounds, is more pronounced in native samples, especially

herbaceous cellulose-lignin samples 150151,

In lignocellulosic biomass, lignin and hemicellulose form "lignin carbohydrate
complexes (LCCs)" 52, These complexes can involve two types of linkages between
lignin and polysaccharides: 1) esterification of phenolic acids, which may participate
in lignin polymerization '?', and 2) a-benzyl ester/ether linkages, where the carboxyl
or hydroxyl group in polysaccharides reacts with an intermediate quinone methide (c.f.
Figure 1.2) to form these linkages '°3. These linkages can also occur between lignin
and the peripheral cellulose chains of the cellulose microfibrils. In softwood,
approximately 50% of lignin is bound to cellulose, while in hardwood, this proportion
is around 17% '%*. The variation in pyrolysis products between herbaceous and woody
biomass can be attributed to the higher presence of lignin carbohydrate complex
(LCC) linkages in herbaceous biomass, which influences product yields, including the
reduction in LGA observed experimentally. Understanding the influence of high-
temperature biomass melt-phase environments on reaction chemistry requires explicit
modeling of molecules in the condensed phase to account for entropic contributions.
Accelerated/biased ab-initio molecular dynamics (AIMD) methods can be employed to
calculate the free energy barrier by explicitly considering interactions with the local
reaction environment 13155 However, performing accelerated AIMD simulations for

multi-molecular LCC systems is computationally intensive 137,
1.4.3 Intricate chemistry and kinetics in native lignocellulosic biomass

Verification of the speculated promotion of C-C over C-O cleavage and understanding
pyrolytic interactions between biopolymers are best accomplished through
computational tools. However, to the best of our knowledge, there have been no first
principles studies investigating the competing reaction pathways of cellulose
decomposition in the finite temperature biomass melt-phase. This is primarily due to
the high computational cost associated with performing ab-initio calculations for
condensed phase systems with explicit intramolecular interactions. Computational
studies on lignocellulosic biomass in the literature are available only after the 1990s

156 Some studies 157 have explored the interaction between lignin and cellulose using
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force-field calculations to understand the assembly in wood. These studies found that
lignin model molecules can adsorb onto cellulose microfibrils, limiting their mobility. In
a complementary study, the importance of hydrogen bonding in lignin-cellulose
association was highlighted, with the phenol rings in lignin preferentially oriented
parallel to cellulose fibers. More recently, Zhang et al. '%8developed a first principles
model of woody biomass, providing a comprehensive list of hydrogen bonds between
H-C and covalent bonds between H-L, along with gas phase DFT optimized bond
lengths and angles. Although these studies do not directly investigate pyrolysis, they
have laid the foundation for molecular modeling of lignocellulosic biomass. However,

the applicability of these structures under pyrolysis conditions needs to be verified.
1.5 Major factors influencing cellulose kinetics and chemistry in biomass
1.5.1 Thermal changes in the reaction environment

Considering the importance of understanding the kinetic and chemical shifts in
cellulose decomposition, as observed in experimental and computational studies,
gaining a molecular-level comprehension of this phenomenon becomes crucial for the
development of accurate kinetic models. Previous investigations have indicated that
cellulose activation and decomposition predominantly occur through glycosidic bond
breakage, resulting in the formation of short-chain anhydro-oligomers with
levoglucosan-end '?7. In this context, the primary decomposition of cellulose via
glycosidic bond cleavage analyzed herein results in the intermediate liquid, melt-phase
formation. While several studies in literature indirectly address the observed thermal
shift in cellulose reaction chemistry and kinetics, an in-depth explanation of this
phenomenon remains elusive. Seshadri et al. "®°demonstrated that the placement of
water molecules to establish hydrogen bonds with glucose's hydroxyl (OH) groups can
reduce the enthalpy of activation. Co-pyrolysis of microcrystalline cellulose with
fructose indicates a correlation between LGA yield and fructose composition 9. Since
fructose does not pyrolyze to form LGA, this suggests that the hydroxyl environment
in the reaction mixture promotes LGA formation. Therefore, a review through the lens
of molecular modelling is essential to gain mechanistic insights into cellulose
decomposition. Mimicking the melt-phase environment by introducing hydroxyl groups
from water or small alcoholic products has been shown to catalyze the formation of

specific compounds, thereby lowering the enthalpic barrier. These phase-related
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modifications exert a noticeable influence on reaction kinetics, as evidenced by
millisecond-scale experiments 83129, Based on these observations, it has been
hypothesized that cellulose undergoes hydroxyl-catalyzed glycosidic bond cleavage
within the melt-phase at lower temperatures (<700K), while direct thermal cleavage

becomes prominent at higher temperatures 2.

This hypothesis finds support in the calculated low activation barrier (23.2+1.9
kcal/mol) below the "reactive melting point" of 740K, when fitting millisecond-scale a-
cellodexrin conversion data from PHASR experiments using a first-order kinetics
model 8. Krumm et al. conducted pyrolysis experiments on different chain length
cellodextrins using a PHASR reactor and observed that at 823K, the product formation
rate per unit mass remained independent of the chain length, indicating an intrachain
scission mechanism 83, Furthermore, high-temperature conversion of cellulose
exhibited a high activation barrier (53.7+1.1 kcal/mol) with a substantial pre-
exponential factor (2.4x107(-16) 1/s) determined from PHASR experiments 8. The
high pre-exponential factor is attributed to the random thermal cleavage of cellulose,
where hydroxyl-catalyzed activation is limited by the dynamic nature of the high-
temperature cellulose melt-phase, as most glycosidic oxygens are unbound to
cellulose hydroxyl groups (active sites) 12°. Notably, DFT studies 34'%° have solely
reported enthalpic barriers ranging from 189.54 to 247 kJ/mol for glycosidic cleavage
through non-catalyzed transglycosylation in cellulose derivatives. However clearly,
temperature induced shifts in the melt-phase (as detailed in section 1.3.1) seem to
significantly influence intrinsic cellulose decomposition energetics leading to a kinetic

regime change.
1.5.2 Physical interaction with other biopolymers

In the natural composition of biomass, cellulose is intricately intertwined with lignin and
hemicellulose, forming a complex microscopic architecture. While studying isolated
biopolymer molecules has provided insights into their individual pyrolysis chemistry, it
falls short in predicting or explaining the pyrolysis chemistry of native biomass.
Therefore, it is crucial to consider the intricate interactions between biomass
components and their impact on cellulose decomposition. The presence of lignin has
been associated with micro-explosions and thermal ejection of cellulose

intermediates, which enhances the deoxygenation of heavy compounds and impedes
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char formation '67. A reduced char yield in cellulose with a high lignin composition
suggests a hindrance in dehydration reactions. Furthermore, the pyrolysis of maple
wood demonstrates an enhanced development of porous structures in the resulting
char, indicating the stabilization of lignin intermediates in the melt-phase34. Under
pyrolysis conditions, hydrogen-rich cellulose products must escape through the
interface between cellulose bundles and lignin, interacting with and stabilizing lignin
reactive intermediates. Studies have reported the stabilization of lignin intermediates
and the inhibition of oligomerization through in-situ hydrogen sources, such as the
formic acid functional group'62.163_ Consequently, the thermal interaction between high
lignin composition and cellulose promotes the formation of levoglucosan (LGA) and
weakens competing pathways like dehydration, which contribute to the formation of
char precursors3+'%4 The inhibition of dehydration reactions and the promotion of
deoxygenation in heavier compounds, facilitated by the ejection of cellulose
intermediates, highlight the significance of non-bonded interactions with other

biopolymers.
1.5.3 Covalent bonding in LCC linkages

Despite the importance of cross-linked lignin-carbohydrate complexes (LCCs) in
cellulose decomposition, limited research has focused on their role in pyrolysis
chemistry. A recent study %% investigated the pyrolysis products of chemically modified
native lignocellulose, where hemicellulose was selectively removed, and compared
them to a synthetic cellulose-lignin mixture. The presence of cross-linked lignin was
found to have a significant impact on the production of small molecules and furan
derivatives, increasing their yield by 97%, while reducing the formation of
anhydrosugars by up to 47%. Moreover, cross-linked lignin exhibited a more
pronounced effect on lignocellulose pyrolysis by promoting glycosyl ring scission and
lignin fragmentation compared to free lignin. However, the specific chemistry and
energetics underlying these ring scissions in the LCC molecules remain unclear.
Studying the pyrolysis chemistry of cross-linked LCCs is challenging due to the
complexity involved in conducting first principles calculations for multimolecular
systems and the experimental requirements for isolating LCCs from native biomass

through complex pre-treatments. Currently, the only available millisecond-scale data
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pertains to woody biomass, which is suggested to have a significantly lower number

of LCC linkages compared to herbaceous biomass.

The initial rate of product formation and the Arrhenius plots for the formation of three
different cellulose-derived products from the pyrolysis of loblolly wood have been
reported % When comparing the millisecond-scale kinetics measured for pure
cellulose pyrolysis under similar conditions, a similar increase in rates with
temperature is observed. The calculated apparent barriers, assuming first-order
kinetics, for pure cellulose decomposition (23.2 £ 1.9 kcal/mol), fall within the same
range as the barriers (16.8 — 38.1 kcal/mol) calculated for the formation of the three
cellulose-derived products from loblolly wood '68. It should be noted that these barriers
represent the combined effect of a series of reactions during biomass pyrolysis and
cannot be directly used for mechanistic interpretations. However, the lack of significant
changes in overall kinetics between pure cellulose and woody biomass is expected,
as it is the presence of LCC linkages rather than lignin alone that alters product yields
67 Previous research employing carboxymethylation and subsequent 1H NMR
spectroscopic analysis to identify ether linkages between lignin and cellulose has
shown that LCCs are more prevalent in softwood compared to hardwood 68, However,
both pine (softwood) and red oak (hardwood) exhibit minimal deviation in levoglucosan
(LGA) yield compared to clean cellulose. In contrast, herbaceous biomass displays
significant deviations in LGA yields. This highlights the competition between glycosidic
C-0O bond cleavage (forming LGA) and C-C bond cleavage (forming furans and C1—
C3 products) during cellulose pyrolysis 426874 Furthermore, an LCC bond at the C6
position would hinder the chair-to-boat conformational change, bridge formation, and
subsequently affect LGA production. Recent first principles calculations %2 have
demonstrated that these benzyl ether LCC linkages in cellulose residues are
thermodynamically favored at the C2 and C3 positions. Therefore, the covalent
bonding between cellulose and lignin significantly alters the distribution of pyrolysis

products.
1.6 Motivation of the thesis

Pure cellulose samples melt to form a liquid intermediate called ‘active-cellulose’ or
melt-phase’ that results from the primary decomposition. Further reactions such as

volatile formation and repolymerization undergoes in this melt-phase environment
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resulting in complex reaction pathways. Due to experimental limitations with the ability
to only measure kinetics from weight loss or gas evolution, there are difficulties in
identifying the reaction pathways and the intrinsic kinetics. This drawback even with
measuring millisecond scale kinetics has been highlighted and elaborated in Section
1.2.2. Computational methods such as molecular modelling and first principles
calculations have been carried out to complement the experiments and provide
fundamental knowledge on reaction mechanisms and energetics. Still, modelling the
finite temperature melt-phase and accounting for explicit interactions with other
molecules in the reaction environment has been lacking. Adding further to the
complexity, the presence of lignin and hemicellulose seem to alter both the kinetics
and the chemistry of cellulose decomposition. Even non-bonded interaction in
physically mixed synthetic samples have been shown to alter product yields at certain
temperature ranges. Moreover, this influence of other biopolymers on cellulose
breakdown is further exacerbated in native biomass as elaborated in Section 1.4.
Covalent bonding between the lignin and carbohydrates, known as Lignin
carbohydrate complexes, seem to be a major contributing factor. In native biomass,
this leads to suppressed yields of anhydro sugars like LGA which is compensated by
an increase in C1 — C3 products. Despite the clear influence of other biopolymers on
cellulose evident from the altered product vyields, no reports have focused on
developing a mechanistic understanding of cellulose breakdown in biomass. This is
mainly because of computational limitations to conduct first principles calculations for
large complexes in biomass. Ultimately, the main motivations for this project are the
lack of mechanistic understanding on intrinsic cellulose chemistry and kinetics after
carefully accounting for 1. The finite temperature melt-phase before volatilization and
2. non-bonded and bonded interactions with other biopolymers in native biomass.
Such knowledge of reaction pathways and corresponding energetics will enable better
multi-scale modelling and optimization to improve yields and selectivity of desired

pyrolysis products.
1.7  Objectives of the thesis

The overall objectives of the thesis are to reveal how changes in the pyrolytic
condensed phase induced by temperature or non-bonded interactions with lignin affect

cellulose reaction kinetics. In addition to this, covalent bonding in LCCs and their
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impact of cellulose chemistry and kinetics are to be identified. The first objective
investigating the impact of thermal changes in the condensed phase on cellulose
breakdown has been addressed in chapters 2 and 3. Chapter 3 also addresses the
impact of the non-bonded interactions between lignin and cellulose inducing changes
in the melt-phase configuration on cellulose reaction energetics. Here, it is revealed
that the temperature and the interactions with other biopolymers can also create an
indirect effect on cellulose reaction chemistry by inducing changes in the finite
temperature melt-phase configuration. Chapter 5 deals with the direct influence of
covalent bonding in LCCs on cellulose kinetics. Furthermore, thin-film pyrolysis
experiments are conducted and compared with first principles calculations to draw
qualitative information on the reaction chemistry. The specific objectives addressed in

each chapter are detailed below.
1.7.1 Key objectives of chapter 2

e Compute the finite temperature condensed phase energetics for potential
cellulose decomposition mechanisms in finite temperature environment with
explicit molecules. This allows the investigation of the role of the melt-phase in

cellulose exhibiting temperature variant reaction regimes during pyrolysis.

e Key indicators of shift in melt-phase configuration such as hydroxymethyl
groups orientations in cellulose residues and hydrogen bond distributions are
calculated and analyzed. This offers insights on the significance of the ‘reactive
melting temperature’ (740 K) or the transition temperature at which there is a

shift in the kinetics.

e The entropic contributions to the barrier in all reaction regimes. Addressing
these queries requires developing a molecular picture of cellulose pyrolysis.
Such fundamental knowledge of cellulose activation in the melt-phase will

enable accurate calculation of the energetics of competing reactions.
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1.7.2 Key objectives of chapter 3

Compute the finite temperature condensed phase energetics for cellulose
decomposition mechanisms under potential lignin reaction environments.
These calculations reveal if non-bonded interactions with lignin in the
condensed phase influence cellulose decomposition energetics in native

biomass melt-phases.

Is furan (C-C cleavage) or LGA (C-O cleavage) formation in cellulose pyrolysis

promoted due to the non-bonded, condensed phase interactions with lignin?

Can the non-bonded interactions with LCC or high lignin content explain the

variation in product distribution between native and synthetic samples?

1.7.3 Key objectives of chapter 4

Utilize ab-initio techniques to model different LCC conformations with varying
binding sites — C2, C3, and C6 and calculate their respective electronic energy
barriers for cellulose cleavage using Density Functional Theory (DFT).
Investigate the influence of potential covalent bond formation sites in the LCC

on cellulose decomposition.

Calculate and compare the energetics of cellulose decompositions
mechanisms in cross-linked cellulose found in LCCs and pure cellulose to
identify changes in the kinetics and reveal the role of covalent bonding between

lignin and carbohydrates in cellulose decomposition.
Compare reaction energetics and thin-film pyrolysis product yields between

cross-linked and pure cellulose samples, to reveal the similarity or dissimilarity

in the decomposition chemistry.
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1.8  Organization of the thesis

This thesis comprises seven chapters, each contributing to a comprehensive
understanding of biomass conversion to energy and the kinetics and chemistry of
cellulose pyrolysis. The computational methodology employed in this study is
described, providing insights into the novel techniques and tools utilized. Following
this, the results section provides a comprehensive analysis of the data, highlighting
the key findings and their implications within the context of the research objectives.
Finally, each chapter concludes with the main outcomes and contributions of the
respective chapters, thereby facilitating an easy grasp of the research progress and
overall significance of the study. The organization of the chapters is as follows -
Chapter 1 serves as an introduction, providing a broad perspective on biomass
conversion, cellulose pyrolysis kinetics and chemistry, and the various molecular-level
factors influencing cellulose decomposition. It includes an extensive review of relevant
literature to establish the state of the art, as well as specific details regarding each
research performed. Chapter 2 delves into the influence of thermal shifts in the finite
temperature condensed phase on the primary decomposition of cellulose. The chapter
demonstrates how shifts in kinetic regimes align with changes in key indicators, such
as alterations in the hydrogen bonding network and the orientation of hydroxymethyl
groups in cellulose residues. Chapter 3 focuses on similar shifts in the pyrolytic melt-
phase, but with a particular emphasis on the presence of lignin and lignin-carbohydrate
complexes (LCCs) alongside cellulose, as found in native biomass. The chapter
develops a cellulose decomposition model that facilitates qualitative comparisons
between millisecond-scale kinetic experiments and first principles calculations.
Chapter 4 investigates the direct impact of covalent bonding with lignin in LCCs on
cellulose decomposition. Remarkably, conventional cellulose cleavage mechanisms
display approximately double the energy barriers required to cleave cross-linked
cellulose within LCCs. In Chapter 5, the cumulative findings and insights derived from
the preceding chapters are compiled in a comprehensive conclusion. Additionally, this
chapter offers perspectives and potential future research directions based on the
obtained results. Chapter 6 serves as a valuable resource for readers, containing
supplementary data that support the findings presented throughout the thesis. These

appendices correspond to specific chapters. By systematically addressing key aspects

28



of biomass conversion and cellulose pyrolysis, this thesis presents a thorough

investigation into the subject matter.

1.8.1 Chapter 2: Pyrolytic activation of cellulose: energetics and condensed

phase effects

The advancement of the pyrolysis process, aimed at enhancing both the quality and
yield of bio-oil, encounters significant obstacles due to the limited understanding of the
underlying chemistry and transport phenomena. Consequently, this study focuses on
investigating the decomposition of cellobiose, a model compound representative of
cellulose, during the pyrolysis process. To gain insights into the energetics of
glycosidic bond cleavage in cellulose, we employ two innovative computational
strategies, considering the influence of the condensed phase and finite temperature
effects. Our findings reveal the existence of two distinct reaction regimes, which align
well with the observed kinetics in millisecond-scale experiments. Remarkably, these
regimes exhibit temperature-dependent variations in decomposition energetics, as
demonstrated through both gas and condensed phase simulations, underscoring the
substantial impact of entropic contributions on the primary reactions of cellulose.
Furthermore, we observe that the disparity in finite temperature enthalpic barriers
between the two regimes is magnified in the presence of a condensed phase
environment. Notably, the outcomes of this research suggest that the relative
destabilization of reactant cellulose, rather than the stabilization of the transition state,
plays a crucial role in lowering the reaction barrier with increasing temperature. This
insight of reactant destabilization, coupled with the primary influence of entropic
contributions in regime changes during decomposition, offers a fresh perspective on
the intricate chemistry of cellulose in the condensed phase. By shedding light on the
intricate mechanisms underlying cellulose pyrolysis and highlighting the pivotal role of
entropic effects, this study paves the way for novel advancements in cellulose
chemistry, enabling further exploration of the potential of native biomass as renewable

energy resources.
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1.8.2 Chapter 3: Does the presence of lignin affect the pyrolytic decomposition

of cellulose? A condensed phase computational investigation

This study focuses on simulating key mechanisms involved in cellulose activation and
calculating the associated reaction energetics within the condensed phase in native
biomass pyrolysis. To model the presence of lignin in the pyrolytic melt, we have
employed two condensed phase models: 1. A melt-phase model with lignin-
carbohydrate complex (LCC) linkages, and 2. A lignin-rich melt-phase model without
LCC bonding. Comparing the results with gas phase calculations, we have observed
a substantial reduction of over 100 kJ/mol in the free energy barriers for cellobiose
activation through transglycosylation in the LCC melt-phase. Notably, the activation of
cellobiose in the LCC melt phase at temperatures below 800 K exhibited greater
kinetic feasibility compared to the pure cellobiose condensed phase. Conversely, the
presence of lignin in the melt-phase without LCC bonding had minimal impact on
cellulose activation, as the free energy barriers were comparable to those observed in
the gas phase. Our findings indicate that the breakdown of hydrogen bonds and
changes in the orientation of the hydroxymethyl group in cellobiose, induced by
temperature variations and the composition of the condensed phase, directly correlate
with the reaction energetics, except for the ring contraction mechanism observed in
the melt-phase with LCC linkages. Thus, the presence of lignin exhibits contrasting
effects on cellulose activation. In the covalently bonded LCC melt-phase, it reduces
the activation free energy barrier compared to the pure cellobiose condensed phase.
However, in the lignin-rich melt-phase without LCC linkages, the free energy barriers
are relatively higher. By unraveling the intricate relationship between lignin and
cellulose activation, this work provides valuable insights into the fundamental

mechanisms governing biomass pyrolysis chemistry.

1.8.3 Chapter 4: Impact of Lignin-carbohydrate complex (LCC) linkages on

cellulose pyrolysis chemistry

The intricate understanding of the role played by cross-linked cellulose and lignin
within lignin-carbohydrate complexes (LCC) and its impact on the kinetics and
chemistry of cellulose decomposition poses significant challenges due to the complex
nature of biomass. To address this, this work combines first-principles molecular

simulations and thin-film experiments to investigate key mechanisms involved in the
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formation of major bio-oil components, namely Levoglucosan, 5-
hydroxymethylfurfural, and glycolaldehyde. These mechanisms include
transglycosylation, ring contraction, and ring opening. Through the utilization of ab
initio molecular dynamics and metadynamics, LCC molecules containing -O-4 benzyl
ether linkages at the C2, C3, and C6 positions of cellobiose are accurately modeled.
Density functional theory (DFT) calculations, based on first principles, are employed
to evaluate the reaction energetics associated with cellulose activation through these
mechanisms. By comparing activation barriers, reaction energies, and frontier
molecular orbital interactions between LCC and pure cellobiose, valuable insights into
the influence of LCC linkages are obtained. In addition to computational investigations,
experimental product yields from pyrolysis of native herbaceous biomass are
measured and compared to those from pure cellulose pyrolysis. The results
demonstrate that cross-linked cellobiose within LCC exhibits higher activation barriers
(twice as high) and reaction energies (three to four times higher) compared to pure
cellobiose, indicating altered kinetics and thermodynamics during cellulose
decomposition. Furthermore, the differences between LCC conformers are found to
be minimal, suggesting that factors other than C6 position blocking contribute to the
product distribution. The analysis of HOMO-LUMO interactions reveals a spatial
separation of reaction centers within LCC, indicating the favorability of inter-moiety
mechanisms over intra-moiety mechanisms. This observation is supported by
qualitative comparisons between computational and experimental yields, which
suggest potential differences in kinetics and chemistry induced by LCC. Overall, this
study highlights the novel role of covalent bonding between lignin and carbohydrates
within LCC in influencing the kinetics and chemistry of cellulose decomposition and
the formation of major products. By unraveling these intricate mechanisms, our
findings contribute to a deeper understanding of biomass conversion processes and
offer potential avenues for improving bio-oil production through tailored lignin-

carbohydrate interactions.
1.9 Overview of the thesis

This research comprehensively examines the intricate interplay of condensed phase

effects, physical interactions, and covalent bonding with lignin concerning cellulose
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reaction chemistry. Figure 1.3 illustrates the key knowledge gaps identified in the

existing literature, which our study aims to address.
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Figure 1.3 Knowledge gaps in cellulose chemistry and overview of the thesis

Our primary approach involves employing first principles calculations to gain insights
into how temperature influences the interactions between cellulose and its
environment, particularly with lignin. We utilize computational strategies to capture
finite-temperature condensed phase effects and elucidate the physical and chemical
interactions that impact cellulose chemistry. These first principles techniques are
instrumental in providing explanations for previously unexplained experimental

observations, notably:

1. Thermal Regime-Change in Cellulose Kinetics: We investigate how finite

temperature condensed phase effects alters cellulose kinetics.

2. Change in Product Distribution in Native Biomass Compared to Pure Cellulose:

We explore variations in product distribution, specifically the reduction in LGA
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compensated by an increase in C1-C3 products when compared to pure

cellulose.
1.9.1 Computational methodology
1.9.1.1 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed using GROMACS. Simulations
were performed using the OPLS/AA force-field parameters that were chosen that has
been benchmarked in published literature for carbohydrate molecules. Each system
was simulated for 8 ns in an NVT ensemble with an integration time step of 0.001 ps.
This was preceded by a 1 ns of NPT simulation to get the correct density. In all the
simulation temperature control was maintained by using the Nos’e—Hoover
thermostat. No constraints on bonds and angles were applied. Periodic boundary

conditions were applied in all directions.
1.9.1.2 Gas phase Transition State (TS) calculations

Gas phase barriers are calculated using an isolated cellobiose molecule. All-electron
Density Functional Theory (DFT) calculations were conducted using the Gaussian 09
code. The calculations were carried out employing the hybrid functional M06-2X76 in
conjunction with the 6-31+G(2d,p) basis set, a recommended choice for carbohydrate
chemistry. Both geometry optimization and Transition State (TS) search calculations
were performed without any constraints. The Berny algorithm was employed to
determine the TS. Subsequently, frequency calculations were executed to differentiate
between saddle points and local minima. To verify the correct positioning of reactants
and products on the potential energy surface, Intrinsic Reaction Coordinates (IRCs)

were followed in both directions.
1913 Condensed phase Transition State calculations

Condensed phase systems are equilibrated to melt-phase configurations using MD
simulations. A low cutoff for Lennard-Jones and Coulombic potentials (0.5 nm) is
employed to match experimental properties like density and dielectric constant. These
configurations serve as reactants for transition state searches, specifically for cellulose
decomposition via glycosidic bond cleavage in cellobiose. Transition states are found
using Density Functional Theory (DFT) with the Perdew—Burke—Ernzerhof (PBE)
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functional, the projector-augmented wave (PAW) pseudopotential, and a 450-eV cutoff
energy. Reaction intermediates are optimized, and vibrational frequencies analyzed
to confirm transition states. The resulting highest energy images provide enthalpic
barriers. However, the method does not include finite temperature entropic

contributions or melt-phase dynamics along the reaction coordinate.
1914 Thermodynamic Integration Method

The thermodynamic integration (Tl) method implementation in GROMACS 2018.7
software is used to calculate interaction free energies. Gas phase reactant and
transition state (TS) coordinates serve as the initial configurations. Langevin dynamics
and OPLS/AA force-field parameters are utilized. The system configurations are
optimized and equilibrated. Pressure equilibration is performed under NPT conditions
at 1 atm for 2 ns, establishing the appropriate system volume/phase. Subsequently,
Tl calculations are conducted under NVT conditions for 8 ns at the relevant
temperatures, with 30 A-windows optimized for intermediate states. Potential
derivatives obtained from MD simulations for each A-window are integrated to
determine AG". Combining gas phase calculations and thermodynamic integration
results, the free energy barrier for cellulose decomposition in the melt-phase (AG*m)

is estimated as illustrated in Scheme 1.1.

Scheme 1.1 Schematic showing the calculation of condensed phase corrections to

gas phase free energy barriers.

AG*{‘I]

Cellulose(m) Tycoudic olsavags ™ Transition State, ;———> Primary products(m)
AR AGh = AGE + aGH - AGTS AGTS

Cellulose,, ac > Transition State,_<———— Primary products(g)
1.9.1.5 Ab-initio Conformation Search

In this approach, both electron density and nuclei are propagated classically. However,
simulations are limited to a few hundred picoseconds due to time-step constraints.
Since molecular reactions operate on longer timescales, more effective techniques
are required. Bias potential methods are employed to guide the system away from
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local minima by introducing potentials to fill the Potential Energy Surface (PES),
thereby accelerating simulations. Metadynamics combines dynamic and bias potential
methods, enabling CPMD-metadynamics simulations to study reaction mechanisms
and explore free energy landscapes. All CPMD and metadynamics calculations in this
study utilized CPMD code version 4.3.0 with a plane-wave-pseudopotential
implementation of Kohn-Sham Density Functional Theory (DFT). We employed the
Martins-Trouiller (MT) pseudopotential, coupled with the revised Perdew-Burke-
Ernzerhof (revPBE) functional within the generalized gradient approximation (GGA)
for CPMD calculations. The plane-wave energy cutoff was set at 70 Rydberg, and a
single k-point (-point) was used for Brillouin zone integration in reciprocal space. To
ensure that the systems remained on the Born-Oppenheimer surface during molecular
dynamics simulations, we monitored energies, including the fictitious electronic kinetic
energy. Two torsion angles served as collective variables to enhance CPMD sampling,
exploring conformations with significant energy barriers via the metadynamics
technique. Low-energy conformers were extracted from the constructed free energy
surfaces. Subsequently, all structures corresponding to minima were optimized using

all-electron DFT calculations.
1.9.1.6 Post processing
Hydrogen bonding

Changes in the hydrogen bonding and hydroxymethyl group conformations are
calculated from the MD trajectories. Number of hydrogen bond (donor-acceptor
distances <4.5 A and H angle >150°) and bond distance distributions were calculated
using in-build GROMACS commands. Dihedral angles are calculated for O5—Cs—Ces—
Os (hydroxymethyl group) and -60°, 60° and 180° corresponds to the tg, gt and gg

conformations, respectively.
Frontier Molecular Orbitals (HOMO-LUMO)

Frontier Molecular Orbital Theory defines the Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO). HOMO reflects
electron acceptance ability, while LUMO indicates electron provision capacity. The
HOMO and the LUMO orbitals are visualized for molecule conformers from DFT

calculations using the Avogadro software. These frontier orbitals play a critical role in
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chemical reactions, with electron transfer primarily occurring here. The HOMO-LUMO
gap, representing the energy difference between reactants' HOMO and LUMO,
gauges interaction strength. Smaller gaps imply stronger bonding and greater
reactivity. The Frontier Molecular Orbital approach, encompassing HOMO and LUMO,
is widely used in quantum calculations to study interaction tendencies and potential

sites of electron transfer.

36



Chapter 2 Pyrolytic activation of cellulose: Energetics and

condensed phase effects

Reprinted with permission from RSC React. Chem. Eng., 2022,7, 1136-1149 © 2023
Royal Society of Chemistry.

21 Introduction

Second generation lignocellulosic biomass is the largest renewable natural resource
to produce carbon-based liquid fuels %0, circumventing the food-to-fuel pipeline 8169,
It offers a route for renewable generation of fuels and commodity chemicals '7%-175 py
pyrolyzing non-food parts to renewable crude oil (bio-oil) 27, To produce bio-based
transportation fuel, fast pyrolysis is a promising®3 technology in which biopolymers are
cracked thermally, in the absence of oxygen #’. Pyrolysis is also one of the very few
processes that are amenable for decentralized processing of biomass 2. Though, the
liquid product of pyrolysis, bio-oil, can be transported economically, its highly
oxygenated nature requires further treatment 76177 Production of high quality and
quantity of bio-oil by reducing its oxygen content would enable downstream integration
within existing petroleum infrastructure which is key to the commercialization of
pyrolysis technology #’. The yield and quality of bio-oil rely on the interplay between
reactions and transport in the pyrolysis reactor and hence its optimization would
require a detailed mechanistic understanding of pyrolysis chemistry 178180
Consequently, developing a fundamental understanding of lignocellulosic biomass
decomposition chemistry during pyrolysis in the condensed phase was identified as

the primary challenge for biomass pyrolysis 178.

Since, lignocellulose majorly consists of cellulose (40-50%) 8 which is the most
abundant biopolymer on earth 9, understanding cellulose chemistry is crucial in
developing fundamental insights into biomass pyrolysis chemistry. Early experimental
studies 7678 could only measure global product distributions of cellulose pyrolysis
using thermogravimetric analysis (TGA). These global conversion data have been
used to develop numerous lumped kinetic models 8! with activation energies ranging
from 50 to 285 kd/mol, suggesting that they represent the combined effect of intrinsic
kinetics, transport and phase transition. At low temperatures (<568K), well accepted
models such as Broido-Shafizadeh 78 and Diebold 78 report an initiation period for the
activation of cellulose before its decomposition through first order competing reactions
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for the formation of char and volatiles. “Active cellulose” was observed using '3C-
CPMAS NMR as an amorphous cellulosic intermediate with a low degree of
polymerization (DP) of 200-400 42 during the pyrolysis of microcrystalline cellulose at
573K 181, Diffraction studies 102103.182-184 ' 91 moving window infrared spectroscopy
studies 18518 and other experimental studies '8-'8° have shown an anisotropic
expansion, abrupt change in hydrogen (H) bonding and other similar unassigned
structural changes between 450K-550K. This amorphous, low density and low DP
cellulosic environment will be referred to as “melt-phase” in this paper. Such transitions
in the phase that change hydrogen bonding could possibly alter reaction chemistry of
cellulose during pyrolytic decomposition 10, In contrast, at high temperatures, other
kinetic models 60.75.77.191.192 haye proposed direct first order decomposition to volatiles
without the initial activation step. However, either type show large variations in their
kinetic parameters 193 because of the inability to limit transport effects and secondary
reactions. The experimental limitations render these models irrelevant for developing

mechanistic understanding of cellulose pyrolysis chemistry.

More recently, Mettler et al. 82 developed thin-film sample techniques (size = 1um) to
study pyrolysis. Thin films enable preparation of appropriate sample dimension (< 20
pum at 773K) to conduct mechanistic pyrolysis experiments in an isothermal, kinetically
limited regime. However, even with thin-films, only cumulative product yields can be
analyzed because of the temporal mismatch between reaction chemistry and
chromatography analysis equipment 194, Intrinsic kinetics can only be studied if the
time evolution of pyrolysis products can be measured. Recently, a novel microreactor
developed for Pulse-Heated Analysis of Solid Reactions (PHASR) with the ability to
control reaction progression has enabled intermediate product composition analysis
to measure milliseconds scale® reaction kinetics. Fragmentation kinetics of a-
cyclodextrin and volatile furan product formation were measured using PHASR reactor
194 The measured transition between the two kinetic regimes at 740K was suggested
to be a change from end-chain scission to mid-chain scission mechanism. First order
kinetics were assumed to calculate the barriers and rate coefficients from the kinetic
data '28. The resulting enthalpic barriers were 23.2+1.9 kcal/mol (97.07+7.95 kJ/mol)
and 53.7+1.1 kcal/mol (224.68+4.6 kJ/mol) at the low and high temperature regimes,
respectively. For the first time millisecond scale intrinsic kinetics were measured and

was demonstrated that cellulose reactivity is altered by the thermal phase changes.
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Moreover, primary decomposition of cellulose initiates via glycosidic bond cleavage
making up the phase for secondary reactions.

a. Atomic nomenclature
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Figure 2.1 (a) Atomic nomenclature used in the paper (b) Ring contraction mechanism

to form furanic compounds (c) Transglycosylation mechanism to form LGA.

This thermal phase change leads to a short-lived intermediate liquid cellulose %°, the
formation of which is understood by studying the structure and hydrogen bonding of
native cellulose. In biomass, cellulosic chains are connected by inter-chain hydrogen
bonds, making polymeric sheets which are stacked on the top of each other %,
Synchrotron X-ray and Neutron fiber diffraction 9.1% revealed three-dimensional
atomic configuration and hydrogen bonding in cellulose Ig. Polymer chains are strained
to facilitate energetically favorable H bonding % which results in lowering the
electronic energy '97. The balance between the increased strain energy and the
decreased electronic energy associated with forming the H bonds determine the
stability of the H bonds. Though the H bonds hold the chains rigid, each glucose
residue has a degree of torsional freedom that determines the orientation of the
hydroxymethyl group and the shape of the whole saccharide molecule — boat/chair 8.
Such change in conformation is known to influence the product formation during
primary cellulose decomposition 19, In aqueous solutions, glucose is present as gg or
gt conformer, where the position of Os atom is gauche (g) to Os and gauche (g)/trans
(t) to C4 (refer Figure 2.1a for atom labelling). X-Ray fiber diffraction 1% and '*C-NMR

200 studies show that glucose residues have tg conformation in native cellulose. Many
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studies 102.182-184 have simulated the thermal response of crystalline cellulose under
pyrolysis conditions and found a discontinuous change in lattice parameters, thermal
and spectral properties at the 450K-550K range, echoing the experimental
observations. These changes indicate a ‘phase transition’ % as the density decreases

non-linearly 20" to form the melt-phase.

Molecular mechanics based calculations % show melt-phase cellulose arrangement
forms stable sheets with increased inter-chain H bonds. However, a 20% and 55%
reduction in total and intra-chain H bonds destabilizes the chain conformation 19
gaining torsional freedom. The hydroxymethyl group orientation is determined by the
degree of torsional freedom and with temperature increase, force-field simulations
indicate a shift from tg to gg or gt conformation 201292, An analysis of systematic
variation of torsional parameters suggested an entropy gain by adopting gg/gt
conformer over tg %8, Therefore, “phase transition” can be associated with entropy
gain that stabilizes high temperature structures and could significantly alter the
energetics of decomposition. Moreover, mimicking melt-phase reaction environment
by positioning hydroxyl groups of water or small alcoholic products to catalyze the
formation of LGA from glucose resulted in a reduced enthalpic barrier . These
changes in phase could potentially alter reaction kinetics resulting in two regimes as
observed in millisecond scale kinetic experiments '94. For this reason, knowledge of
the local pyrolysis environment under reaction conditions is crucial in understanding

cellulose decomposition chemistry and kinetics.

Developing molecular insights of the interactions in the melt-phase and estimating the
resulting low barrier for pyrolytic C-O bond activation is currently inaccessible to
experiments alone '8, Therefore, molecular modelling methods are employed. Due to
computational limitations in simulating large cellulose micofibrils 178, first principles
studies have used tractable surrogate molecules to simplify complex biopolymers. In
literature, glucose 98199 cellobiose 10111, cellotriose "2 and cyclodextrin 8 have been
used as surrogate molecules for cellulose. Some studies #2118 have shown the
formation of volatiles (furans), HMF, formic acid and CO directly from cellulose.
However, the intermediates of cellulose pyrolysis have short-chain anhydro-oligomers
with levoglucosan-end '?7 indicating that cellulose decomposition proceeds dominantly

by glycosidic bond cleavage. This agrees with other studies 52 that suggest
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levoglucosan (LGA) is the kinetically favored product. Multi-step high temperature
homolytic 16203 and heterolytic %12 mechanisms with free radical and ionic
intermediates, respectively have been proposed for glycosidic cleavage. However,
Density Functional Theory (DFT) calculations for these mechanisms in methyl-
cellobiose with implicit solvation resulted in high activation barriers (>400 kJ/mol at
773K) 8. Many studies %2111.118.122 haye shown that concerted mechanisms are more
favorable than homo/hetero-lytic cleavage of the glycosidic bond. The activation
barrier for these concerted mechanisms in gas phase vary anywhere between 200-
300 kJ/mol ™"1.118,122,190.204  However, as mentioned earlier, the local pyrolysis
environment in melt-phase can significantly alter the reactivity rendering the direct
relevance of these gas phase calculations insufficient. Moreover, ab-initio calculations
using biasing methods found no low-barrier pathway for pre-LGA formation in the
absence of temperature-appropriate density 2. A temperature dependent variation in
reaction mechanisms was calculated in a four-molecule periodic system with plausible
densities to mimic melt-phase environment. Ring contraction from glucopyranose ring
to glucofuranose ring without glycosidic bond cleavage was reported to be favored
(83.7 kJ/mol) at 600K and glycosylation (151 kJ/mol) at 873K. The low free energy
barrier for ring contraction at low temperatures suggests that depolymerization in the
melt-phase to form ‘active cellulose’ could also include the formation of furanic rings.
Alternatively, vicinal OH groups from stacked parallel cellulose sheets were used to
form H bonds to investigate hydroxyl catalyzed decomposition in melt-phase 12°.
Cellulose sheets were arranged to form inter-sheet hydroxyl interactions that stabilize
the charged transition state. Such catalyzed bond activation by static hydroxyl clusters
results in a reduced apparent activation barrier. Also, the reduction in activation barrier
was proportional to the number of hydroxyl groups participating in the reaction. This
only reinforces the experimental studies that suggest shift in phase with temperature

could alter reaction energetics '%4.

Nevertheless, finite temperature dynamic effects, influence of entropy gained to
stabilize high temperature structures on cellulose reactivity and the associated free
energies remain unknown. The immediate knowledge gaps in understanding pyrolytic
decomposition of cellulose in melt-phaseare — 1. The role of the melt-phase in
cellulose exhibiting temperature variant reaction regimes during pyrolysis, 2. The

significance of ‘reactive melting temperature’ (740K) or the transition temperature at
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which there is a shift in the kinetics and 3. The entropic contributions to the barrier in
both reaction regimes. Addressing these queries requires developing a molecular
picture of cellulose pyrolysis. Such fundamental knowledge of cellulose activation in
the melt-phase will enable accurate calculation of the energetics of competing
reactions leading to their integration in kinetic/transport/reactor models and eventually

in prediction and optimization of bio-oil production.

To address these gaps, a careful analysis of phase transition on the reaction
environment and the relative stabilization effects on reactive species is needed. In this
work, a combination of classical molecular dynamics (MD) and density functional
theory (DFT) approaches is used to evaluate the role of finite temperature melt-phase
environment on cellulose primary decomposition reactions. First principle DFT
calculations are performed for cellobiose systems equilibrated with MD to capture
explicit interactions in the reaction environment. A novel computational strategy is
employed to estimate free energy barriers for cellulose decomposition in the melt-
phase using gas phase barriers and relative free energies of interaction. The results
suggest that the entropic contributions induced by melt phase formation significantly
influence the decomposition mechanism. This work provides broader insights into the
role of melt-phase hydrogen bonding and molecular conformations on cellulose

reaction chemistry at different temperatures.
2.2 Computational Methodology

Since cellulose gains entropy to stabilize high-temperature structures, the influence of
melt phase formation on reaction chemistry can only be probed by accounting for
explicit molecules in the condensed phase and the entropic contributions. The free
energy barrier can be captured using accelerated/biased ab-initio MD (AIMD) methods
by explicitly defining interactions with the local reaction environment %282, However,
performing accelerated AIMD for multi-molecular cellobiose systems s
computationally very expensive 78, Thus, cellulose decomposition in the condensed
phase is examined using two novel and different methods described below to
accurately capture enthalpic and finite temperature entropic contributions to the free
energy barrier. These strategies employ a combination of quantum mechanics (QM)
and molecular mechanics (MM) approaches to circumvent the computationally

expensive AIMD calculations. First ConTS method (described in detail in Section
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2.2.1) enables the calculation of enthalpic activation barriers in the condensed phase
system with all molecules treated using QM (static DFT). However, the condensed
phase is pre-equilibrated using MM based MD simulations prior to QM calculations.
Finite temperature effects cannot be captured using ConTS since it does not model
reaction dynamics. To capture finite temperature effects and entropic contributions, the
second ReSolv method (described in detail in Section 2.2.2) is implemented. In this
method, activation free energy barriers are calculated in the gas phase using QM and
corrected with finite temperature MM based free energy of solvation (of the reactant
and the TS), which is computed using molecular dynamics (MD) based
Thermodynamic Integration techniques. Additionally, the molecular mechanism of de-
/stabilization offered with the melt-phase formation on the reactive species is analysed
by calculating the changes in the hydrogen bonding and hydroxymethyl group
conformations from the MD trajectories. The strategies used here to quantify the
influence of cellobiose phase transition on reaction energetics would also enable
comparison with the experimental kinetic data 28194 that suggests two temperature

dependent decomposition regimes.
2.2.1 Condensed phase transition state search (ConTS)

Forcefield based MD simulations are performed using GROMACS 2018.7 for an 8
residue cellobiose system at two temperatures (500K, 1200K) which are at the
extremes of the pyrolysis range. Simulations were performed using OPLS/AA force-
field 295 parameters (Non-bonding parameters provided in Table S3). At each
temperature, the simulation is run for 8ns in an NVT ensemble with an integration time
step of 0.001 ps where the temperature is maintained by Nosé-Hoover thermostat.
Prior to this, the system was equilibrated to the appropriate temperature and pressure
(1bar). The neighbor list is updated every 0.01 ps and all averaged observables are
recorded every 0.01 ps along the trajectory. Periodic boundary conditions are applied
in all directions with no bond/angle constraints on atoms. The cut-off for Lennard-
Jones and Coulombic potential was set at 0.5 nm. The equilibrated system coordinates
give the temperature appropriate melt-phase configurations. The resulting low (500K)
and high temperature (1200K) systems are used as reactant conformations for

transition state search using DFT.
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Effect of Condensed Phase
on Reaction Energetics
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Figure 2.2 Schematic for novel computational strategies that combine QM and MM
methods to capture finite temperature condensed phase effects (Condensed phase
transition search (ConTS) methodology) and entropic effects (ReSolv method). These
strategies enable the calculation of first principles based free energy and enthalpic

barriers of glycosidic bond cleavage in the cellobiose condensed phase.

As shown in Figure 2.2, after MD simulations at 500K and 1200K, the transitions states
for decomposition reactions via glycosidic bond cleavage of cellobiose is calculated
with DFT methods. TS was searched using Nudged elastic band (NEB) method
implementation on Vienna ab initio simulation program (VASP). The series of images
along the reaction coordinate are connected by a force constant of 0.2 eV/A. These
DFT calculations are performed using Perdew—Burke—Ernzerhof (PBE) which is a
nonlocal exchange correlation functional of the generalized gradient approximation
(GGA). The core electrons are represented by the projector-augmented wave (PAW)
pseudopotential and the plane wave basis set is constructed with a cutoff energy of
450 eV. The 1 x 1 x 1 Monkhorst—Pack k-points grid was found to be sufficient to
sample the Brillouin zone. Geometry and force convergence criteria are set to be 106
eV and 0.04 eV/A, respectively. Calculations performed with dispersion corrected DFT
using Grimme method and PBE revealed negligible deviation (Table S2). The reaction

intermediates (Figure S1) are optimized, and the frequencies are visualized to confirm
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that the TS corresponds to the desired reaction. The highest energy images are used
to calculate the TS and the corresponding enthalpic barriers. ConTS enables accurate
calculation of first principles enthalpic barriers in the condensed phase environment.
However, to include finite temperature entropic contributions, dynamics of the melt-
phase along the reaction coordinate will have to be simulated. Therefore, the second
method (ReSolv) aims at capturing solvent (melt-phase) dynamics (MM) around QM

calculated reactant and TS in the gas phase.

2.2.2 Free energy barrier corrections based on Relative Solvation in the

condensed phase (ReSolv Method)

The formulation of this novel technique to calculate free energy barrier corrections in
condensed phase, involves the dissociation of the reaction into multiple associated
reactions in a Bordwell thermodynamic cycle, 2% as presented in Figure 2.2. The
reaction in melt-phase (Rm) — TSm)) is represented as a combination of associated
reactions. This Bordwell cycle is used to estimate the free energy barrier in melt-phase
by calculating the barrier in gas-phase and the relative interaction energies of the
cellulose reacting species (reactant and TS) in the melt-phase. Gas phase barrier
calculations are explained in Section 2.2.2.1. While the relative interaction free
energies of the reacting specimen in melt-phase are calculated with thermodynamic
integration considering intermediate states connected by a coupling parameter A.
Theory and computational procedures for the free energy calculations using

thermodynamic integration (TI) are found elsewhere 2°7.

2221 Gas phase barrier

All-electron DFT calculation were performed using Gaussian 09 code for an isolated
cellobiose molecule. Calculations were performed using the hybrid functional M06-2X
208 with 6-31+G(2d,p) basis set as it has been recommended for carbohydrate
chemistry 118209211 - Geometry optimization and TS search calculations are carried out
with no constraints. Berny algorithm is used for TS search. Subsequently, frequency
calculations are performed to distinguish between the saddle point and local minima.
Intrinsic reaction coordinates (IRCs) are followed in both directions to ensure that it
corresponds to the correct reactant and product on the potential energy surface. These
barriers are calculated at 1 atm and four temperatures (100K, 500K, 900K, 1200K).
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Free energy barrier computed using temperature dependent entropic corrections is

reported in Section 2.3.

2222 Interaction energy

Thermodynamic integration (TI) method 155297 implementation on GROMACS 2018.7
is used to calculate the free energy of interaction at four temperatures (100K, 500K,
900K, 1200K) for 60 residue cellobiose system. The reactant and TS coordinates from
gas phase calculations are used as the starting conformation for the reacting
specimen. Langevin dynamics is used along with OPLS/AA force-field parameters.
The initial system configurations are first energy optimized and equilibrated. Pressure
equilibration is performed in an NPT ensemble at 1 atm for 2 ns and the resulting
configurations are used to set the appropriate system volume/phase. Tl calculations
are then carried out in an NVT ensemble for 8 ns at the respective temperatures. There
number of intermediate states (A-windows) is optimized, and 30 A-windows are found
to be sufficient. The potential derivatives calculated from the MD simulations for each
A-window are integrated to compute AG™. The free energies (AG™, AG*) from gas
phase calculations and thermodynamic integration are used to estimate the free
energy barrier for cellulose decomposition in melt-phase (AG*) as shown in Figure
2.2. The enthalpic (AH*) and entropic (AS*) contributions to the free-energy barrier

are further calculated from the slope and intercept of AG* vs. temperature plot.

In summary, ConTS (section 2.2.1) calculates the enthalpic barrier in the condensed
phase using DFT, but without dynamic effects. These first-principles enthalpic barriers
are calculated for glycosidic bond cleavage in cellobiose melt-phase and the influence
of temperature in ConTS is indirectly captured by pre-equilibrating the melt-phase
around the reactant using MD simulations. However, in the melt-phase at
temperatures above 450K °, cellulose is known to gain torsional entropy. The entropy
of transition has been roughly estimated by varying torsional parameters to be 26 J/K-
mol 198, Accounting for these entropic contributions and developing a mechanistic
understanding is crucial for explaining cellulose chemistry in the melt-phase. Hence,
in the ReSolv method, the gas phase DFT computed free energy barriers are corrected
using finite temperature interaction energies with the melt-phase, calculated using MM
based MD simulations. Additionally, the enthalpic contribution to the free energy barrier

calculated using ReSolv method can be compared to the enthalpic barrier calculated
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using ConTS. As evident from the discussion, the approaches employed in these
strategies are mutually exclusive. Therefore, agreement between the results of these
two independent techniques would also validate their application in this study for

calculating cellulose decomposition energetics.
2.3 Results and discussion

Cellulose activation has been shown to dominantly initiate either by glycosidic bond
cleavage () or by ring contraction (from pyranose to furanose rings, c.f. Figure 2.1b) at
low pyrolysis temperatures (600K) 52 . Comparison of potential reaction mechanisms
for glycosidic bond cleavage using gas phase enthalpic barriers favored
transglycosylation 2% . Moreover, transglycosylation (Figure 2.1c) and ring contraction
w/ C-O cleavage (Figure 2.1b) mechanisms lead to the formation of dominant cellulose
pyrolysis products — LGA and furans. Therefore, these two mechanisms are used in
the current study as representative primary reaction mechanisms to investigate
cellulose decomposition. The ring contraction is a concerted mechanism that

undergoes simultaneous ring reorganization and glycosidic bond cleavage.

2.3.1 Enthalpic barrier for glycosidic bond cleavage using condensed phase

TS search

DFT calculations performed for the glycosidic bond cleavage via transglycosylation
and ring contraction in a cellobiose crystal structure 9 environment predicted
activation barrier of 241 kJ/mol and 251.83 kJ/mol, respectively (Figure A.2). However,
to capture the influence of molecular rearrangements in the melt phase on
decomposition mechanisms, ConTS calculations are performed. First, cellobiose
crystal structure systems having explicit intermolecular hydrogen bonding are
equilibrated at finite temperature using MD (Section 2.2.1). The resulting system
configurations after the production run are used to calculate the transition state and
finite temperature activation barrier for glycosidic bond cleavage in the melt-phase
system. Calculations revealed that at 500K the enthalpic barrier for transglycosylation
in the melt-phase environment is 249.5 kd/mol (cf Figure 2.3). These low temperature
condensed phase barriers are in line with the reported range of 189.54 — 247 kJ/mol
118,122,129,190,204 for glycosidic cleavage through noncatalyzed transglycosylation in

cellulose derivatives. To also capture the influence of the high temperature melt-phase
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environment at the other extreme of pyrolysis operating temperatures, ConTS
calculations were performed at 1200K. The computed enthalpic barrier for glycosidic
C-O cleavage via transglycosylation in cellobiose melt-phase at 1200K is only 164.66
kJ/mol (cf Figure 2.3). It has to be noted that such low enthalpic barriers for glycosidic
bond cleavage in a non-catalyzed system has not been reported before. Similar to the
millisecond-scale kinetics experiments %4, ConTS calculations show two reaction
regimes — high enthalpic barrier at low temperature (500K), and low enthalpic barrier
at high temperature (1200K). The low enthalpic barrier is in the range of the barrier
reported for OH-catalyzed LGA formation in earlier studies 73122190 though such
catalyzation would not be possible at this high temperature. Figure 2.3 also shows a
similar reduction in the enthalpic barrier for ring contraction mechanism from 456.53
kJ/mol at 500K to 294.28 kJ/mol at 1200K.
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Figure 2.3 ConTS calculated enthalpic barriers for (a) transglycosylation and (b) ring

contraction in the melt-phase environment.

In literature, cellulose has been hypothesized to undergo hydroxyl-catalyzed
glycosidic bond cleavage (low barrier) in the melt-phase at lower temperatures
(<740K) and direct thermal cleavage at higher temperatures (high barrier) '2°. External
hydrogen bonding with water or alcohol groups has been shown to promote LGA
formation from glucose by stabilizing the charged transition state '%°. Nearby hydroxyl
groups could have similar catalytic effect during pyrolysis 9. Maliekkal et al. 12°
performed DFT calculations and found that in stacked cellulose sheets, intersheet
hydroxyl groups help stabilize charged transition states promoting proton transfer. The

intrinsic activation barrier for such hydroxyl catalyzed transglycosylation has been
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reported to be 154.39 kJ/mol which decreased further (134.31 kJ/mol) on binding with
additional hydroxyl groups. Also, an even lower free energy barrier (139.33 kJ/mol)
was calculated using constrained AIMD simulations. Though hydroxyl groups
promoting cellulose decomposition is demonstrated, such reactions were not studied
in an unconstrained melt-phase environment. The DFT studies discussed above have
used constrained/static clusters to validate the effects of vicinal hydroxyl groups while
the temperature induced changes in the condensed phase molecular environment and
their influence on the reaction kinetics was unaccounted. Parity with experiments
showing low activation barrier (224.68+4.602 kJ/mol) is obtained only when low
temperature experimental conversion is fitted with first order kinetics '28. The higher
ConTS barrier calculated in the lower temperature regime and the lack of catalytic
action (not observed while visualizing the structure) essentially provides evidence

contrary to the hydroxyl-catalyzed model of cellulose decomposition.
2.3.2 Condensed phase free-energy barriers using ReSolv method

ReSolv method described in Section 2.2.2 is used to calculate the free energy barrier
in condensed phase by correcting the gas phase barrier. Therefore here, finite
temperature gas phase cellobiose decomposition is shown first before presenting the

corresponding energetics in the melt-phase.

2.3.21 Gas phase decomposition

Gas phase calculation was performed using Gaussian 09 code for an isolated
cellobiose. The free energy barriers for C-O bond cleavage via transglycosylation and
ring contraction at 100K, 500K, 900K and 1200K are shown in Figure 2.4. The free
energy barriers for both mechanisms show a clear transition with temperature (Figure
2.4). The barrier for transglycosylation reduces from 255.16 kJ/mol at 100K to 227.88
kd/mol at 1200K whereas for ring contraction mechanism, it reduces from 255.16
kd/mol at 100K to 227.88 kJ/mol at 1200K. As expected, at 500K our calculations
revealed similar enthalpic barriers for glycosidic bond cleavage reported by Arora et
al. 204, Transglycosylation only involves a bridge formation while ring contraction
involves ring cleaving and reorganization. Figure 2.4 shows that transglycosylation is
favored over ring contraction in the gas phase at all temperatures, matching both the

ConTS calculations and previous DFT studies 24,
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The gas phase barrier for either mechanism shows two decomposition regimes,
resembling the ConTS calculations — 1. Low temperature, high barrier & 2. High
temperature, low barrier. Since the calculations are performed for an isolated
molecule, this suggests that during pyrolysis, the entropy of the reacting molecule also
plays a role in bringing down the barrier slightly. The gas phase DFT calculated
reactant and transition state conformations are then used to calculate the interaction
free energies of the reacting species (reactant, TS) using the thermodynamic

integration method, as described in section 2.2.2.
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Figure 2.4 Gas phase free energy barrier for glycosidic bond cleavage in cellobiose at
different temperatures calculated using hybrid functional M06-2X with 6-31+G (2d,p)

basis set.

2.3.2.2 Melt-phase decomposition

The formalism presented in Figure 2.2 is used to calculate the Gibbs free energy
barriers for transglycosylation and ring contraction of one reacting cellobiose molecule
in the melt-phase at different temperatures, as shown in Figure 2.5. The activation free
energy barrier in the melt-phase environment decreases almost linearly with
increasing temperatures and asymptotes above 900K. At these higher temperatures,
the free energy barriers are constant at ~105 kJ/mol and ~323 kJ/mol for
transglycosylation (LGA formation) and ring contraction (furan formation), respectively.
Consequently, the reduction in the (free) energy barriers from 100K to 900K for the
two mechanisms are 267.76 kd/mol and 159.18 kJ/mol suggesting that the presence

of finite temperature melt phase environment has a stronger influence on

50



transglycosylation. This reduction in the melt-phase barrier is a magnitude greater than
what is calculated in gas phase for transglycosylation (27.29 kJ/mol) and ring-
contraction (23.29 kJ/mol), highlighting the influence of melt phase interactions.
Similar high temperature low free-energy barriers for pre-LGA (151 kJd/mol) formation
compared to pre-HMF (furanic) (205 kJ/mol) formation using accelerated AIMD
simulations at 873K 52 has been reported previously. This validates the novel approach
used in this study to compare the influence of the finite temperature condensed phase

environment on cellulose decomposition chemistry.
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Figure 2.5 Free energy barrier vs temperature profile for cellulose decomposition via
transglycosylation and ring contraction showing two reaction regimes transitioning at
900K. The slope and y-intercept gives the entropic and enthalpic contributions to the
free energy barrier, respectively. The tangents are fitted between 500K-900K for the low
temperature (blue dash lines) and 900K-1200K for high temperature regime (red dash

lines).

The slope and y-intercept of the free-energy vs temperatures plot (Figure 2.5) gives
the entropic and enthalpic contributions, respectively. At low temperatures, the free
energy barrier decreases almost linearly having a common tangent intercept and slope
at any given temperature (<900K). The constant slope of the free energy barrier curve
is indicative of the constant gain in entropy(AS* ) of 334.69 J/mol-K for LGA formation
and 198.98 J/mol-K for furan formation during phase transition in cellulose melt-phase.
At higher temperatures, the free energy barrier curve flattens indicating that the

entropic contribution to the barrier is zero, making it an enthalpy-controlled regime.
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The linear slopes of the low and high temperature curves form two decomposition
regimes. These regimes transitioning at ~800-900K is similar to the experimentally
measured millisecond scale kinetic regimes transitioning at 740K 194, As seen in Figure
2.5, the enthalpic barriers of the two regimes are calculated from the y-intercept of the
tangent to the free energy curve at 700K (average of 500K-900K) and 1050K (average
of 900K-1200K). For transglycosylation, the enthalpic barrier reduces from 320 kJ/mol
to 120 kJ/mol while for ring contraction, it reduces from 480 kJ/mol to 299 kJ/mol with
increase in temperature. The high enthalpic barrier at low temperatures and low
enthalpic barrier at temperatures above 900K agrees with the ConTS calculations

performed in melt-phase environment (Figure 2.3) which is reported in Section 2.3.1.

Two cellulose decomposition regimes in the melt-phase have been identified with both

free energy barrier corrections and ConTS calculations —
1. High enthalpic & free-energy barrier at low temperatures (500K-800K), and

2. Low enthalpic & free-energy barrier at high temperatures (800K-1200K).

The enthalpic barriers(AH*) estimated from Fig. 5 for transglycosylation and ring
contraction between 500K-900K are 300 kJ/mol and 480 kd/mol, respectively. In the

higher temperature regime (900K-1200K), the enthalpic barriers(AH* ) are 120 kJ/mol
and 300 kJd/mol. These barriers show excellent match with first principles DFT based
ConTS calculations presented in Figure 2.3 — 249.5 kJ/mol & 456.53 kJ/mol at 500K,
and 164.66 kd/mol & 294.28 kJ/mol at 1200K for transglycosylation and ring
contraction, respectively. Previous DFT studies had suggested catalytic activation by
vicinal hydroxyl groups to be the primary mode of glycosidic activation at low
temperatures 2212, However, the evidence presented here strongly suggests that
when accounted for condensed phase and finite temperature effects, the
reorganization of neighboring molecules from crystal phase to melt phase significantly
influences cellulose chemistry. Throughout the temperature range (100K-1200K),
transglycosylation has a lower energy barrier compared to ring contraction, similar to
the trend reported using both ConTS and gas phase calculations. It has to be noted
that AIMD-metadynamics 52 study reported low free-energy barriers (83.7 kJ/mol) for
ring contraction from glucopyranose ring to the glucofuranose ring, but without the

glycosidic bond cleavage. The higher free-energy barriers calculated for the concerted
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ring contraction mechanism studied herein indicate that direct glycosidic bond
cleavage while the cellulose ring undergoes contraction (Figure 2.1¢) is less favorable
in the melt-phase (Figure 2.5). The difference in the absolute free energy barriers and
the slope of reduction in barrier between the mechanisms with temperature indicate
that the structural changes undergoing during phase transition in the cellulose melt-
phase environment favors transglycosylation over ring contraction. This difference in
the barriers and therefore the kinetic feasibility of transglycosylation over ring

contraction only seems to increase with temperature.
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Figure 2.6 Distribution of hydroxymethyl group dihedral — (a) 100K and 500K, (b) 900K
and 1200K. Distribution of O-O distance in hydrogen bonds — (c¢) 100K and 500K, (d)
900K and 1200K.

During phase transition between 500K-900K, AH* and AS* have constant positive
values. In this regime, the enthalpic contribution to the free energy remains constant
while the entropic contribution (TAS* ) increases due to increase in temperature. This
is therefore an entropy-controlled regime as the increase the entropic contribution
ultimately lowers the free-energy barrier. However, in the high temperature regime

(>900K), AH* has a constant positive value but AS* is negligible, making it an
53



enthalpy-controlled regime. This suggests that glycosidic bond cleavage is
increasingly promoted as a function of temperature only until 900K, after which the
barrier for cleavage remains constant (AG* ~ AH*). To better understand this
decomposition energetics and the regime change, molecular details of the interactions
in the melt phase are investigated. A detailed molecular interpretation of the energy

diagrams is presented below.
2.3.3 Phase change and reaction chemistry

Molecular level changes in cellobiose melt-phase systems, at pyrolysis conditions, are
studied by calculating the relative distribution of hydroxymethyl dihedrals & hydrogen
bonds (Figure 2.6), dielectric constant (Table 2.1) and entropy changes with
temperature (Figure 2.7) using MD simulations. These changes are then correlated to
the changes in entropic and enthalpic contributions to the free-energy barriers, as a

function of temperature.

2.3.31 Hydroxymethyl group orientation

There are 60 cellobiose molecules in the system and therefore 240 hydroxymethyl
groups are analyzed here. The dihedral angles (O5-C5-C6-06) -60°, 60° 180°
correspond to the tg, gt and gg conformations, respectively. Figure 2.6a shows that at
low temperatures, the hydroxymethyl groups are predominantly oriented in gt

conformation.

The distribution of gt conformer reduces with temperature (500K) at the cost of forming
gg conformers. This is consistent with the change from tg in crystal structure to gg
conformer calculated for non-rotating center cellulose chain using force-field
calculations by Zhang et al. 292, Above 900K, the distribution of hydroxymethyl
dihedrals (Figure 2.6b) show that all conformations are equally accessible because of
the complete disruption of the hydrogen bonding network. Cellulose chains have been
reported to gain torsional entropy during “phase change” to stabilize the high
temperature melt-phase structures. As the chains rotate, the hydroxymethyl group
gains extra degrees of freedom to change orientations %19 Figure 2.6a and 6b
suggests that this change in conformation continues until 900K after which all
conformers are equally accessible. Since concerted transglycosylation mechanism

involves simultaneous protonation of the glycosidic bond by the hydroxymethyl group
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and formation of C6-O-C1 (Figure 2.1c) bridge, any shift in hydroxymethyl
conformations from the crystal arrangement could decrease the barrier for bridge
formation. In general, the shift in conformation is a measure of torsional freedom in
cellulose chains. With limited degrees of freedom even ring-contraction mechanism
exhibits a higher barrier at low temperatures. Such influence of hydroxymethyl group

orientation on the energy barrier is further elaborated in Section 2.3.3.3.

Table 2.1 Dielectric constant in cellobiose melt-phase systems

Temperature (K) Dielectric Constant
500 3.89
900 4.27
1200 2.37
2.3.3.2 Hydrogen bonding

The distribution of H bonds in cellobiose melt-phase are shown in Figure 2.6¢c and 6b.
At low temperatures, the hydrogen bond lengths are short with a peak O-O distance
of 2.7 A. Similar elongation of H bonds at higher temperatures have been reported
earlier 8. Neutron crystallography studies 95213 performed at ambient temperature
found that the H atom covalently bonded to O2 can either form H-bond with O6 of the
inner or outer chain in cellulose microfibrils. Depending on the location of the H atom,
cellulose forms unidirectional infinite network of H bonds. X-ray diffraction and force-
field studies have shown that in the crystal structure, the hydroxymethyl groups are in
the tg conformation 96202 which is in alignment with O2 forming intrachain H-bonds
with O6 (refer Figure 2.1a for nomenclature). Similarly, other force-field based MD
studies 90.98,195,198,201.202 hgye found abrupt changes in thermophysical properties of
cellulose above 450K. The directionality of this infinite network of H-bonds is analyzed
by calculating dielectric constant for cellobiose systems (Table 2.1). Dielectric
constant remains higher and relatively invariable at the low temperatures (500K-900K)
indicating certain directionality of hydrogen bonds. With increasing temperatures,

directional hydrogen bonding is disrupted, increasing torsional freedom in cellulose
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chains. This enables the possibility of taking different hydroxymethyl conformations
and consequently increases the entropy in the system. Figure 2.7 shows the entropy
gained (AS ) by a cellobiose molecule without undergoing reaction in melt-phase at
different temperatures, calculated using quasi-harmonic approximations in force-field
simulations. Since the entropy is calculated for an intact cellobiose molecule, the
entropy gained is due to the disruption of H-bonds in the melt-phase. AS increases
until 900K, and asymptotes with further increase in temperature. There is a monotonic
increase of 604.55 J/K-mol from 500K-900K is due to the disruption of the hydrogen
bonds. The modest entropy gain beyond 900K (Figure 2.7) indicates that all degrees
of freedom available through the complete disruption of the hydrogen bonding has
been gained. The drop in dielectric constant from 900K to 1200K (Table 2.1) and the
negligible entropy gain above 900K (Figure 2.7) corroborates that the directional H-

bonding network in cellulose melt phase is completely disrupted beyond 900K.
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Figure 2.7 Entropy change in cellobiose molecule without undergoing rection in a finite
temperature melt-phase environment calculated using quasi-harmonic approximations
in force-field simulations. The entropy monotonically increases to asymptote above
900K.

The average number of intermolecular hydrogen bonds (distance: <4.5 A° angle:
150°) formed by the reacting cellobiose molecule and the TS species with the
condensed phase is presented in Figure 2.8. In the low temperature regime, the intact
cellobiose molecule forms higher number of hydrogen bonds followed by the TS of

ring contraction and transglycosylation which rapidly decreases with temperature. In
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contrast, at higher temperatures (>900K), the number of H-bonds formed by all
species is reduced to a minimum value. The decrease in the average number of
hydrogen bonds between 100K-1200K is 75% for cellobiose, 69% and 67 % for the
TS of ring contraction and transglycosylation, respectively. This difference in the %
reduction of the H-bonds with temperature suggests that the melt phase is more
destabilizing for the reactant cellobiose compared to the TS. These changes in
hydrogen bonding and hydroxymethyl conformations indicate a ‘phase transition’

characterized by amorphous expansion to a lower density state.

2.3.3.3 Influence of condensed phase on cellulose decomposition
chemistry

To form cyclic products like LGA and furans, the glucose residues in cellulose must
shift from the ground state chair conformer to boat conformer . In the boat
conformation, after glycosidic bond cleavage, C1 (carbocation) is more accessible to
the hydroxymethyl arm for transglycosylation or C2-C3 bond fragmentation for ring
contraction. At low temperatures, the hydroxymethyl arm is locked away from the
glycosidic oxygen by strong hydrogen bonds in the condensed phase. Additional
energy is required for conformational change enabling C2-C3 bond fragmentation in
ring contraction and for the breaking of the hydrogen bonds before the attack of O6 on

C1 in transglycosylation. This additional energy is reflected in the higher enthalpic

barriers (AH*) at the low temperature reaction regime (100K-900K) reported in
Figures 2.5 and 2.6. The high dielectric cellulosic melt-phase (Table 2.1) in this lower
temperature regime also provides a polar environment. Similar polar environments
(solvent) have shown to increase activation barrier for acid-catalyzed dehydration of
xylose to furfural 2’4 by enhancing reactant solvation. High dielectric melt phase,
therefore, enhances cellobiose intermolecular self-solvation having only a fractional
effect on the charged TS. However, the TS has higher entropy than the reactant
cellobiose molecule and with the melt phase formation, this activation
entropy(AS c.f. Figure 2.7) further amplifies as the hydrogen bonds in the local
environment weaken, stretch, and break providing torsional freedom for

conformational change in hydroxymethyl groups. Hence in the low temperature melt-
phase (100K-900K), entropy contributes (TAS*) to reducing the free energy barrier for

glycosidic bond cleavage as a function of temperature. AS* calculated from the free-

energy profile (Figure 2.5) in this regime is 334.69 J/mol-K and 198.98 J/mol-K for
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transglycosylation and ring contraction, respectively. As explained in Section 2.3.2.2,

this is an entropy-controlled regime as AS* is non-trivial with the molecular
rearrangements providing extra degrees of freedom. Therefore, in the low temperature
regime, cellulose has a constant enthalpic contribution to the free-energy barrier for
glycosidic bond cleavage, and the reduction in free energy barrier is mainly due to

entropic contributions.
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Figure 2.8 Average number of H bonds around the reacting molecule in a finite

temperature melt-phase environment at different temperatures

AS* for glycosidic cleavage in cellobiose melt-phase is positive only until the hydrogen
bonding network is completely disrupted and the hydroxymethyl groups gain
conformational freedom. This complete transition in phase occurs beyond 900K, as
shown in Figs. 7d, 8, 9 and Table 2.1. In the high temperature reaction regime (>900K),

the lower dielectric melt phase no longer preferentially enhances reactant cellobiose

self-solvation. The difference in entropy (AS*¥) between the TS and cellobiose
molecule is negligible (Figure 2.5), making it an enthalpy-controlled regime. High
temperature melt-phase environment is relatively destabilizing for the reacting
cellobiose molecule because of the disrupted hydrogen bonding network. Here, C1 is
more accessible to the hydroxymethyl arm for the formation of LGA via

transglycosylation.

Similarly increased conformational freedom enables C2-C3 bond cleavage for ring
contraction, therefore having a low enthalpic barrier for either mechanism is reflected

in Figs. 5 and 6. This reduced high temperature barrier could either be due to the
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stabilization of TS or destabilization of the reactant cellobiose. As the hydrogen
bonding network in cellulosic phase is disrupted with temperature, the percentage
reduction in the average number of intermolecular hydrogen bonds made with the melt
phase is greater for reactant cellobiose than for the TS (Figure 2.8). This along with
the reduced dielectric constant (Table 2.1) suggests a relative destabilization of the
reactant cellobiose molecule with phase transition. Such destabilization of the
cellobiose during melt phase formation has been reported here for the first time,
providing a novel outlook on cellulose decomposition in the melt-phase.

Scheme 2.1 Cellulose decomposition model differentiated between the low (blue) and

high (red) temperature regimes. At high temperatures, as primary decomposition is

accelerated, the rate of secondary reactions in the intermediate liquid are significant.
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In recent experimental studies 28194, cellulose weight loss and furan formation rate
are measured to study the millisecond scale intrinsic kinetics. When comparing the
above explained low-temperatures-high-barrier and high-temperature-low-barrier
regimes with the barriers calculated from experimental kinetics 28, there is an

apparent contradiction. When fitted with first order kinetics to the millisecond scale
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data from PHASR reactor, experiments suggested low-temperatures-low-barrier and
high-temperature-high-barrier regimes. The trend of enthalpic barrier with respect to
temperature seem flipped. But such direct comparisons between computed energetics
of elementary steps and measured kinetics of bulk decomposition reactions might not
be possible. Unreacted a-Cyclodextrin is quantified to calculate the rate of cellulose
consumption while gas chromatography mass spectroscopy is used to measure the
rate of furan production. High speed photography has shown that cellulose pyrolysis
proceeds through a “liquid intermediate” before forming volatiles at 973K %°. Scheme
2.1 illustrates the decomposition of cellulose to volatiles through the liquid intermediate
along the reaction coordinate at the two temperature dependent regimes. It can be
inferred from this model that both the experimental measurements do not exclude the
secondary reactions occurring in that intermediate (Scheme 2.1). Therefore, a
quantitative relationship cannot be established between the current experimental
kinetic data that includes secondary reactions and first principles calculations of

cellulose primary decomposition.

Having said that, the experimentally measured millisecond scale rate of cellulose
decomposition and furan production show two regimes, transitioning at 740K 128
agreeing with the results presented here. The rate of cellulose decomposition and
furan production as a function of temperature are similar at lower temperatures.
Whereas above 740K, the rate of cellulose decomposition increases relatively rapidly
compared to that of furan production. This suggests that at low temperatures, the rate
of primary decomposition of cellulose to intermediates is comparable with the rate of
secondary decomposition to volatiles like furans. However, at higher temperatures, the
rate of primary decomposition is much faster compared to the rate of secondary
decomposition. This higher rate of primary cellulose decomposition compared to
volatile products formation at high temperatures agree with the low enthalpic barrier
calculated for glycosidic bond cleavage in this study. Further direct comparison of
computational results with the entangled kinetics of phase transition, primary and
secondary reactions happening in experiments would require elaborate multiscale

kinetic modelling, tracking multiple possible reactions.
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2.4 Conclusions

Cellulose primary decomposition reactions (transglycosylation and ring contraction)
via glycosidic bond cleavage in the condensed phase pyrolysis environment are
investigated between 100K-1200K. Two novel computational strategies are
implemented: (i) ConTS method, where first principles enthalpic barriers are calculated
with explicit condensed phase molecules in the reaction environment (that are
equilibrated by molecular mechanics based MD simulations) and (ii) ReSolv method
where gas phase first principles calculated free energy barriers are corrected using
molecular mechanics based solvation free energies (with finite temperature effects) of
the reacting species in the condensed phase. The free-energy barrier calculated using
the ReSolv method as a function temperature is then used to estimate the enthalpic

and entropic contributions for glycosidic bond cleavage. Both methods independently

estimate high enthalpic barriers (AH*) at low temperatures and low enthalpic barriers
at high temperatures for the glycosidic C-O cleavage. These techniques allow utilizing
a first-principles based approach to simulate finite temperature, condensed phase
pyrolysis chemistry without having to use computationally expensive ab initio

molecular dynamics.

Cellulose decomposition exhibits two distinct regimes transitioning at 900K. These two

regimes have different enthalpic (AH* .) and entropic (TAS* ) contributions to the free
energy barrier. Both C-O cleavage mechanisms studied require conformational
change from chair to boat. In the low temperature regime (100K-900K), the additional

energy required to break the directional hydrogen bonding and to create the torsional

freedom to change conformations is reflected in the higher AH* . The high dielectric

melt-phase in this regime, also enables self-solvation of the proton-donating reactant

over the TS. However, AS* takes constant positive values resulting in the lowering of

the free-energy barrier with increase in temperature. Since the enthalpic contribution

is constant and the total entropic contribution (TAS*) changes, it is an entropy-
controlled regime. This is accompanied by the gradual disruption of the hydrogen
bonding network and gaining conformational flexibility in hydroxymethyl group
orientation, suggesting a transition in phase at 500K-900K. High temperature (>900K)
melt-phase formation involved the complete disruption of directional hydrogen bonding

allowing increased torsional freedom, in turn resulting in a lower enthalpic barrier. This
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is due to the destabilization of the proton-donating cellobiose reactant in the high
temperature regime. Unlike the hydroxyl catalyzed mechanism proposed in the
literature where the charged TS is stabilized by vicinal hydroxyls, the present work
suggests that the relative destabilization of cellulose leads to lower barrier for cellulose
activation above 900K. In this high temperature regime, AS* is negligible in the
condensed phase. Gas phase DFT calculations revealed similar results, however, the
activation entropy gained at 100K-900K is much higher in the presence of condensed
phase. The increased favorability of glycosidic bond cleavage when the entropic
contributions in the finite temperature melt-phase are included, establishes that it is an
entropy-driven regime change. Furthermore, experimental studies measuring
millisecond scale kinetics reported a higher increase in the rate of primary cellulose
decomposition compared to volatile products formation above 740K. Qualitative
comparisons made here, reveal coherence between calculated energetics for primary
decomposition and experimental kinetics. Therefore, the two computational
strategies (ConTS, ReSolv) and qualitative comparison with experiments yield strong
evidence for entropic activation and resulting reactant destabilization leading to a

lower activation barrier for glycosidic cleavage at high temperatures.
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Chapter 3 Does the presence of lignin affect the pyrolytic
decomposition of cellulose? A condensed phase computational
investigation

Reprinted with permission from RSC Sustainable Energy Fuels, 2023,7, 3660-3674
© 2023 Royal Society of Chemistry

3.1 Introduction

Despite the promise of decentralized processing of biomass and subsequent lower
transportation cost of intermediate bio-0il?'5, pyrolysis technology has not yet grown
to commercial viability. A major roadblock stopping the maturity of pyrolysis is the
instability of bio-oil, which undergoes physicochemical changes (aging) during storage
and transport,2'®217 such as increase in viscosity due to re-polymerization?'8. Such
changes are induced by homogeneity in functional groups promoting repolymerization
reactions among lower molecular weight (LMW) compounds to form heavier
compounds, which are mainly lignin derived products'3+-136219 | ignin cannot be
simply separated from the native biomass feed to inhibit repolymerization as isolating
the biopolymers is expensive and not environmentally friendly. Therefore, fundamental
understanding of reaction mechanisms and molecular level interactions between
cellulose and other biopolymers is crucial to engineer biomass processing techniques
that can optimize desired products in bio-oil 3137, The lack of understanding of
fundamental biomass chemistry presents a serious challenge to reduce
repolymerization of lignin products and for greater access to cellulose products. The
development of such fundamental knowledge is hindered by the multiscale structure
of biomass. Unlike petrochemical feed, biomass spans eleven orders of magnitude in
length from C-C, C-H, C-O, O-H bonds which makeup hemicellulose, lignin that binds
to cellulose microfibrils in the cell wall, to the multi-cellular plant macrostructure*4. This
gives rise to complex interactions between the biopolymers and the pyrolysis
behaviour of the three individual biomass components in isolation will have to be

distinguished from that in native biomass?20-221,

In one of the first reviews on biomass pyrolysis, Antal M. J.138 suggested that a simple
mathematical model superimposing thermal curves of individual components (lignin,
cellulose, hemicellulose) should explain the thermal behaviour of native lignocellulosic

biomass. This suggested that pyrolysis product distribution trends, global lumped
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activation barriers and other kinetic parameters can be predicted with additive models
that ignore any interactions between individual biopolymers. Following this, numerous
studies have focused on using an additive model that combines pyrolysis kinetics of
isolated biopolymers to explain the native biomass pyrolysis kinetics. The equipment,
feedstock, temperature ramp and conclusions in those studies have been compiled in
the supporting information (Tables S1 and S2 in the supporting information). Pyrolysis
experiments performed to evaluate the additive models were conducted using a wide
range of feeds like — 1. Woody biomass (like cedar, pine, beech, thistle, spruce, oak),
2. Herbaceous biomass (like rice straw, corn stalk, peanut vine, sugarcane bagasse),
3. Waste biomass (like waste wood chips, olive husk, hazelnut shells, palm oil waste),
4. Treated biomass (selective removal of individual biopolymers through chemical
treating) and 5. Synthetic biomass (blending of commercial biopolymers using various
mixing techniques). Raveendran et al.??2 used 14 different biomass feeds to show that
char, liquid and gas vyields in thermogravimetric analyzer (TGA) and a packed bed
reactor can be predicted with a simple additive model. Following this, a regression
model to predict hemicellulose, cellulose and lignin content from weight loss
measurements worked well for synthetic samples while failing for palm oil waste?23.
This deviation in their model predictions was attributed to the mineral salt content in
the native biomass feed. To avoid any anti-/catalytic effect by inorganic compounds,
some studies 2?42?% acid washed the feedstock to remove mineral content. De-
mineralized biomass corroborated with their additive model, deviating only for
herbaceous (thistle) biomass. Similar studies?26-230 showed the usefulness of additive
kinetic models to predict activation energy, peak decomposition temperature and
product composition. As highlighted in Table S1, most early experiments reported no
significant interactions under the high temperature pyrolysis melting conditions.
However, these studies used TGA or other reactor set-up which are limited by transport
and a slow ramp temperature. They are plagued with these limitations and can only
predict global kinetic parameters or product yield (char, liquid, gas). Recent
experiments conducted in an entrained flow reactor’#? under isothermal conditions
showed that the additive law cannot even accurately predict pyrolysis gas (CO, COz,
CHa4, H2, C2H2, C2H4) yields which is in contrast to the previous studies reported in
Table S1. This renders the use of TGA without adequate heating rate and weight loss

measurements limited in its scope for understanding the molecular level interactions
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of biomass components’®. Therefore, a critical analysis of the limitations of equipment
used, feed and pyrolysis temperatures are to be carefully considered to draw

inferences about intrinsic chemistry from experiments.

Supporting this conclusion, lately many studies (Table S2) have suggested interactions
between the biomass components and the failure of superposition/additive models in
calculating product distributions. Using an ampoule reactor at gasification
temperatures (600 C, 800 C), Hosaya et al.'*3231 showed that the simple additive law
is not sufficient to explain water soluble sugar fraction and secondary char formation.
This deviation from the additive model indicating interactions during pyrolysis appear
to occur in the solid, liquid and vapor phases increasing the gasification of cellulose-
derived products. Spruce and beech wood (~50% cellulose) produced less than 3%
levoglucosan (LGA)'S while the cellulose content in them can produce 48% yield
when pyrolyzed separately'®. This change in kinetics with respect to pure cellulose is
also noticed in the pyrolysis of synthetic biomass with cellulose and lignin mixtures
made with different mixing methods at a wide temperature range'3'.132, The reaction
rates slow down suggesting that lignin inhibits cellulose pyrolysis and has a negative
effect on volatiles formation'33. However, such a deviation in the kinetics between the
pyrolysis of pure cellulose and of native/synthetic biomass is only noticed in a
particular temperature window. This can possibly be explained by the overlapping of
biopolymer decomposition temperatures in the pyrolytic melt. Biomass pyrolysis
process involves — moisture evolution (<220°C), hemicellulose decomposition (220-
315°C), cellulose decomposition (315-400°C) and lignin decomposition (>400°C)223,
Though the three biopolymers decompose at different rates and in different
temperature ranges, there is significant overlap. Higher interactions between cellulose
and lignin are reported because of the overlap in the temperature range (313-438°C)
at which the maximum weight loss rate for lignin and cellulose occur. Below and above
the cellulose decomposition temperature, the product distribution of both synthetic and
native mixtures matches additive model predictions, indicating no interactions'8. This
splits biomass pyrolysis into three kinetic temperature regimes where pyrolytic
interactions between biopolymers is only present in regime 2 (313-438°C)'#7. Before
cellulose decomposition, in regime 1 (220-305°C), hemicellulose decomposes while
lignin and cellulose pyrolyze to its oligomers without any thermal interactions.

Likewise, in regime 3 (>438°C), cellulose is pyrolyzed leaving lignin to its slow
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decomposition with no interactions. However, in regime 2, cellulose is reported to de-
crystallize to an amorphous “liquid phase” (‘melt-phase’) beyond 230°C?32. Similarly,
lignin takes a “liquid-like phase” with the units redistributed and reallocated above the
glass transition temperature (50-150°C). This overlap in regime 2 (313-438°C) could
lead to CH-m interactions between cellulose and lignin, enhancing lignin—derived
products such as phenolics'%146 These observations highlight that in the pyrolytic
‘melt-phase’, interactions between the biopolymers indeed exist but in a narrow
temperature range with the overlapping of cellulose and lignin decomposition.

Therefore, this paper is focused on the influences of lignin on cellulose decomposition.

Previous studies have also shown that in addition to temperature, the feedstock also
influences the validity of the additive models. Product yields from the pyrolysis of
woody biomass differ from that of herbaceous biomass'®. Herbaceous biomass
(cornstover, switchgrass) and woody biomass (pine, redwood) were chemically treated
to isolate hemicellulose. The treated herbaceous cellulose-lignin when pyrolyzed,
produced a lower LGA yield of 10.28 wt%, compared to clean cellulose. The offset in
LGA yield is compensated by 11.38 wt% and 1.45 wt% increase in C1 to C3 products
and furans, respectively. However, for the pyrolysis of woody biomass, despite the
higher lignin content compared to herbaceous biomass, the deviation in pyrolysis
product distribution from pure cellulose is minimum. This variation between
herbaceous and woody biomass was speculated to be because of higher lignin
carbohydrate complex (LCC) linkages. In the cell wall, some cellulose and lignin are
covalently bonded by ester/ether linkages'%4233.234 forming LCCs'®8. Predominant of
the studies?35236 have reported LCC linkages in the Cs position (refer Scheme 3.1).
This would be coherent with reduced LGA yield as similar inhibition of LGA has been
shown in polysaccharides with 1,6-glycosidic linkages (similar to LCC linkages)
compared to 1,4- or 1,3-glycosdic linkages®®. Moreover, the oxygen containing
covalent linkages between cellulose and lignin in cornstover and A. cunninghamii
wood were measured using an isotope method and indeed herbaceous biomass was
found to have higher LCC linkages compared to woody biomass?®’. Covalent bonding
between lignin and cellulose in LCC could very well explain the difference between the
pyrolysis of herbaceous and woody biomass. Therefore, it is important to consider
LCCs while studying pyrolysis of native biomass or co-pyrolysis of cellulose and lignin.

However, fewer LCC covalent bonds alone cannot explain the little influence of lignin
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molecules in pyrolysis of the woody feed. This highlights the competition between
glycosidic C-O bond cleavage (forming LGA) and C-C bond cleavage (forming furans
& C1-Cs products) in cellulose pyrolysis®874238_ The high lignin content in woody
biomass is known to cause micro-explosions and thermal ejection of cellulose
intermediates which promotes deoxygenation of heavy compounds and hinder char
formation'®'. This reduction in char yield is suggested to indicate the inhibition of
dehydration reactions in cellulose with high lignin composition. Also, the char exhibits
an enhanced development of porous structures in the pyrolysis of maple wood
indicating the stabilization of lignin intermediates in the melt-phase®*. For this to
happen under pyrolysis conditions, hydrogen rich cellulose products will have to
escape through the interface between cellulose bundles and lignin, in the process of
interacting and stabilizing lignin reactive intermediates. Such stabilization of lignin
intermediates and inhibition of oligomerization by in-situ hydrogen sources (formic acid
functional group) have been reported’62163, Therefore, thermal interaction of high
composition lignin and cellulose promoted LGA formation and weakened competing

pathways such as dehydration, which form char precursors34.164,

Summarizing the literature, it can be said that in the biomass matrix, cellulose exists
in bundles (microfibrils) that are held together by lignin, which are connected by LCC
linkages. But when pyrolyzed, the microscopic architecture in the cell wall breaks down
to form a “liquid-like” phase with the surface lignin melting first and covering the
microfibrils3*. This liquid intermediate ‘melt-phase’ has been shown for cellulose
pyrolysis using high speed photography?®°. Moreover, cellulose intermediates have
been speculated to escape through interacting with lignin before decomposition.
During the pyrolysis of native biomass, cellulose chemistry is influenced by covalent
bonding in LCCs or high lignin composition. Therefore, two lignin-cellulose ‘melt-
phase’ environments are modelled in this work to investigate the effect of lignin on

cellulose condensed phase pyrolytic decomposition —

Melt-phase with LCCs — The system has LCC linkages between cellulose surrogate
(cellobiose) and lignin surrogate (quinone methide intermediate) and 12 cellobiose

molecules (c.f. Figure 3.1A).
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Melt-phase with high lignin composition (lignin-rich) — Reacting cellobiose
molecule surrounded by lignin dimer (quinone methide intermediate) molecules (c.f.
Figure 3.1B).

Key knowledge gaps that we attempt to bridge in this paper are — 1. Does the presence
of lignin in the condensed phase influence cellulose decomposition energetics in
native biomass melt-phases? 2. Can the presence of LCC linkages or high lignin
content explain the variation in product distribution between woody and herbaceous
feed? 3. Is furan (C-C cleavage) or LGA (C-O cleavage) formation in cellulose

pyrolysis promoted due to the non-bonded, condensed phase interactions with lignin?

Scheme 3.1 (A) Atomic nomenclature of the monomeric glucose unit (B)
Transglycosylation reaction mechanism of cellobiose decomposition to form LGA (C)
Ring contraction mechanism of cellobiose decomposition to form furanic compounds
(D) LCC linkage between a lignin moiety (quinone methide intermediate) and the

cellobiose dimer.
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3.2 Computational Methodology

A novel computational strategy (ReSolv method) was introduced and exemplified in
our previous work?40, This strategy employs a combination of quantum mechanics
(QM) and molecular mechanics (MM) approaches to circumvent the computationally
expensive ab initio molecular dynamics (AIMD) calculations. Activation free energy
barriers are calculated in the gas phase using QM based density functional theory
(DFT) methods. This gas phase free energy is further corrected to account for the finite
temperature condensed phase using MM based equilibrium solvation for the reactant
and TS. The free energy of interaction in equilibrium solvation is computed using
Thermodynamic Integration techniques?*'. The specific methodology is further

elaborated in Section 3.2.1.

A. LCC melt-phase B. Lignin-rich melt-phase

Figure 3.1 Molecular visualization and zoomed-in chemical structure schematic of the
A) LCC melt-phase with lignin dimers (red) and the cellobiose dimers (black) connected
covalently, and B) lignin-rich melt-phase. In either system, one reacting cellobiose
molecule for which the reaction energetics are calculated is shown in a green bubble
(ball and stick representation in the bottom molecular visualization), surrounded by

lignin, which is not covalently bonded to cellobiose.
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Several studies used cellobiose as a model molecule to propose a 2-step mechanism
for levoglucosan formation'", demonstrated the energetic favourability of concerted
mechanisms?4?, investigated the catalytic effects of inorganic compounds?%4, and
explored the impact of the three-dimensional hydroxyl environment on activation
dynamics?'2. Therefore, cellobiose is used as a model and the nomenclature in
Scheme 3.1A will be followed throughout the manuscript. The equilibrium solvation
method (ReSolv) is used to calculate the free energy barriers for cellulose
decomposition via transglycosylation and ring contraction mechanisms (refer Scheme
3.1B, 1C). Two ‘melt-phase’ systems with lignin have been modelled to capture their
respective condensed phase effects on cellulose chemistry — 1. with LCCs and 2. with
high lignin composition. The results are also compared to the ‘melt-phase’ system with

pure cellulose from our previous work.

GAS PHASE ACTIVATION FREE ENERGY (FIRST PRINCIPLES DFT)
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Figure 3.2 Computational workflow for correcting gas phase free energies using
equilibrium solvation free energy to account for finite temperature condensed phase

effects. This is followed for both the melt-phase with LCCs (left) and the melt-phase

with high lignin concentration (right) systems.
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3.2.1 Free energy barrier corrections based on equilibrium solvation in the

condensed phase.

The formulation of this novel technique to calculate free energy barriers in condensed

phase, involves the dissociation of the reaction into multiple associated reactions in a
Bordwell thermodynamic cycle24® (c.f. Figure 3.2). First, the activation free energy (AGY)
for a particular reaction mechanism is calculated using gas phase DFT. Then, the reaction
intermediates (reactant and transition state) from the gas phase calculations are
constrained and transferred into the melt-phase system. These melt-phase systems are
constructed to capture explicit finite temperature condensed phase effects on the
intermediates. So, thermodynamic integration method'%5207 is used to calculate the
equilibrium solvation free energies (AGs°) of the reaction intermediates in the melt-phase
system. The difference between the solvation free energy of the transition state(AGs%’g)

and of the reactant(AG%,.) is the melt-phase correction factor. This melt-phase

correction factor (AGS! — AG%,.c.) is further added to the DFT calculated gas phase

barrier (AG*), to estimate the free energy barrier in the melt—phase(AG*m). This correction

factor is unique to the particular reaction mechanism and the melt-phase system. The
specific methods used for gas phase, equilibrium solvation and post-processing

calculations are mentioned below.

3.211 Gas phase

All-electron DFT calculations were performed using Gaussian 09 code for the cellobiose
molecule in gas phase. Hybrid functional M06-2X 76 with 6-31+G(2d,p) basis set is used as
it has been recommended for carbohydrate chemistry242.244-246  Geometry
optimizations and TS searches performed using Berny algorithm were unconstrained.
Subsequently, frequency calculations are performed to distinguish between the saddle
point and local minima. Intrinsic reaction coordinates (IRCs) are followed in both
directions to ensure that the TS corresponds to the correct reactant and product on the
potential energy surface. These barriers are calculated at 1 atm and four temperatures
(100K, 500K, 900K, 1200K). Free energy barriers computed in the gas phase for
cellobiose activation via transglycosylation and ring contraction have been reported in our

previous work240,
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3.21.2 Equilibrium solvation

Thermodynamic integration (TI) method?4'.247 as implemented in GROMACS 2018.7, is

used to calculate the equilibrium solvation free energy at four temperatures (100K, 500K,
900K, 1200K) for the two biomass melt-phase systems (c.f. Figure 3.2). The selection of
temperature range encompasses both, the investigation of crystal structure effects (100K)
and the comprehensive range for thermochemical conversion of biomass (473-1273K),
as inferred from an extensive analysis of previous studies and the corresponding peak
reactor temperatures?*®. The reactant and TS coordinates from gas are constrained and
inserted in the melt-phase system. Langevin dynamics is used along with OPLS/AA force-
field parameters. The initial system configurations are first energy optimized and
equilibrated. Pressure equilibration is performed in an NPT ensemble at 1 atm for 2 ns
and the resulting configurations are used to set the appropriate system volume/phase. Tl
calculations are then carried out in an NVT ensemble for 8 ns at respective temperatures.
The number of intermediate states (A-windows) is optimized, and 30 A-windows was found
to be sufficient. The potential derivatives calculated from the MD simulations for each A-

window are integrated to compute AGs©.
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Figure 3.3 Gas phase free energy barrier for glycosidic bond activation in cellobiose at
different temperatures calculated using hybrid functional M06-2X with 6-31+G(2d,p) basis

set (reported in earlier publication?%°)
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Figure 3.4 Free energy barriers for cellulose decomposition via transglycosylation and ring
contraction mechanisms at different temperatures in A) LCC melt-phase and B) lignin-rich

melt-phase C) pure cellobiose melt-phase.

3.3 Results and Discussions

Under pyrolysis conditions, cellulose is reported to decompose via competing glycosidic
C-O bond cleavage (LGA formation) and C-C bond cleavage (furan, C1- C3 products).
Hence, the most favorable cellobiose activation mechanisms are simulated -
Transglycosylation and ring contraction'3. In transglycosylation mechanism, the C1-O1
bond is simultaneously cleaved as the hydrogen from hydroxymethyl tail protonates it,
making a Ce-Os-C1 bridge (Scheme 3.1B) to form LGA and glucose. Ring contraction is
also a concerted mechanism involving C-C bond cleavage and ring reorganization
(Scheme 3.1C) to form 3,4-(hydroxyl) 5-(hydroxymethyl) furfural and glucose. Finally,

molecular interactions that affect cellobiose chemistry in the condensed phase are
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investigated and delineated using hydrogen bonding analysis and hydroxymethyl group

orientations.

Table 3.1 Enthalpic and entropic contribution to the free energy for cellobiose

activation at the low and high temperature regimes in the interfacial LCC melt-

phase.
Enthalpic
Entropic
contribution
Melt- Thermal contribution to
Mechanism to the free
phase regime the free energy
energy
(kd/mol/K)
(kJ/mol)
< 800K 212.13 -0.1372
Transglycosylation 800-
86.98 0.0065
1200K
LCC
< 800K 210.92 -0.0011
Ring-contraction 800-
185.60 0.0282
1200K
< 800K 389.45 -0.3347
Transglycosylation 800-
82.14 0.0106
Pure 1200K
Cellobiose < 800K 468.73 -0.2331
Ring-contraction 800-
237.71 0.0219
1200K
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3.3.1 Free energy barriers for competing cellulose decomposition reactions in the

melt-phase using the ReSolv method

As described in Section 3.2, DFT calculations were first performed to determine the free
energy barriers in the gas phase (Figure 3.3). The barrier for transglycosylation reduces
from 255.16 kd/mol at 100K to 227.88 kd/mol at 1200K; whereas for ring contraction
mechanism, it reduces from 285.16 kJ/mol at 100K to 260.87 kJ/mol at 1200K.
Transglycosylation is slightly favoured over ring contraction in the gas phase at all
temperatures, in agreement with previous DFT studies'13240, Figure 3.3 shows a drop in
the activation free energy barrier above 500K for the breakdown of an isolated cellobiose
molecule. This drop indicates that gain in configurational entropy by breaking
intramolecular hydrogen bonds play a role in bringing down the barrier.

3.3.11 Cellobiose Decomposition in melt-phase with LCCs

The melt-phase system with LCCs was modelled as shown in Figure 3.1A. The free-

energy barrier for transglycosylation (C-O cleavage) and ring contraction (C-C cleavage)
mechanisms in the LCC melt-phase environment is shown in Fig 4A. The free energy
barrier for transglycosylation decreases with temperature from 202.62 kJ/mol at 100K to
94.82 kJ/mol at 1200K. The drop in activation free energy barrier plateaus beyond 800K
(~100kJ/mol). Such a trend is not noticed for ring contraction and the free energy barriers
remained between 200-220 kJ/mol at all temperatures. The barrier dropped by 107.8
kJ/mol between 100K-1200K for transglycosylation while in the same interval, the barrier
increased by 7.56 kd/mol for ring contraction. This reveals that the activation free energy is
significantly influenced by the finite temperature for transglycosylation in the melt phase
environment with LCCs. This significant reduction in the activation barriers points to a
reaction regime change and such a change has been reported in our previous work?240 for
both decomposition reactions (transglycosylation and ring contraction) in pure cellulose
melt-phase (c.f. Figure 3.4C). Contrarily, ring contraction mechanism in the LCC melt-
phase does not exhibit such entropy driven regime change which will be discussed further in
Section 3.3.2.
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The slope and intercept of the free-energy profiles provide the activation entropy (AS*)

and enthalpy (AH*), respectively. The entropic and enthalpic barriers calculated from

Figure 3.4A for cellobiose decomposition in the LCC melt-phase have been compiled in

Table 3.1. For transglycosylation mechanism, the entropic contribution (AS*) to the free-
energy barrier is higher (-0.1372 kJ/K/mol) at lower temperatures (<800K) which then
shifts to a negligible value (0.0065 kJ/K/mol) at higher temperatures. There are two
distinct reaction regimes transitioning around 800K, similar to what was observed in the

millisecond scale kinetic experiments conducted for pure cellulose in the absence of

lignin128.1%4_The enthalpic barrier (AH* ) for transglycosylation (c.f. Table 3.1) shifts from
212.13 kJ/mol at low temperatures (<800K) to 86.98 kd/mol at higher temperatures (800K-
1200K). Therefore, two reaction regimes have been identified — 1. High activation
enthalpy and free-energy barrier at low temperatures (500K-800K), 2. Low activation
enthalpy and low free-energy barrier at high temperatures (800K-1200K). For ring
contraction mechanism however, as temperature doesn’t have a major influence on the

reaction energetics in the LCC melt-phase (c.f. Figure 3.4A), changes in entropic

enthalpic contributions are negligible. The entropic contribution (AS* ) to the free-energy

barrier barely changes with temperature (-0.0011 kJ/K/mol to 0.0282 kJ/K/mol). Similarly,
the change in enthalpic barrier (AH* ) is also small, from 210.92 to 185.6 kJ/mol (Table

3.1). The free-energy barriers for ring contraction are higher than transglycosylation
throughout the temperature range (100K-1200K). Only few computational studies have
focused on understanding the role of lignin in cellobiose activation and none have the
condensed phase effects because of LCCs. Therefore, comparisons are made with
reaction barriers calculated in pure cellulose systems. Similar low free-energy barriers
have been reported earlier using accelerated AIMD simulations at 873 K for pre-LGA
formation (151 kJ/mol) and pre-HMF (furanic) (205 kJ/mol) formation®2. These ab-initio
barriers are in coherence with the high temperature (900K) free-energy barriers
calculated in this study for LGA formation (92.856 kJ/mol) and furan formation (210.976
kJ/mol).
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3.3.1.2 Cellobiose Decomposition in lignin-rich melt-phase

Figure 3.4B shows the free energy barriers for transglycosylation and ring-contraction

reactions of cellobiose in the melt-phase environment with high lignin composition, but
without covalent LCC linkages. For transglycosylation mechanism, the free energy barrier
drops from 269.96 kJ/mol to 231.26 kJ/mol between 300K-1200K. Similarly, for the ring
contraction mechanism, the barrier drops from 315.68 kdJ/mol to 299.73 kJ/mol in the
same temperature range. These small change in barriers (transglycosylation - 38.7 kJ/mol
and ring contraction — 15.97 kJ/mol) in the lignin melt-phase is comparable with the
change in gas phase barriers (transglycosylation- 27.29 kd/mol and ring contraction —
24.29 kJ/mol). They follow the same trend as gas phase barriers with no significant
change in reaction kinetics. Also conforming to other melt-phase environments (with LCC
and pure cellobiose), transglycosylation (C-O bond cleavage) is favored over ring
contraction (C-C cleavage) even in the lignin-rich melt-phase. However, unlike the large
temperature driven promotion of transglycosylation in the LCC melt-phase (Figure 3.4A),
thermal and condensed phase effects are negligible for either mechanism in the lignin-
rich melt-phase (Figure 3.4B). This could be because of the absence of a thermal change in
the melt phase environment, as was reported for pure cellulose systems®°240, The large
entropic contributions to the free-energy barrier gained by the thermal shift in the pure
cellobiose melt-phase and in LCC melt-phase is not present in the lignin-rich melt-phase,

making it an enthalpy-controlled regime (AG}, ~ AH:,). Cellobiose decomposition

energetics in two distinct condensed phase environments containing lignin — 1. LCC melt-
phase, 2. Lignin-rich melt-phase (high lignin content) have been presented here for the
first time. The finite temperature condensed phase effects have a significant impact only
for transglycosylation reaction mechanism in the LCC melt-phase. Such significant
influence (unlike that in pure cellobiose environment, Figure 3.4C) is not observed for
transglycosylation in the lignin-rich melt-phase or ring contraction mechanism in either

melt-phase environments.

3.3.1.3 Comparison with cellobiose decomposition kinetics in the absence of
lignin

In pure cellobiose condensed phase environment, the free energy barrier for both

transglycosylation and ring contraction mechanisms decrease significantly with the
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increase in temperature. This leads to two thermal reaction regimes with different
enthalpic barriers transitioning above 800K240. These enthalpic (Aan) and the entropic
contributions (AS?) to the free-energy barrier in the high and low temperature regimes
have been published in our previous work and are compiled in Table 3.1. The enthalpic
barrier (Aan) (Table 3.1) for transglycosylation shifts from 389.45 kJ/mol at low

temperatures (500K-800K) to 82.14 kJ/mol at higher temperatures (800K-1200K).
Similarly, for ring contraction it shifts from 468.73 kd/mol to 237.71 kJ/mol in the low and
high temperature regimes. The temperature induced drop in the free energy barrier is due to
entropic contributions from the increased degree of freedom within the cellobiose melt-
phase. The rapid formation of melt-phase (from cellobiose crystalline phase) has shown to
decrease intra-sheet hydrogen bonding® amongst cellobiose molecules. This leads to
increased access to the boat conformation in cellobiose residues. The change from chair to
boat conformation is a necessary step for glycosidic bond activation and easier access to
this boat conformer would be expected to reduce the activation barrier. Change in
conformation was suggested to be the primary mode of cellulose activation as compared to
catalytic activation by vicinal hydroxyl groups'2°. Analysis of cellobiose decomposition in
its own melt-phase in the absence of lignin also suggested that the conformational
entropy (higher degrees of freedom) gained with breaking hydrogen bonds between the
pyrolytic condensed phase (melt-phase) and the reactant was a key factor24%. Such rapid
change in the reaction environment and the corresponding thermal regime change or
melt-phase (condensed phase) induced promotion/inhibition of reaction mechanisms is
not seen in the lignin-rich melt-phase, without LCC linkages. The hydrophobic cellobiose
molecule have negligible interactions with the aromatic molecules in the lignin-rich melt-
phase. The lignin-rich environment does not exhibit the drastic decrease in the density, as
seen in pure cellobiose environments to alter cellobiose reaction chemistry. The free
energy barrier profile in the lignin-rich melt-phase, without LCC linkages (c.f. Figure 3.4B)
can be correlated to hydrophobicity and the lack of interactions between the cellobiose

and the surrounding lignin condensed phase.
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Two primary cellobiose decomposition reaction mechanisms have been investigated in
pure cellobiose and in melt-phase environments in the presence of lignin (with and without
LCC linkages). Scheme 3.2 summarizes if finite temperature melt-phase effects
significantly alter cellulose activation via transglycosylation and ring contraction in these
systems. To further understand molecular interactions that lead to shifts in reaction
energetics, they are correlated to changes in the melt-phase. The lignin containing melt-
phase environments are studied in detail using distributions of hydrogen bond and
hydroxymethyl group orientations to develop a molecular interpretation of the energy
diagrams and are presented below.

Scheme 3.2 Schematic showing which melt-phase environments significantly alter

cellobiose decomposition reaction kinetics with respect to temperature.

Melt-phase w/ pure Melt-phase w/ high

Cellobiose

lignin composition

Significantly altered | Significantly altered | Minimal change

Transglycosylation reaction kinetics with reaction kinetics with in reaction kinetics with
temperature temperature temperature

Significantly altered Minimal change Minimal change

Ring contraction reaction kinetics with in reaction kinetics with in reaction kinetics with
temperature temperature temperature

3.3.2 Molecular level explanation of melt-phase effects on reaction kinetics

Multiple works?99.198.202 stydying the thermal behaviour of bulk cellulose and its oligomers
have reported change in density, dipole moment, dielectric constant, torsional entropy,
thermal expansion coefficient, hydrogen bonding and IR spectrum above 450-500K.
Despite this, to the best of our knowledge, no one has investigated if these thermal
responses are also exhibited in the presence of lignin in the biomass matrix. The
branched phenolic polymer lignin could distort the organized hydrogen bonding network of
polysaccharide cellobiose systems even at lower temperatures and supress the rapid
thermal expansion at high temperatures. This would limit the drastic changes in phase
with temperature and in turn may limit its role in cellobiose reaction chemistry. To
investigate this, first the molecular level interactions of the condensed phase with the

reacting species for the transglycosylation mechanism are analyzed and then it is
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extended to the ring contraction mechanism. The activation free energy barriers at
different temperatures, relative to the barrier corresponding to 1200K (Figures 3.5A, B),
are reported and are correlated to the average number of hydrogen bonds between the
reacting species and the melt-phase environment (Figures 3.5C, D).
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Figure 3.5 Relative free-energy barrier for cellobiose activation in the melt-phase via (A)
transglycosylation mechanism (with respect to the barrier at 1200K) and (B) ring
contraction mechanism (with respect to the barrier at 1200K). Average number of
intermolecular hydrogen bonds made by the (C) reactant with the three melt-phases (D) TS

of ring contraction (solid line) and transglycosylation (dash line) with the melt-phases.

Also, the distribution of these hydrogen bond distances (Figure 3.6A) and the distribution of
hydroxymethyl group orientation for cellobiose (Figure 3.6B) in the LCC melt-phase are
calculated to substantiate the destabilizing effect as a function of temperature. Further,
this is compared to hydrogen bond distances (Figure 3.6C) and hydroxymethyl group
orientation distribution (Figure 3.6D) in pure cellobiose melt-phase. These plots reveal
the temperature induced changes in the melt-phase, and in turn the local reaction

environment, that influences reaction energetics. Lastly, molecular level explanation of
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the role played by lignin in cellulose decomposition chemistry via altering the high
temperature condensed phase environment is discussed and compared to reported

experimental findings.
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Figure 3.6 (A) Distribution of O-O distance in intermolecular hydrogen bonds between
reacting cellobiose molecule and the LCC melt-phase at 100 K, 500 K, 900 K and 1200 K;
(B) Distribution of hydroxymethyl group dihedral angles in free cellobiose molecules (not
directly covalently bonded to lignin dimer) at 100 K, 500K, 900 K and 1200 K; (C)
Distribution of O-O distance in intermolecular hydrogen bonds between reacting
cellobiose molecule and the pure cellobiose melt-phase at 100 K, 500 K, 900 K and 1200 K;
(B) Distribution of hydroxymethyl group dihedral angles in all cellobiose molecules in the
pure cellobiose melt-phase at 100 K, 500K, 900 K and 1200 K.

3.3.21 Thermal changes in the condensed phase directly influencing reaction
energetics

To analyse melt-phase effects, free-energy barriers for transglycosylation mechanism,
relative to those at 1200 K in the same melt-phase (c.f. Figure 3.5A) are reported here.
This is done to highlight the thermal influence that alters phase change and affects

cellobiose activation. While the free energy for cellobiose activation drops via
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transglycosylation by 237.3 kJ/mol in the pure cellobiose melt between 100-1200K, it only
reduces by 80.52 kJ/mol and even lower by 11.42 kJ/mol in the melt-phase with LCCs
and without LCCs (lignin-rich), respectively. This trend is also clearly followed by the drop in
the number of intermolecular hydrogen bonds made by the reactant with the
surrounding melt-phase environment (c.f. Figure 3.5C). The number of intermolecular
hydrogen bonds made by the reactant cellobiose between 100K-1200K drops by 12.97,
6.45 and 3.36 in the pure cellobiose, LCC and lignin-rich melt-phases, respectively. This
correlation suggests that the disruption of hydrogen bonds has a direct impact on
cellobiose activation via transglycosylation in the pyrolytic melt-phase. Similarly, for the
ring contraction mechanism, free-energy barriers relative to those at 1200 K in the same
melt-phase (c.f. Figure 3.5B) are reported along with the number of intermolecular
hydrogen bonds formed by the TS of both mechanisms with the condensed phase (c.f.
Figure 3.5D). While in the pure cellobiose melt, the free energy for cellobiose activation via
ring contraction drops by 155.6 kJ/mol between 100K-1200K, it marginally increases by
31.85 kd/mol and by 8.33 kJ/mol in the LCC and lignin-rich melt-phases, respectively. The
trend in pure cellobiose melt phase and in the lignin-rich melt phase agrees with that
observed for transglycosylation (c.f. Figure 3.5A). However, in the LCC melt-phase,
cellulose activation via ring contraction exhibits little change with temperature. The
number of intermolecular hydrogen bonds (c.f. Figure 3.5D) made by the TS for ring
contraction between 100K-1200K drops by 11.02, 4.25 and 4.61 in the pure cellobiose,
LCC and lignin-rich melt-phases, respectively. Similarly, the drop in hydrogen bonds with
the TS for transglycosylation are 8.58, 7.12 and 3.99 in the pure cellobiose, LCC and
lignin-rich melt-phases, respectively. While the drop in hydrogen bonds with the TS of ring
contraction is smaller in the LCC melt-phase, as compared to that in transglycosylation,
the trend doesn’t directly correspond to that of relative activation free energy barriers (c.f.
Figure 3.5B). The drop in hydrogen bonds with the TS suggests that there isn’t a
preferential stabilization of the TS by vicinal hydroxyl groups forming hydrogen bonds, as
reported by some studies’?.

Cellobiose forms intramolecular hydrogen bonds (Os...H...Os) between the ring oxygen
and the hydroxymethyl (HM) group of the neighboring residue. As this hydrogen bond

breaks, the molecule gains torsional freedom for conformational change and the HM
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group interacts with the glycosidic oxygen initiating transglycosylation mechanism. The
reduction in the number of intermolecular hydrogen bonds with respect to temperature in all
melt-phases indicate the complete disruption of hydrogen bonding network. This
hydrogen bonding network has been reported to be ordered and long-range in the pure
cellobiose melt-phase. While in the lignin-rich melt-phase (c.f. Figure 3.5C), hydrogen
bonding doesn’t seem to be predominant, showing it’s not a significant mode of interaction
between the reactant cellobiose and the lignin-rich melt-phase, without LCC. Lignin
undergoes phase transition at lower temperatures (323K-423K) compared to cellobiose
(450K-500K) but the lignin-rich melt-phase does not undergo the vast change in hydrogen
bonding, as observed in pure cellobiose melt-phase. This could be because of the large
unidirectional network of hydrogen bonds formed in cellobiose crystal structure at low
temperatures which is not available for the lignin-rich melt-phase. This lack of significant
hydrogen bonding in lignin-rich melt-phase even at 100K seems to explain the
corresponding minimal change in cellobiose activation barrier with temperature (Figure
3.4B). To further validate if changes in the LCC melt-phase correspond to changes in
reaction energetics, the hydroxymethyl (HM) group and hydrogen bond distributions are
calculated and compared to those in pure cellobiose melt-phase (c.f. Figure 3.6).
Hydrogen bonding in cellobiose and LCC molecules is predominantly facilitated by the
hydroxyl groups (-OH). The resulting distribution of O-O distances within these different
hydrogen bonds have been plotted in Figure 3.6Aand 6C. Just like the drop in the number
of intermolecular hydrogen bonds (c.f. Figure 3.5A), the hydrogen bond distance
distribution also shows a decrease in peak intensity with increase in temperature from
100K to 1200K. Despite this decrease, the hydrogen bond length remains at 0.35 nm (c.f.
Figure 3.6A). This is different than what is observed in the pure cellobiose melt-phase
(c.f. Figure 3.6C)%%0, where the hydrogen bond distribution peaks are much smaller and
shift from shorter (<3.5 A) to longer (>3.5 A) hydrogen bonds at higher temperatures. As
the cellobiose molecule gains torsional freedom with breaking hydrogen bonds, the HM
group shifts orientation making it a good measure of conformational change from chair to
boat. As shown in Figure 3.6B, at 100K in the LCC melt-phase, the HM group orientations
are constrained to the gg conformation. With increasing temperature, they start shifting to
gt and tg conformations, as the peak intensities coincide, making all orientations
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equally accessible beyond 500K. The corresponding HM group orientation distributions
(c.f. Figure 3.6D) in pure cellobiose melt are similar at higher temperatures. However, at
100K, with the presence of LCC, the cellobiose molecules prefer the gg conformation
rather than the gt conformation. The thermal shift from a particular orientation to all
conformations being equally accessible is significant even at 500K in the LCC melt-phase
(c.f. Figure 3.6B) whereas it is only significant beyond 900K in pure bulk cellobiose (c.f.
Figure 3.6D). This hydrogen bond network breakdown and increased torsional freedom to
access all HM orientations at a lower temperature compared pure cellobiose melt-phase
indicates that the presence of covalently bonded lignin promotes thermal phase change.
The larger size of the phenolic LCC molecule potentially restricts and disrupts the
cohesive interactions between cellobiose molecules, and in turn limiting the long range
ordered hydrogen bond network, as seen in pure cellobiose melt-phase. Therefore, the
change in phase, i.e., decrease in the number of hydrogen bonds and corresponding
increase in torsional freedom directly maps to the decrease in free energy barrier for
cellobiose activation via transglycosylation in all melt-phases. However, in the LCC melt-
phase, the reduction in barrier influenced by the breaking intermolecular hydrogen bonds is
not seen for the ring contraction mechanism. While the broken hydrogen bonds
providing higher access to the hydroxymethyl group is key for transglycosylation
mechanism, it is not in ring contraction mechanism. This indicates that though thermal
‘phase-change’ is a key factor, reaction chemistry is also dependent on the mechanisms
and the corresponding reaction intermediates. To summarize the effect of temperature
and of condensed phase environment on cellulose activation, free energy barriers in all

melt-phases are plotted in Figure 3.7 in the entire range of 100K-1200K.

Therefore, in the lignin-rich reaction environment without any LCC bonding, there is little
interaction between the reactant cellobiose, and the lignin melt-phase. Whereas in pure
cellobiose, there are significant interactions and those change with temperature. The
magnitude of this change is measured from the drop in intermolecular hydrogen bonds
between the reactant and the condensed phase and it correlates well with the change in
the relative free-energy barriers (c.f. Figure 3.5A) in both pure cellobiose and lignin-rich
melt-phases. Nevertheless, in the LCC melt-phase the drop in hydrogen bonding is

significant with respect to temperature, but lower than that in pure cellobiose melt-phase.
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Fewer intermolecular hydrogen bonds might enable a greater degree of torsional freedom in
the reacting cellobiose residue allowing a lower activation barrier as seen for
transglycosylation in Figure 3.4A. However, in the same LCC melt-phase, this reduction in
barrier influenced by the breaking intermolecular hydrogen bonds is not seen for the ring
contraction mechanism.
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Figure 3.7 The range of free-energy barrier for cellobiose activation via transglycosylation
(black) and ring contraction (red) mechanisms in the gas-phase and 3 melt-phase
environments (lignin-rich melt, LCC melt, pure cellobiose) between the 100K-1200K

temperatures.

3.3.2.2 Thermal influence of melt-phase varies with reaction mechanism

In Figure 3.7, higher spread indicates significant influence of temperature on the
activation free energy barriers in the respective melt-phase. It can be noticed that the
spread is large for transglycosylation in pure cellobiose melt-phase (267.7555 kJ/mol)
and LCC melt-phase (109.7655 kd/mol) in addition to ring contraction in pure cellobiose
melt-phase (186.27 kJ/mol). Whereas in other melt-phases and in the gas phase its
minimal (< 25 kd/mol). Transglycosylation seems to be greatly promoted with breaking
hydrogen bonds, shifting hydroxymethyl groups and increased torsional freedom in pure
cellobiose and in LCC-melt phase. Thermal shifts in the condensed phase greatly
increases the degree of freedom of the hydroxymethyl group that is bound by
intermolecular hydrogen bonds in the cellobiose crystal structure. Since, in
transglycosylation, the activation initiates via the protonation of the glycosidic oxygen by

the hydroxymethyl tail, thermal shifts in the condensed phase also significantly influence
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the activation barrier for transglycosylation. Also, it can be seen from Figure 3.7 that the
lowest barrier for cellobiose activation calculated at 1200K is comparable in both the pure
cellobiose and the LCC melt-phases. Unlike this, in the case of ring contraction, even the
highest barrier for cellobiose activation calculated at 100K in the LCC melt-phase is
significantly lower (by 52.15 kJ/mol) than the lowest barrier calculated in the pure
cellobiose melt-phase at 1200K. This indicates that the presence of lignin in the LCC melt-
phase system already promotes ring contraction to a much higher extent than the finite
temperature effects in pure cellobiose melt-phase. Also, in the ring contraction
mechanism, the protonation of the glycosidic bond (C1-O1) is carried out by the hydroxyl
group attached to the adjacent Cz2 ring carbon. Because of which, it doesn’t benefit from
increased degrees of freedom to the extent transglycosylation does. Looking at the entire
picture, it can be stated that the presence of lignin in the LCC melt-phase promotes ring
contraction to the extent that no further temperature induced reduction in the barrier is
possible. Therefore, though the thermal ‘phase-change’ is a key indicator to predict shifts in
cellulose decomposition energetics, the mechanism of decomposition seems to play a role
too. Vast thermal shifts in the condensed phase will not promote cellulose activation if the

reaction mechanism does not benefit from those additional degrees of freedom.
3.3.3 Comparison with experimental kinetics

High speed photography has captured cellulose pyrolyzing via a ‘liquid/melt intermediate’ to
form volatiles23?. Numerous reactions take place in such reactive boiling of cellulose,
limiting direct comparison of experimental kinetics and first principles calculations without
an elaborate multiscale kinetic model incorporating all reactions. However, recent state-of
the-art reactors (PHASR)'"®* capture millisecond scale intrinsic kinetics by controlling
reaction progression. Product formation measured using a gas chromatography-mass
spectroscopy and the weight loss measurement from the unreacted feed are used to
calculate experimental kinetics. Further, when fitted with first order Kkinetics, the
corresponding activation barriers can be calculated’?®. Both the weight loss and product
formation measurements include secondary reactions and do not only capture the primary
activation of cellulose that has been reported in this paper. Millisecond scale kinetic

experiments conducted using a pure cellulose surrogate (a-cyclodextrin)'®4, exhibited a
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regime change with a shift in the apparent activation barrier. Scheme 3.3 illustrates the
decomposition of cellulose to volatiles through the liquid intermediate along the reaction
coordinate showing the shift in reaction regimes. As a function of temperature, the rates of
cellulose decomposition and furan production are similar at lower temperatures but
above 740 K, the rate of cellulose decomposition increases rapidly compared to that of
furan production. This suggests that primary reactions (black arrows in Scheme 3.3) and
secondary reactions (green arrows in Scheme 3.3) have comparable rate at low
temperatures. Whereas at higher temperatures, secondary reactions are the rate
determining step for the formation of volatile products. This agreed with the free-energy
barrier calculations for cellobiose activation in pure cellobiose melt-phase?4? and a
cellulose decomposition model was developed to draw fundamental insights from first
principles calculations and extending to overall reaction kinetics for comparison with
experiments.

Scheme 3.3 Cellulose decomposition model in the three melt-phases — A) Pure cellobiose,
B) Melt-phase with LCC linkages and, C) Lignin-rich melt-phase showing the reaction
regimes shift from low (blue) to high (red) temperature regimes. In the higher temperature
regime, as primary decomposition (black arrows) is accelerated, the rate of secondary
reactions (green arrows) in the intermediate liquid becomes significant. The two melt-

phase environments with lignin seem to alter the reaction kinetics in different ways.
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Scheme 3.3 attempts to extend this decomposition model to also illustrate the influence
of lignin on cellulose primary and secondary decomposition by taking experimental

insights on regime change in native biomass pyrolysis into account. In the lignin-rich melt-
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phase, lignin barely affects gas-phase barriers for cellulose activation with no regime
change and in the LCC melt-phase, regime change occurs at a lower temperature
compared to that in pure cellobiose. Recent millisecond scale kinetic experiments have
been reported for the pyrolysis of Loblolly pine'6 between 673K-733K. This temperature
range is below the regime change temperature (740K) in the pyrolysis of pure cellulose
surrogate'®4. The rate of formation of six different biomass pyrolysis products were
measured and the apparent activation barriers were calculated. Out of the 6 products that
were measured, LGA and 5-HMF are of interest as they are the products of
transglycosylation and ring contraction (furan-formation) mechanisms, respectively, as
investigated in this paper. Since this is one of the only studies available in literature that
offer insights into reaction mechanisms in biomass pyrolysis, qualitative comparison with
first principles reaction energetics is drawn. The barrier for the formation of LGA (70.29
kJ/mol) was lower than that for the formation of 5-HMF (93.30 kJ/mol). This strongly
supports the calculations presented here — ring contraction mechanism (furan formation)
has higher activation barriers compared to transglycosylation mechanism (LGA
formation) in all melt-phase environments. Also, these apparent activation barriers
measured from experiments for native biomass samples did not exhibit a regime change,
similar to the minimal change with temperature in LCC and lignin-rich melt-phases.
However, in the same temperature range, the apparent barrier for furan formation in
native biomass is comparable to the apparent barrier (75.30 kd/mol) reported in pure
cellulose samples. Similarly, even for the pyrolysis of synthetic mixtures of lignin and
cellulose’®3, the measured reaction rates reduced when compared to pure cellulose
pyrolysis. Such increased barriers leading to reduced reaction rates in the native and
synthetic biomass matches the higher barrier in lignin-rich melt-phase compared to that in
pure cellobiose melt-phase (c.f. Figure 3.4) between 673K-733K. Therefore, pyrolysis of
lignin-rich woody loblolly pine seems to agree to the thermal activation of cellulose in
lignin-rich melt-phase modelled in this work. Similar experiments measuring LGA and
furan formation even at temperatures >740K for different biomass samples would be
valuable in further validating our results. Moreover, transglycosylation (LGA-formation) is
promoted over ring contraction in all melt-phase environments and in the LCC melt-

phase, the regime change is pushed to a lower temperature promoting cellobiose
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decomposition. Whereas, in the lignin-rich melt-phase the finite temperature condensed
phase corrections (AGSY¥ — AGS2,.,) barely alter the relative stabilization of the TS for
either mechanism. This highlights the lack of thermal regime change (as shown in
Scheme 3.3) or melt-phase (condensed phase) induced promotion/inhibition of reaction

mechanisms in the lignin-rich melt-phase (c.f. Figure 3.5A).
3.4 Conclusions

Cellulose primary decomposition reactions via two key mechanisms (transglycosylation

and ring contraction) in the condensed phase biomass pyrolysis environment are
investigated between 100K-1200K. In the native biomass, high temperature melting leads
to distinct local reaction environments — 1. Melt-phase with covalent lignin carbohydrate
complex (LCCs) linkages, 2. Lignin-rich melt-phase, without LCC linkages and 3. Pure
cellulose melt-phase. To investigate the influence of lignin on cellulose decomposition in
the native biomass, the LCC and lignin-rich melt-phases are modelled using the quinone
methide intermediate and cellobiose as surrogates for lignin and cellulose, respectively. A
novel equilibrium solvation technique (ReSolv method) is employed to compute

condensed phase free energy barriers for cellobiose activation.

In the pure cellobiose melt, cellobiose has been reported to exhibit two distinct regimes

with different enthalpic (AH* ) and entropic (TAS* ) contributions to the free energy barrier
transitioning at 900K. With this regime change the free energy barrier drops significantly
(by 264 kJ/mol for transglycosylation and 179 kJ/mol for ring contraction) between 100K-
1200K. Calculations performed in this work probing the role of lignin in cellulose activation
show that the two melt-phases with lignin alter reaction energetics differently. In the LCC
melt-phase, cellulose activation is promoted with a 107 kJ/mol decrease in the free energy
barrier between 100K-1200K for transglycosylation making two reaction regimes
transitioning at a lower temperature (~ 800 K). While in the lignin-rich melt-phase, there is
no influence of the condensed phase environment and activation free energy barriers
remain very similar to those in the gas phase. In pure cellobiose melt phase, the high
temperature (>900K) melt-phase formation involves the complete disruption of directional
hydrogen bonding allowing increased torsional freedom in the melt-phase. Similarly, in

the LCC melt-phase, a more modest drop in the number of intermolecular hydrogen
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bonds is reported. Unlike the other two systems, in lignin-rich melt-phase, such drastic
shifts are not observed with change in temperature. Despite the different thermal
responses, in all three local reaction environments, the thermal shift in the condensed
phase with the disruption of the hydrogen bonding network and in turn the conformational
flexibility in hydroxymethyl group orientation seem to directly map onto the thermal shift in
the free-energy barriers for cellobiose activation. However, ring contraction in the LCC
melt-phase is an exception. As the presence of lignin already significantly decreases the
barrier for cellulose activation via ring contraction, temperature induced shifts in the melt
phase don’t contribute to further reducing the barrier. The increased favorability of
glycosidic bond cleavage when the entropic contributions in the finite temperature melt-
phase are included, establishes the significance of condensed phase effects.
Experimental studies measuring millisecond scale kinetics for the pyrolysis of Loblolly
pine (lignin-rich woody biomass with low LCC linkages compared to herbaceous biomass)
and pure cellulose reported a higher barrier for furan formation in Loblolly pine. This aligns
with the calculated barriers for cellobiose activation in the pure cellobiose and lignin-rich
melt-phase. For the first time, the influence of lignin and finite temperature condensed
phase on cellobiose primary decomposition has been investigated. Comparison between
the barriers calculated by the ReSolv method and the experiments yield strong evidence

for significant influence of lignin on cellobiose activation leading to a higher barrier.
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Chapter 4 Impact of Lignin-carbohydrate complex (LCC) linkages on

cellulose pyrolysis chemistry
41 Introduction

Lignocellulosic biomass, the largest renewable natural resource 24°for carbon-based
liquid fuels, offers a promising solution for sustainable fuel and chemical production. By
utilizing fast pyrolysis, a decentralizable processing technology, biopolymers can be
thermally cracked without oxygen, yielding renewable crude oil (bio-oil)8. During pyrolysis,
biomass is heated in the absence of oxygen to produce a mixture of bio-oil, biochar, and
volatile gases. Despite the potential benefits of decentralized biomass processing and
lower transportation costs, the commercial viability of pyrolysis technology has been
hindered by the instability of bio-oil during storage and transport. Also, the highly
oxygenated nature of bio-0il'®% necessitates further treatment for integration into existing
petroleum infrastructure. Despite extensive attempts over past couple of decades to
improve targeted bio-oil production, minimize lignin repolymerization, and enhance the
accessibility of cellulose-derived products, the advancement of biomass deconstruction
techniques has faced obstacles due to limited understanding of the underlying chemistry.
Therefore, understanding the chemistry of biomass decomposition and molecular
interactions between cellulose and other biopolymers is crucial for systematic and bottom-
up optimization of the pyrolysis process and for improving the yield and quality of the

resulting products.

The intricate microscopic structure of native biomass in the plant cell wall involves the
complex intermingling of cellulose, lignin, and hemicellulose?*°. To facilitate a clearer
understanding of biomass decomposition, researchers have focused on studying isolated
biopolymers chemistry. Among the primary components of biomass, cellulose garnered
significant attention due to its rapid decomposition during pyrolysis, leading to the
production of substantial quantities of desirable volatile compounds. Multiscale molecular
modelling and first principles-based calculations have enabled the discovery of molecular
level mechanisms that are inaccessible to experiments alone. First-principles modeling

has played a crucial role in advancing our understanding of the intricate mechanisms and
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kinetics involved in cellulose pyrolysis 33118, Previous research has mainly concentrated
on investigating the initial steps of cellulose pyrolysis, specifically the depolymerization of
cellulose chains and the formation of various small molecules. The thermal decomposition
of cellulose during pyrolysis produces levoglucosan (LG)259251 as a dominant product
followed by furanic compounds like 5-hydroxymethyl-furfural (5-HMF) and light
oxygenates like glycolaldehyde (GA). Moreover, multiple Density Functional Theory
(DFT) studies''.118252  hgve proven that concerted mechanisms, such as
transglycosylation and ring contraction, are more favorable, compared to homolytic or
heterolytic cleavage of glycosidic C-O bonds during LG formation. Transglycosylation,
specifically, has been proposed as a favorable pathway for glycosidic bond cleavage?%3.
Concerted transglycosylation mechanism involves simultaneous protonation of the
glycosidic bond by the C6-hydroxymethyl group and the formation of a C6-O-C1 bridge
(c.f. Scheme 4.1 for atomic nomenclature). Ab initio molecular dynamics (AIMD)-
metadynamics simulations have revealed that major volatiles, including furans, can be
directly generated from cellulose through ring contraction, without the involvement of
small-molecule intermediates like glucose or levoglucosan (LGA) %2. Free energy barriers
reported for pyranose ring contraction, ring opening, rearrangement, or ring fragmentation
during pyrolysis, leading to the formation of pre-LGA and pre-furans revealed ring
contraction as the dominant mechanism at 327 °C. Concerted ring contraction
mechanism involves the simultaneous protonation of the glycosidic bond and C2-C3 bond
fragmentation to form C1-C3 bond, changing to a furanose ring from pyranose. The
reorganization of the ring structure leads to the formation of 3,4-(hydroxyl) 5-
(hydroxymethyl) furfural and glucose. These mechanisms to form major pyranic and
furanic compounds have been previously investigated in both gas-phase 253 and in
condensed-phase environments240, Piskorz et al. /' proposed that the two carbon
fragments resulting from the cleavage of cellulose monomers during pyrolysis are
transformed into glycolaldehyde (GA), a major pyrolysis derived bio-oil product. The
mechanisms for small molecular weight products, such as GA, have also been studied
using DFT123-125.254 gnd a minor fraction of GA has been suggested to be produced from
the secondary cleavage of LG2%%. However, GA primarily originates from the ring opening of

cellulose, particularly through the cleavage of C1-C2, C5-C6, and C3—C4 bonds in the
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cellulose monomer. DFT calculations showed that the pyran ring, undergoing
dehydration, is more inclined to undergo the ring opening reaction'?6. 1,2 dehydration
mechanism has been found to be the most prevalent, surpassing alcohol
dehydration?56:257, Detailed insights into such retro-aldol reactions, which are the primary
routes for GA production, have been provided by Assary and Curtiss 19 and further
supported by Zhang et al.2%8, Ring opening leads to reactants through a series of steps
involving dehydration, cleavage, and isomeric formation of glycolaldehyde (GA). As
depicted in Scheme 4.1, the ring opening process initiates with the 1-2 dehydration of
cellobiose, followed by the cleavage of C4-C5' and C1'-0%’ bonds, resulting in the
opening of the pyran ring. This leads to the formation of two C=C double bonds (C1'-C2’
and C5'-C6') and glycolaldehyde. While the aforementioned discussion provides valuable
insights into the chemistry of cellulose pyrolysis, with a primary focus on the primary and
secondary reactions of cellulose decomposition, there remains a lack of integrated
research addressing the mechanism of the initial stage of cellulose pyrolysis in the context

of covalent bonding with other plant biopolymers in the plant cell wall.

It is well known that the presence of lignin in native biomass contributes to the formation of
additional compounds such as phenols (derived primarily from lignin), in addition to
furans and levoglucosan (LGA). However, the pyrolysis of native biomass, such as spruce
and beech wood, exhibits a significant change in the distribution of cellulose derived
components too, as compared to pure cellulose pyrolysis. While the cellulose content in
these biomasses can potentially yield up to 48% levoglucosan when pyrolyzed
separately, the actual LGA yield is less than 3% 18145, This phenomenon is also observed in
the pyrolysis of synthetic biomass (model biomass prepared by mixing different
extracted biopolymers) containing cellulose and lignin mixtures, where the reaction rates
slow down, and lignin hinders in cellulose breakdown and volatile formation 131-133,
Additionally, the product yields from the pyrolysis of herbaceous biomass (e.g.,
cornstover, switchgrass) also differ from those of woody biomass (e.g., pine, redwood)
259, The herbaceous cellulose-lignin sample results in a 10.28 wt% lower LGA yield which is
compensated by 11.38 wt% and 1.45 wt% increase in C1 to C3 products and furans,
respectively. However, in the pyrolysis of woody biomass, despite the higher lignin

content, the deviation in product distribution from pure cellulose is minimal. This variation
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between herbaceous and woody biomass is attributed to higher lignin carbohydrate
complex (LCC) linkages in herbaceous biomass. While modelling isolated biopolymer
molecules has been useful in understanding their individual pyrolysis chemistries, they
don’t allow the prediction or even can explain the pyrolysis chemistry of native biomass. It
is therefore important to consider the complex linkages between biomass components and
their influence on cellulose decomposition. Lignin-carbohydrate complexes (LCC) play a
vital role in wood structure, with a considerable portion of lignin (all in coniferous 26° and
47-60% in deciduous 26") forming covalent bonds with carbohydrates. In softwood,
approximately 50% of lignin is bound to cellulose, while in hardwood, this proportion is
around 17%'%4. The presence of LCCs poses challenges in isolating biomass
components with high yield and purity'%0.151 mainly due to the reduced accessibility of
carbohydrates'48149 and the stability of these covalent bonds262 between lignin and
carbohydrates to extraction via alkaline treatment. Traditionally, research on LCCs has
focused on cleaving these bonds for extraction purposes, employing indirect wet
chemistry methods such as selective acid/alkaline hydrolysis?60 followed by FT-IR
spectroscopy for analysis. However, for a more comprehensive understanding of the
molecular structure, direct techniques like two-dimensional nuclear magnetic resonance
(2D NMR), particularly HSQC spectroscopy, are commonly utilized. Among the eight
identified types of LCC linkages'49.233.234.263,264  henzy| ether, benzyl ester, and phenyl
glycosidic linkages are frequently observed?%4, exhibiting varying strengths under different
conditions. Benzyl ether bonds are dominant in softwood LCCs and are notably more
stable and prevalent. Herbaceous biomass, particularly in grass cell walls, displays a
higher occurrence of LCC linkages, where benzyl ether linkages crosslink lignin and
polysaccharides (Kajikawa et al., 2000). A study conducted by Watanabe et al. in 1989
employed a comprehensive technique involving cellulase digestion, adsorption
chromatography, acetylation, DDQ  (2,3-dichloro-5,6-dicyano-l,4-benzoquinone)
oxidation, and methylation to provide direct evidence of binding sites between lignin and
carbohydrates. The majority of studies?35265 have reported LCC linkages at the C6
position of the sugar, although acetylation at the C2 and C3 positions, indicating LCC
linkages, has been observed in mannose and xylan molecules?65-267. Recent first

principles-based calculations 34 studying the reaction energies of LCC formation at
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different bonding sites on glucose demonstrated minimal differences of less than 5
kJ/mol, indicating thermodynamic preference for LCC formation at any of the three
positions (C6, C3, or C2) (c.f. Scheme 4.1A).

Cross-linked cellulose in these LCC heteromolecules may exhibit distinct chemical
properties compared to pure cellulose. LCC linkages formed at the C6 position in
particular can inhibit levoglucosan (LGA) formation, similar to the inhibition observed in
polysaccharides with 1,6-glycosidic linkages as opposed to 1,4- or 1,3-glycosdic linkages
68, This inhibition of LGA formation by the benzyl ether LCC linkage at the C6 position
aligns with the measured decrease in LGA yield and the subsequent increase in C1-C3
products observed in the pyrolysis of native biomass, particularly herbaceous biomass.
This suggests that the LCCs could potentially alter cellulose reaction pathways and
energetics because of the covalent cross-linking between lignin and cellulose. However,
despite the significance of cross-linked LCC linkages in cellulose decomposition, only one
recent study, to the best of our knowledge, has investigated their role in pyrolysis
chemistry. The study compared the pyrolysis products of chemically tailored native
lignocellulose with selective removal of hemicellulose to a synthetic cellulose-lignin
mixture 185, The presence of cross-linked lignin was found to significantly influence the
production of small molecules and furan derivatives, increasing their yield by 97%, while
hindering the generation of anhydrosugars by up to 47%. Additionally, cross-linked lignin
exhibited a more pronounced effect on lignocellulose pyrolysis by promoting glycosyl ring
scission and lignin fragmentation compared to free lignin. However, the specific chemistry
and energetics underlying these ring scissions in the LCC molecule remain unknown.
Studying cellulose pyrolysis chemistry in cross-linked LCCs is limited by the complex
nature of conducting first principles calculations for multimolecular systems and the
experimental difficulties associated with complex pre-treatments for the isolation of these

LCCs from native biomass.

In order to gain understanding of the impact of lignin-carbohydrate linkages on cellulose
pyrolysis chemistry, it is crucial to address several significant knowledge gaps - 1) the
role of cross-linked LCC linkages in cellulose decomposition energetics, 2) the similarity or

dissimilarity in the decomposition chemistry and kinetics between pure cellulose and
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cross-linked cellulose moieties within LCC, and 3) the influence of the lignin binding site on
cellulose decomposition. This study aims to address these gaps by employing a
combination of first principles calculations and thin-film pyrolysis experiments.
Specifically, the study will utilize ab-initio techniques to model different LCC
conformations with varying binding sites — C2, C3, and C6 (c.f. Scheme 4.1A) and
calculate their respective energy barriers and reaction energies using Density Functional
Theory (DFT). These calculations will be compared to the energetics calculated for the
pyrolysis of pure cellulose. By investigating the decomposition chemistry using model
molecules and subsequently validating the findings through experiments, this paper will
provide novel insights into the role of LCC linkages and the impact of lignin-cellulose
binding sites on cellulose decomposition.

Scheme 4.1 (A) Atomic nomenclature of the monomeric glucose unit (B)
Transglycosylation reaction mechanism of cellobiose decomposition to form LGA (C) Ring

contraction mechanism of cellobiose decomposition to form furanic compounds (D) Ring

opening mechanism of cellobiose decomposition to form Glycolaldehyde.
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4.2 Methodology
4.2.1 Ab-initio Conformational search

To ensure accurate computation of activation and reaction energies, it is crucial to
thoroughly explore the conformational space of the LCC molecule (model cellobiose and
lignin compounds covalently bonded via an LCC linkage). In this study, Car-Parrinello
molecular dynamics (CPMD) combined with metadynamics (CPMD-metadynamics) was
utilized to calculate the free energy surface (FES) as a function of torsional angles within
the LCC molecule. The selection of torsion angles aimed to enable extensive sampling of
the system, which would not be feasible within reasonable computational timeframes
using thermal energy alone. The methods and parameters closely followed the
procedures outlined by Beck et al.268. Conformers corresponding to the lowest minima on
the FES were subsequently subjected to density functional theory (DFT) optimization and
further calculation of the transition state for the cleavage of cellulose moiety in the LCCs
through transglycosylation, ring contraction, and ring opening. The computational details
are further elaborated in Sl.

4.2.2 DFT optimization and Transition State calculations

The Gaussian 09 code?6® was utilized to perform all-electron DFT calculations, aiming to

compare the relative stabilities and to further optimize the lowest energy sample
conformers identified through CPMD-metadynamics. Considering the large number of
generated starting conformers, a step-wise improvement strategy was adopted for the
basis set selection. The output of a less sophisticated basis set served as the input for a
more advanced one, providing a systematic approach for conformational screening, with
each level of theory screening the lowest energy conformers. Each conformer underwent
complete geometry optimization at each level of theory, without imposing constraints on
the atoms. Subsequently, frequency calculations were performed to ensure the absence of
spurious frequencies in the reactant and product compounds. The hybrid functional
RMO06-2X was employed in all stages of optimization up to the 6-311+G(d) basis set, as it
has been demonstrated to provide sufficient accuracy for modeling cellulose-derived

molecules 118.210211.244 Transition state (TS) searches were conducted using the Berny
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algorithm for both unconstrained cellobiose and LCC molecules, focusing on
transglycosylation, ring contraction, and ring opening mechanisms (Scheme 4.1).
Following the TS searches, frequency calculations were carried out to differentiate
between saddle points and local minima, determined by the presence or absence of an
imaginary frequency (corresponding to the reaction coordinate), respectively. Intrinsic
reaction coordinates (IRCs) were traced in both directions to verify that the TS
corresponded to the correct reactant and product on the potential energy surface. The
reported reaction free energies were determined at 1 atm and 500K. A convergence
criterion of 1.00D-06 in energy change was selected for the self-consistent field (SCF)
calculations to determine the electronic structure configuration. Similar activation barriers
for cellobiose activation via transglycosylation and ring contraction have been previously

reported in our earlier work 240,
4.2.3 Experimental methods
4.2.31 Materials and thin-film preparation

The bagasse sample was acquired from a local juice shop and washed and oven dried at
110 °C for 2 hrs. After drying, it was grinded to reduce the size. The grinded bagasse was
sieved with 60 Mesh and used for thin-flm preparation. 1.0% (weight basis) of dry
bagasse was taken in deionized (DI) water for Thin-film preparation. Bagasse did not
dissolve in DI water and resulted in a suspension. 25 uL of 1.0 wt % suspension was
transferred into the pyrolysis crucible. The water was removed using room temperature
evacuation, leaving behind a micrometer scale film of bagasse 252270271 The thickness of
the thin-film was measured using a digital microscope (Leica, model DVM6) as shown in
Figure S1 (in the Sl). Image analysis showed that bagasse thin-flms were ~50-70 ym

thick indicating a reaction-controlled pyrolysis regime 279.
4.2.3.2 Pyrolysis experiments

Thin-films of bagasse were pyrolyzed in a micropyrolyzer (PY-3030S, Frontier
Laboratories Ltd., Japan). The weight of the bagasse sample used for the thin-film
pyrolysis experiments was 50 pg. The heating rate of the bagasse thin-films in a

micropyrolyzer was 3 — 5 orders of magnitude faster than traditional heating rates in
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pyrolysis techniques. ldentification and quantification of pyrolysis volatile products
(condensable volatiles and non-condensable gases) were conducted using a gas
chromatograph (GC) (Agilent, model 7890B)/mass spectrometer (MS) (model 5977B
MSD) connected in-line with the micropyrolyzer. The pyrolysis volatile products were
removed instantly from the micropyrolyzer through helium gas flowing continuously. The
detection of condensable pyrolysis volatile compounds and non-condensable gases was
done using Agilent J&W DB-5 and Agilent J&W HP-PLOT-Q GC columns, respectively,
with a maximum operating temperature of 320 °C and having the same dimensions (i.e., 30
m x 320 uym x 1.5 ym, length x internal diameter x film). Initially, the oven temperature was
set to 35 °C, and then a ramp of 3.5 °C/min was provided to reach a final oven
temperature up to 250 °C during analysis. A sample split time (~2 min) was also set in the
GC program to separate non-condensable gases and condensable volatile products
(especially forming bio-oil) into two separate columns (i.e., HP-PLOT-Q for non-
condensable gases and J&W DB-5 for condensable volatile compounds) in order to
achieve their analysis simultaneously. The quantification of char was done post-pyrolysis
using combustion technique. The pulse of oxygen was applied to the micropyrolyzer at
700 °C and equivalent amount of combustion gas (or carbon dioxide) was measure for
char quantification. The details of the thin-film pyrolysis experimental procedure and

product characterization are reported elsewhere 271,

The yields of bio-oil and non-condensable gases were obtained by summing the yields of
condensable pyrolysis products and the yields of carbon dioxide/carbon monoxide,
respectively. Further, the quantification of individual pyrolysis products (forming bio-oil
and non-condensable gases) was performed using calibration of the standards with
average error. Bagasse thin-film pyrolysis experiments were conducted in triplicate, and

the average values (product yields, % weight basis) are reported.
4.3 Results and Discussion

Cellulose undergoes decomposition under pyrolysis conditions through competing
reactions involving the cleavage of glycosidic C-O bonds (yielding LGA) and C-C bonds
(yielding furan and C1-C3 products). DFT calculations show that concerted

transglycosylation and ring contraction (c.f. Scheme 4.1) are the most favorable pathways
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for the glycosydic bond cleavage 2%4, while 2-step retro-aldol ring opening has reported be

the predominant pathway for the formation of lower molecular weight compounds. The

opening of the pyran ring initiates with a dehydration step followed by a ring opening step to

form glycolaldehyde (GA), one of the major products in bio-oil '%6(c.f. Scheme 4.1).

Transglycosylation, ring contraction and 2-step ring opening mechanisms contribute to

the formation of major cellulose pyrolysis products, LGA, furans and GA, and are used as

representative primary reaction pathways in this study. Also, dimers cellobiose and

quinone methide intermediate26® are used as surrogates for cellulose and lignin polymer,

respectively.
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4.3.1 Activation barriers for competing cellulose decomposition reactions

As described in methodology, DFT calculations were performed for an isolated cellobiose
molecule. The results, as presented in Figure 4.1, illustrate the energy diagram for
transglycosylation, ring contraction, and ring opening mechanisms at a temperature of
500 K. The calculated activation barriers for transglycosylation and ring contraction were
determined to be 60.98 kcal/mol and 68.15 kcal/mol, respectively. The barriers for the
two-step ring opening mechanism were calculated to be significantly lower, 48.96
kcal/mol and 39.64 kcal/mol. Transglycosylation involves the formation of a bridge, while
both ring opening and ring contraction entail the reorganization and cleavage of the ring
structure. The results depicted in Figure 4.1 demonstrate that transglycosylation is
favored over ring contraction, which aligns with previous findings from DFT studies 10°.
Additionally, the stepwise barriers for ring opening are the lowest among the investigated
mechanisms.

Scheme 4.2 LCC linkage between a lignin moiety (quinone methide intermediate) and the

cellobiose dimer bonded at A) C2 position B) C3 position C) C6 position.
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4.3.2 Lignin-carbohydrate complex (LCC)

The formation of lignin carbohydrate complex (LCCs) linkages has recently gained
attention due to their significant role in the recalcitrant nature of biomass 42272, LCCs are
formed as a result of side reactions during the formation of the predominant 3-O-4 linkage in

lignin. During the formation of the 3-O-4 linkage, a quinone methide (QM) intermediate
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is generated, which undergoes re-aromatization through nucleophilic addition at the a-
carbon. Traditionally, it has been assumed that this intermediate reacts exclusively with
water 273274 leading to only physical interactions between lignin and cellulose in the cell
wall. However, Beck et al. 34 provided direct evidence of the molecular mechanism behind
the formation of benzyl ether and benzyl ester LCC linkages through the speculated
lignin-cellobiose polymerization pathway. These LCCs, formed through covalent bonding
between cellobiose and lignin, were found to be thermodynamically more stable than the
nucleophilic addition of water. Since, among various LCC linkages, benzyl ether LCCs
are prevalent and stable 275, the cross-linking between cellobiose and the quinone
methide intermediate were made via a benzyl ether bond. While these covalent linkages
primarily form at the C6 position of the sugar 235265 | CCs at C2 and C3 positions have
also been shown to be thermodynamically facile. Therefore, this study also aims to
investigate whether the site of LCC linkage influences cellulose activation. To address
this, covalent linkages were established not only at the C6 position but also at the C2 and

C3 positions (refer to Scheme 4.2).
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Figure 4.2 Free energy barriers for LCC decomposition via A) Transglycosylation B) Ring

opening and C) Ring contraction mechanisms.

4.3.3 Activation barriers for competing cellulose decomposition reactions in the

presence of LCC

DFT calculations were performed for the decomposition of cellobiose moiety via all three
mechanisms for the 3 lowest energy conformers (LCC-C2, LCC-C3 and LCC-C6) each
with a benzyl ether bond at the C2, C3 and C6 positions on cellobiose (c.f. Scheme 4.2).
The transition states (TS) were calculated for transglycosylation, ring contraction and ring
opening mechanism at 500K. All mechanisms are feasible for LCC-C3 and all LCCs can
undergo ring opening. However, LCC-C2 can’t undergo ring contraction because the
mechanism requires a C2 hydroxyl group that protonates the glycosidic oxygen, which is
replaced by the ether linkage in the LCC-C2 molecule. Similarly, LCC-C6 can’t undergo

transglycosylation as the mechanism requires the protonation of the glycosidic oxygen by

103



the C6 hydroxyl group; but the C6 oxygen is involved in the LCC ether linkage. These
DFT calculations revealed that the activation barrier for transglycosylation in the LCC-C2
and LCC-C3 molecules are 108.04 kcalmol-' and 109.86 kcalmol-! (cf. Figure 4.2A).
These barriers calculated in LCC molecules (cross-linked cellobiose) are almost twice of
that in a pure cellobiose molecule (60.98 kcal/mol) for the same mechanism. The
activation barrier for ring contraction in the LCC-C3 and LCC-C6 molecules are 117.21
kcalmol-' and 112.8 kcalmol', respectively (cf. Figure 4.2C). For the 2-step ring opening
mechanism in LCC-C2, LCC-C3 and LCC-C6 (cf. Figure 4.2B), the barriers for the first
dehydration step are 104.44 kcalmol-', 107.7 kcalmol-' and 104.66 kcalmol-!, respectively.
Subsequently, the activation barriers for the second ring opening step in cellobiose cross-
linked at the C2, C3 and C6 positions are 37.59 kcalmol-!, 39.38 kcalmol' and 37.72
kcalmol-', respectively. Unlike the large barriers calculated in the decomposition of cross-
linked cellobiose in LCC via other mechanisms, the second ring opening step exhibits
relatively low activation barriers. This indicates that once the 1,2-dehydration step is
complete forming a C=C bond on the cellobiose ring, the formation of glycolaldehyde by
ring opening is kinetically facile. Comparing the three mechanisms for an LCC conformer
cross-linked at a particular site, ring contraction has the highest barrier, followed by
transglycosylation, while the first dehydration (rate determining) step in ring opening has
the lowest barriers. This lower barrier for dehydration and subsequent formation of lower
oxygenates (like GA) is supported by the high yields of GA measured in cellulose pyrolysis
experiments 26, For all three mechanisms and in turn all three products (LGA, furans,
GA) formation, the barriers in cross-linked cellobiose in LCC are almost twice of those in
the isolated cellobiose. Additionally, the decomposition reaction of LCC molecules is also
significantly more endergonic (as compared to pure cellobiose). This indicates that the
pyrolysis energetics and the kinetics of cellobiose with LCC are different from that of pure
cellobiose. Such high activation barriers for the primary decomposition of cellobiose
moiety in the presence of LCC has not been reported before. To develop a molecular
level understanding and a mechanistic reason for the high barrier to cleave cellulose
moiety in the presence of LCC, the reaction energies are compared, and the frontier

molecular orbitals are also visualized.
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Table 4.1 Reaction free energies (kcal/mol) for thermal cleavage of cellobiose via 3
key mechanisms when isolated and when cross-linked to lignin in LCC at C2, C3

and C6 positions.

LCC
Reaction mechanism Cellobiose
C2 C3 C6
Transglycosylation 6.54 59.85 61.57 -
Ring contraction 15.10 - 68.90 65.13
18.00 61.45 68.76 63.56
Ring opening
0.79 12.49 14.31 14.89

The reaction free energies of all three mechanisms in isolated and cross-linked cellobiose
are reported in Table 4.1. For pure cellobiose the reaction energies for transglycosylation
and ring contraction are 6.54 kcalmol-' and 15.1 kcalmol-!, respectively while that for the 2-
step ring opening mechanism are 18.0 kcalmol-' and 0.79 kcalmol-'. These reaction
energies are in excellent agreement with previously published DFT calculations 204,
However, the LCC cross-linked cellobiose exhibits significantly higher reaction energies,
similar to the large deviation observed in activation energies. The reaction energy for
transglycosylation in cellobiose cross-linked at the C2 and C3 positions are 59.85 kcalmol-"
and 61.57 kcalmol-' while for ring contraction cross-linked at the C3 and C6 positions are
68.9 kcalmol' and 65.13 kcalmol-', respectively. For the ring opening, the reaction
energies of the first dehydration step for LCC conformers binding at C2, C3 and C6
positions are 61.45 kcalmol-!, 68.76 kcalmol-'and 63.56 kcalmol-' while for the second
stepitis 12.49 kcalmol-', 14.3 kcalmol-' and 14.89 kcalmol-', respectively. The calculation of
conformational changes in LCC molecules revealed a maximum change of ~15
kcal/mol. Despite considering a conformational penalty (which we have minimized using
the sampling), the reaction energies observed in LCC were found to be more than 40

kcal/mol higher compared to those in pure cellobiose. These reaction energies follow the
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same trend as the activation barriers with only the second ring opening step having lower
values compared to the energetics in isolated cellobiose. This indicates that it is not the
preferential destabilization of the TS that leads to these high barriers for cellulose
decomposition in LCCs. The lignin moiety in LCC seems to shield the cross-linked
cellobiose leading to a higher barrier for cellulose cleavage via conventional reaction
mechanisms. These representative reaction mechanisms were proposed for the cleavage
of cellulose and its oligomers. However, for the cleavage of cross-linked cellobiose in
LCC, there could potentially be more energetically favorable mechanisms. The changes in
relative stabilities of cross-linked cellobiose (evident from the higher barriers compared to
pure cellobiose) can be evaluated using the quantum chemical indicators calculated
using the frontier molecular orbitals 276. Electron transfer between/within the reactants is
most likely to occur in the frontier orbital and they have been widely used in predicting
activity 277, absorption selectivity 276, binding properties 278 and so on. In this work, the
frontier orbital in the cellobiose and LCC molecules are visualized to investigate the
electronic structure’s contributions to the higher barriers for the cleavage of cellulose

moiety in LCC.

9.23 eV
7.13 eV

HOMO HOMO
Cellobiose LCC

Figure 4.3 HOMO-LUMO orbitals are visualized using Frontier Orbital analysis performed

on isolated cellobiose and cross-linked cellobiose in LCC.
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Within the framework of frontier molecular orbital theory, the highest energy level
occupied orbital is denoted as the highest occupied molecular orbital (HOMO), while the
lowest energy level unoccupied orbital is referred to as the lowest unoccupied molecular
orbital (LUMO). HOMO reflects the ability to give electrons, and LUMO reflects the ability to
accept electrons. The exchange of frontier electrons significantly influences reactions
since the interaction between the HOMO and LUMO also correlates with the energy
barrier 279.280_ Figure 4.3 shows the frontier orbitals, HOMO and LUMO, for cellobiose and
cross-linked cellobiose in LCC. In an isolated cellobiose, both the frontier orbitals are
spatially close and are located on the cellobiose molecule. In the LCC molecule, while the
LUMO is on the cellobiose moiety, the HOMO is located away on the nucleophilic lignin
moiety. The chemical reaction is likely to occur in the position and direction where HOMO
and LUMO overlap effectively 281. By examining the spatial extent and localization of the
HOMO and LUMO orbitals, specific regions or atoms within a molecule that are more
reactive or prone to participate in chemical reactions can be identified. These regions are
often associated with higher electron density in the HOMO or regions where the LUMO
has significant overlap, indicating favorable sites for electron transfer or bond formation.
The sites of HOMO and LUMO orbitals in the cellobiose molecule match with previous
calculations investigating adsorption selectivity in anticorrosion coating with biopolymer
extracts (specifically cellobiose) 276. These favorable sites are active centers that
contribute to covalent bonding in cellulose. Unlike the spatial overlap of the HOMO-LUMO
orbitals in the isolated cellobiose molecule, in the LCC molecule, they are spatially far.
Moreover, the localization of the HOMO orbital on the electron rich lignin and LUMO
orbital on the cellobiose moiety suggests that electron transfer between the lignin and
cellobiose moiety might be favored over intra-moiety electron transfer. In addition to the
position and direction of HOMO and LUMO overlap, the HOMO-LUMO gap has been
used to study the molecular stability and activity for cellulose and related systems10.120.277,

The magnitude of the HOMO-LUMO gap correlates with the level of HOMO-LUMO
interaction and stability 282 in the reaction and a larger HOMO-LUMO gap is indicative of
greater kinetic stability and diminished chemical reactivity 276283, Therefore, the lower
HOMO-LUMO gap in cross-linked cellobiose (c.f. Figure 4.3) as compared to pure
cellobiose seems to suggest higher reactivity meaning lower activation barrier. Since the
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activation barriers are higher for the intra-moiety cellobiose reaction mechanisms

reported in Figure 4.2, these are possibly not the mechanism through which cross-linked

cellulose cleaves. The HOMO-LUMO energy gap is indicative of the inter-moiety reaction

but not that of the activity of intra-moiety reaction mechanisms studied here. The HOMO

orbital shifting from the cellobiose moiety to lignin moiety in LCC supports this. New

mechanisms for cross-linked cellobiose cleavage involving atoms in the lignin and

cellobiose moiety could possibly be more favored. Cellobiose decomposition

mechanisms involving just the cellobiose moiety investigated here have higher energy

penalty as they require the HOMO to be on the cellobiose moiety. However, the highest

energy occupied molecular orbital is on lignin moiety which can possibly explain the

higher barrier for cross-linked cellulose decomposition calculated in LCCs.
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Table 4.2 Thin-film pyrolysis product distribution at 573K-773K for native biomass
bagasse and cellulose 137

Temperatur Bagasse Product distribution Cellulose Product
e (K) distribution

Gases Bio-oil Char Gase Bio-oil Char
(wt%) (wt%) (wt%) s (wt%) (wt%) (wt%)

573 1.34 £ 36.74 + 44.04 + 0.12 + 61.16 + 32.58
0.08 0.14 0.45 0.01 0.22 +0.48

623 148 £ 56.68 + 32.86 + 207 69.47 25.53
0.05 0.24 0.43 0.013 0.88 +0.29

673 238 62.36 £ 27.59 + 535+ 76.23 + 17.12
0.06 0.33 0.35 0.07 0.1 +0.2

723 28+ 66.23 + 22.96 6.41+ 82.81 11.13
0.05 0.11 0.93 0.04 0.1 +0.9

773 3.85¢ 68.44 + 17.77 £ 7.04 + 84.99 + 8.79
0.29 0.12 0.15 0.07 0.1 0.12

The reported activation barriers for the three mechanisms produce three major bio-oil
components — anhydrosugars (LGA), furans (5-HMF) and lower oxygenates (GA). To
validate these first principles calculations and the corresponding activation barriers, thin-
film pyrolysis experiments were conducted on bagasse as model biomass for cross-linked
cellulose. The product distribution and bio-oil composition are then compared to
previously reported thin-film pyrolysis of pure cellulose '37. This enables comparison
between the first principles barriers and the experimental yields of the three bio-olil

components.
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4.3.4 Thin-film pyrolysis experiment product yields for pure cellulose and cross-

linked cellulose in native biomass (Bagasse)

In this section the overall product yield, including the percentages of non-condensable
gases, bio-oil, and char, as well as the individual yields of bio-oil components such as
anhydrosugars (including LGA), furans, and light oxygenates (including glycolaldehyde)
are examined. The effect of cross-linked cellulose on the yields of these bio-olil
components, non-condensable gases, and char is highlighted. Further, the experimental
data from thin-film pyrolysis provides valuable insights into the thermal decomposition
pathways of both cross-linked and pure cellulose. These findings are then compared to
first principles calculations to establish parallels between the experimental and theoretical

results.

The pyrolysis of bagasse thin films in the temperature range of 573-773 K resulted in the
production of non-condensable gases (1.3-3.9 wt%), bio-oil (36-69 wt%), and char (17-45
wt%) as major products, as shown in Table 4.2. The total yield of pyrolysis products,
including non-condensable gases, bio-oil, and char, ranged from 86 to 93 wt% (see Table
4.2), the carbon balance is consistent with previous experiments 270, These pyrolysis
yields for bagasse are compared to those reported for cellulose thin-films under similar
pyrolysis conditions '37. Increasing temperature resulted in a marginal increase in non-
condensable gas production in bagasse (1.3-3.9 wt%) and a prominent increase in pure
cellulose (0.12-7.04 wt%). Both materials showed a decreasing trend in char yield with
higher pyrolysis temperatures, with bagasse thin-films yielding more char (44.04 to 17.77)
than pure cellulose (32.58 to 8.79). The condensable volatile products (boi-oil) during
bagasse pyrolysis had higher yields at elevated temperatures, while the char yield
decreased, competing with other pyrolysis products 270284, However, while the trends in
char/bio-oil behavior are similar between cellulose and bagasse pyrolysis, bagasse
containing cross-linked cellulose (in LCC) exhibits significantly higher char yields (> 7wt%
across all temperatures) compared to pure cellulose. The reduced bio-oil yield in bagasse
aligns with the higher activation barriers calculated for decomposition of cellobiose with
LCC, compared to pure cellobiose, as discussed in Section 4.3.2. Further, the major
components of bio-oil, including LGA, 5-HMF, and GA, which are products of
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transglycosylation, ring contraction, and ring opening mechanisms, respectively, were
considered for comparison between experimental data and first principles calculations.
To facilitate this comparison, the chemical compounds present in bio-oil derived from
bagasse were categorized into anhydrosugars, furans, light oxygenates, and phenolic
compounds. The formation of anhydrosugars (e.g., levoglucosan), furans (e.g., 5-HMF),
and lower oxygenates (e.g., glycolaldehyde) can be attributed to the three mechanisms
investigated using first principles calculations. Furthermore, phenolic compounds derived
from lignin are found in bagasse bio-oil, while pyrans are present in cellulose-derived bio-oil
137 However, the pyrolysis of lignin into phenolic compounds falls beyond the scope of
this paper.

The yields of bio-oil components from bagasse and pure cellulose, are measured as a
percentage of their carbohydrate content. Biomass pyrolysis research has focused on
cellulose-based materials due to their abundance in biomass and their potential impact on
bio-oil yield and composition 252270.285 |n this context, comparing the decomposition of
bagasse with that of cellulose under similar reaction conditions is valuable. The findings
reveal that within the temperature range of 573-773 K, the anhydrosugar yield in bagasse
pyrolysis decreased from 16 wt% to 6.85 wt%, while the yields of furans and lower
oxygenates increased from 6.57 wt% to 13.22 wt% and from 0 wt% to 34.16 wt%,
respectively. The results also demonstrate that furans derived from bagasse thin-film
pyrolysis exhibit a similar temperature-dependent trend as observed in cellulose thin-film
pyrolysis. However, the anhydrosugar yields in bagasse were significantly lower
compared to cellulose pyrolysis (ranging from 34 wt% to 48 wt%). This study further
highlights the influence of cross-linked cellulose with lignin in lignocellulosic complexes
(LCCs) on anhydrosugar yields, which are compensated by increased C1-C3 product
yields (lower oxygenates). Moreover, the compensation by lower oxygenates is also
supported by first-principles calculated reaction energies reported in Table 4.1. The
reaction energy is more endergonic (~10kcal/mol) for the formation of glycolaldehyde
compared to LGA or furan, making it more thermodynamically favorable at higher
temperatures. A recent publication 165 investigating the impact of cross-linking in fast
pyrolysis of lignocellulosic biomass presents the only notable comparability to the findings of

this study. The selective removal of lignin or hemicellulose from treated biomass led to
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significant changes in LCC composition, affecting the yields of levoglucosan (LGA) and
C1-C3 products, in alignment with the results obtained from pure cellulose '37. The
observed trends in product yields from bagasse pyrolysis correspond with the literature for
untreated herbaceous biomass, particularly in terms of bio-oil compounds,

anhydrosugars, and light oxygenates.

4.3.5 Reaction kinetics and thermochemistry for cross-linked cellulose (in LCC)

decomposition

We have reported a significant increase in the activation barrier (~2X) for the formation of
three major pyrolysis products in cross-linked cellobiose (LCC) as compared to pure
cellobiose (c.f. Figure 4.2). Additionally, cross-linking between lignin and cellulose also
seems to alter the thermodynamics of the reaction. The reaction energies (c.f. Table 4.1)
also increase significantly (~3X-4X). Probing primary decomposition reaction kinetics
experimentally is limited by the timescale difference between product evolution and
analysis. However, the apparent activation energies of product formations calculated from
millisecond scale kinetics can be used as reactivity criteria for comparing different
biomass feedstocks and relative rates of product formations. The only millisecond scale
data available is for woody biomass (loblolly) %6 which has been suggested to have
significantly low number of LCC linkages as compared to herbaceous biomass.
Consequently, the overall kinetics between pure cellulose and such woody biomass
exhibits minimum difference as it's the LCC linkage that alters product yields and not the
mere presence of lignin 85, Such millisecond scale experimental kinetics is currently
unavailable for herbaceous biomass hindering the investigation of the direct role of cross-
linked cellulose on its decomposition kinetics and thermochemistry. However, as
mentioned in the previous section, product yields from the pyrolysis of chemically treated
and untreated native biomass reveals a drastic shift in LGA and C1-Cs product yields. The
difference in product yields was suggested to be because of the LCC linkage being made at
the glycosyl C6 position that hinders the formation of C6-O-C1 bridge resulting in less
efficient release of LGA end-groups 2%°. However, other thermodynamically feasible LCCs
34 made at 3 linkage sites (LCC-C2, LCC-C3, LCC-C6) exhibited comparable activation

barriers (c.f. Figure 4.2) for cellobiose decomposition with LCC-C3 having marginally
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higher barriers. Further details about these minimal deviations among different LCC sites

can be found in the SlI.

The increased experimental yield of light oxygenates compared to LGA could be a result

of altered kinetics, thermochemistry and/or reaction pathway. The higher reaction energy
(~10-15 kcal/mol) and the endergonic nature of GA (light oxygenate) compared to LGA
indicate that the formation of GA will be relatively more favored at higher temperatures.
Higher temperatures also facilitate the overcoming of kinetic barriers, making the more
endergonic formation of light oxygenates favored. Moreover, in addition to the
enhancement of kinetic or thermochemistry, the breakdown of cellulose in LCC molecules
could involve alternate reaction pathways, such as ring opening and dehydration
rearrangement, leading to the formation of C1-C3 small molecules 28. The lower HOMO-
LUMO energy gap and the position of the HOMO orbital on electron-rich phenyl groups
suggest that inter-moiety mechanisms could be more favourable. These findings indicate
that the difference in product distribution during the pyrolysis of cross-linked cellobiose,
compared to pure cellobiose, not only reflects a change in kinetics but also potentially a
difference in reaction pathway. To gain further insights into alternate chemistry and
kinetics, one can draw parallels between the experimental yields measured in this study
and first principles calculated activation barriers. The presence of LCC linkages can alter
kinetic and thermodynamic parameters for cellulose cleavage, such as reaction energy
and activation barriers for the same reaction mechanism. Alternatively, the LCC linkage
can promote alternate reaction pathways (other than cleavage of glycosidic linkage in
cellulose as the first step in cellulose decomposition), thereby changing the ultimate
product yields. Comparing the relative differences in product yields between cellulose and
lignocellulosic complexes (LCCs), such as bagasse, provides qualitative insights to
distinguish between the effects of altered kinetics or altered reaction pathway and
reaction pathways. Analysis of Figure 4.4 shows a consistent gap in the yields of
anhydrosugars between bagasse and cellulose (with a constant relative yield), indicating
kinetic inhibition in LCCs while maintaining the reaction mechanism for LGA formation.
For C1-C3 products, both relative and absolute yields change, indicating changes in both
kinetics and reaction pathways. On the other hand, the absolute and relative yields of
furans are comparable, suggesting that the reaction pathway and kinetics of furan
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formation during cellulose decomposition remain unchanged in both bagasse and
cellulose. This also indicates that the LCC linkage only affects the primary decomposition of
cellulose, as a significant portion of furans is formed through secondary reactions
during cellulose pyrolysis 126, which remain unaffected. Furthermore, the modification of
lignin functional groups has been observed to facilitate lignin depolymerization [78].
Similarly, the interaction between lignin and carbohydrates in LCCs could induce novel
chemical reactions, such as inter-moiety mechanisms, leading to cellulose cleavage

involving lignin depolymerization.
44 Conclusions

This study investigates the role of cross-linked cellulose with lignin in lignin-carbohydrate
complexes (LCC) during cellulose decomposition, focusing on its effects on reaction
kinetics, thermochemistry and reaction pathways. Ab initio molecular dynamics and
metadynamics simulations are employed to model LCC molecules with B-O-4 benzyl
ether linkages, connecting cellulose and lignin dimers (cellobiose and quinone methide
intermediate) at thermodynamically feasible positions in different conformations. First
principles density functional theory (DFT) calculations are then conducted to screen for
the lowest energy conformers and to determine the transition states for three major
reaction mechanisms (transglycosylation, ring contraction, ring opening) producing bio-oil
components  (levoglucosan, 5-hydrozymethylfurfural, glycolaldehyde) at 500K.
Activation barriers, reaction energies, and frontier molecular orbital interactions are
analyzed to gain insights into the role of LCC linkages in cellulose decomposition.
Experimental measurements of anhydrosugars, furans, and lower oxygenates in native
herbaceous biomass (bagasse) pyrolysis are compared with yields from pure cellulose
pyrolysis. The calculated activation barriers and experimental product yields provide
evidence of different kinetics, thermochemistry and potentially reaction pathways induced
by cross-linked lignin in LCC. Notably, higher activation barriers and reaction energies
are observed for cross-linked cellobiose cleavage in LCC compared to pure cellobiose,
indicating altered kinetics/thermochemistry. The higher endergonic nature (reaction
energy) of GA formation in comparison to LGA suggests that cellulose decomposition can

be effectively promoted at higher temperatures, favoring the production of lighter
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oxygenates, particularly GA. This s in strong agreement with the increased relative yields of
lower oxygenates over anhydrosugars in bagasse. In addition, the preference for inter-
moiety mechanisms over intra-moiety cellulose decomposition is indicated by the high
activation barrier for the intra-moiety mechanism and the low HOMO-LUMO energy gap.
Comparison of relative differences in product yields between bagasse and cellulose
provides additional evidence supporting the presence of alternative reaction pathways.
This combined computational and experimental study sheds light on the distinct role
played by cross-linked lignin-carbohydrate bonding in influencing reaction kinetics,

thermochemistry and mechanisms of cellulose decomposition.
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Chapter 5 Conclusions and Future Perspectives

5.1 Conclusions

This thesis has established the role of thermal changes in the pyrolysis condensed phase
and direct covalent bonding with lignin on cellulose pyrolysis chemistry. The formation of
major cellulose pyrolysis products levoglucosan (LGA) and 5-hydroxymethyl furan (5-
HMF) is studied using the glycosidic bond cleavage mechanisms transglycosylation and
ring contraction. Condensed phase effects induced by high temperature pyrolysis
environment on cellulose decomposition are quantified by calculating the free energy
barriers in pure cellulose. To overcome the limitations of traditional ab-initio methods, a
novel computational strategy known as the ReSolv method has been developed,
effectively combining quantum mechanics (QM) and molecular mechanics (MM)
approaches to circumvent computationally expensive AIMD calculations. Through the
integration of first principles density functional theory (DFT) calculations in the gas phase
with thermodynamic integration techniques based on molecular mechanics (MM), the
ReSolv method enables the accurate estimation of free energy barriers for cellulose

primary decomposition reaction mechanisms in the pyrolysis melt-phase.

This investigation of pure cellobiose pyrolysis chemistry at finite temperatures in the

condensed phase challenges the conventional hypothesis of mechanistic differences in
cellulose cleavage leading to the two kinetic regimes. The low temperature regimes is
enthalpy controlled exhibiting a high enthalpic barrier while the high temperature regime
has a low enthalpic barrier. Entropic activation leads to a thermal drop in the free energy
barrier (by 264 kJ/mol for transglycosylation and 179 kd/mol for ring contraction) resulting in
the regime change for either mechanism studied. Glycosidic bond cleavage requires
conformational change from chair to boat and this is hindered by the directional hydrogen
bond network. The additional energy required to break the hydrogen bonds and create
enough torsional freedom for conformation change is reflected in the higher activation
barrier for glycosidic bond cleavage. Beyond 900K, the hydrogen bond network is
completely disrupted, and maximum torsional freedom is gained. This destabilization of
the reactant cellulose in the condensed phase by the thermal cleavage of hydrogen bonds

results in a lower activation barrier.
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This high temperature melting (melt-phase) process in native biomass is studied using
two distinct local reaction environments: 1. melt-phase with covalent lignin-carbohydrate
complex (LCC) linkages and 2. lignin-rich melt-phase devoid of such linkages. Unlike the
the large thermal change in free energy barrier in pure cellobiose melt-phase, the LCC
melt-phase demonstrates a more moderate drop. In the lignin-rich melt-phase, the
condensed phase environment exerts no significant influence, and the activation free
energy barriers remain comparable to those in the gas phase. The pure cellobiose melt-
phase exhibits drastic thermal disruption of directional hydrogen bonding at high
temperatures. While in the LCC melt-phase, the presence of lignin partially disrupts the
formation of long-range hydrogen bonds and provides torsional freedom in the condensed
phase even at lower temperatures. Despite the different thermal responses, in all three
local reaction environments, the thermal shift in the condensed phase with the disruption of
the hydrogen bonding network and in turn the conformational flexibility in
hydroxymethyl group orientation seem to directly map onto the thermal shift in the free-
energy barriers for cellobiose activation. These findings underscore the critical
importance of considering finite temperature condensed phase effects and highlight the

distinct impact of physical interactions with lignin on cellulose activation.

Apart from condensed phase effects, the direct covalent bonding between cellobiose and
lignin also influences cellulose decomposition chemistry. The role of cross-linked lignin on
cellulose chemistry is studied using lignin-carbohydrate complexes (LCCs) with
cellulose and lignin dimers (cellobiose and quinone methide intermediate) connected at
thermodynamically feasible positions on the sugar - C2, C3, C4. The low energy LCC
conformers with -O-4 benzyl ether linkages are identified using ab initio molecular
dynamics and metadynamics techniques followed by systematical screened using DFT
calculations. Three widely reported reaction mechanisms (transglycosylation, ring
contraction, and ring opening), which are responsible for the formation of major bio-oil
components (LGA, 5-HMF and glycolaldehyde (GA)) at 500 K are investigated. The
product yields of these bio-oil components are further measured using thin-film pyrolysis of
native herbaceous biomass (bagasse). The high endergonic nature of GA formation over
other products promoted a higher yield of GA at high temperatures. This agrees with the

thermal increase in GA product yields compensated for by the reduction in LGA.
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Moreover, in the LCC molecule, while the LUMO is on the cellobiose moiety, the HOMO is
located away on the nucleophilic lignin moiety. This indicated that the electron rich
phenyl groups in lignin are likely to participate in cellulose decomposition reactions
leading to the cleavage of the LCC bond. Therefore, conventional intra-moiety cellobiose
reaction mechanisms in LCC exhibit significantly high activation barriers (2X) and reaction
energies (3-4X) when compared to cellobiose across all three reaction mechanisms. The
relative yield between cellulose and bagasse pyrolysis for GA increases while it remains
constant for the other two products. This reveals that the reaction mechanism for GA
formation changes in LCC molecule while only the kinetics is altered for LGA and furan

formation.

In summary, this comprehensive investigation has provided invaluable insights into the
complex interplay between cellulose reaction energetics, thermal effects, and the
presence of lignin in the pyrolysis reaction environment. The findings significantly
contribute to our understanding of cellulose chemistry under pyrolysis conditions and offer
critical insights into the role of condensed phase effects and lignin-carbohydrate
interactions in reaction kinetics and chemistry. A future direction for this work involves the
inclusion of finite temperature melt-phase effects in investing the impact of covalent
bonding in LCC. Further, such first principles modelling can be extended to secondary
pyrolysis reactions to be integrated in particles models enabling comparison with kinetic

experiments.
5.2  Future Perspectives

Looking forward, this research can delve deeper into understanding how condensed

phase effects influence the breakdown of cellulose when it is bonded to lignin within lignin-
carbohydrate complexes (LCCs). While our current focus centers on the benzyl ether
linkage in woody plants, future investigations may extend to other linkages such as
Phenyl Glycosidic LCC linkages. Moreover, while our primary emphasis lies in cellulose
chemistry and intra-molecular mechanisms, we recognize the potential for exploring inter-
molecular mechanisms within the covalently bonded lignin-carbohydrate matrix present in

native biomass.
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Further avenues for research include:

o Examining the impact of varying chain lengths, including the presence of other

carbohydrates like hemicellulose.

« Investigating the role of inorganic compounds such as magnesium, calcium, and

sodium, which are commonly found in native biomass.

o Facilitating direct comparisons between experimental results and our first
principles calculations by utilizing chemically tailored native biomass samples with

known LCC linkages.

o Designing experimental protocols that enable the kinetic analysis of primary

decomposition reactions.

This forward-looking perspective underscores the potential for expanding our
understanding of cellulose-lignin interactions, thereby contributing significantly to the field

of biomass conversion.
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Appendix

A.1 Computational methods

Matter is a collection of molecules which in turn is a collection of atoms or negatively
charged electrons and positively charged nuclei. Molecular modelling involves solving
governing equations of fundamental units of matter to calculate the structure, property
and reactivity of molecules using computational tools. Depending on if the molecules are
considered as a collection of atoms or a collection of sub-atomic particles, there are two
molecular modelling methods — Force-field and first principle methods. In computational
chemistry, molecular modelling is used to find the molecular structures and least-energy
reaction pathways while in molecular dynamics they are used to capture the motion of
atoms and molecules. Molecular dynamics was first introduced by Alder and Wainright in
the 1950’s. Details on the molecular modelling methods to perform computational

chemistry or molecular dynamic simulations are provided below.
A.1.1 Force-field method

In force-field/atomistic calculations, atoms are the basic unit and it is described by a ‘ball
and spring’ model where atoms and bonds are considered to be balls and springs
respectively. This modelling method can’t simulate reactions because the bonds can'’t be
broken as they are considered to be springs. However, bonds can be stretched and
contracted. Non-bonded interactions such as van der Waals interactions and electrostatic
interactions are also taken into account . In this method, Newtonian physics is used to
calculate the potential energy surfaces (PES) of inter-atomic interactions in the system.
The potential energy of the system is calculated as the sum of the bond stretching g
(Estretch), angle bending (Ebend), bond twisting (Etorsion), van der Waals interaction
(EvdW) and electrostatic interaction (Eelectrostatic) where the former three energy terms

are bonded interactions and the latter two are non-bonded interactions.
Epotential = Estretch + Ebend + Etorsion + EvdW + Eelectrostatic (B.1)

Many models are available for calculating these energy terms. Force instance, bond

stretching energy can be modelled using a harmonic approximations. However, this might
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be unreasonable for H-H bond therefore, in order to account for anharmonicity a quadratic

equation is used. Moreover, Morse potential can also capture bond breaking.

Vharm (I') = —kharm (I’ - req)2 (BZ)
Vanharm(r) = p(r — req)? + q(r - req)? + s(r — req)? (B.3)
Vmorse(r) = De(1 — ea(rreq))2 (B.4)

Here, knarm, De, @, p, q and s are all parameters while r is the distance between the bonds

and req is the equilibrium distance.

Many such models are available for the different energy terms but they will not be
explored as this is not the major focus of this thesis. There are two types of force-fields
based on the models used — Class | involves simple functional forms and Class Il involves
additional energy terms and is heavily parameterized using first principle calculations
(Jensen 2007). The parameters involved in energy calculation are empirically fitted and
can differ based on the application. Many commercial force-fields are available that differ in
the model and parameters used. The forces on atoms are calculated as a gradient of the
potential energy calculated. Newtonian equations of motion are then solved to find the
velocity and forces at an appropriate time step by numerically integrating using
techniques such as Verlet (44) and velocity-Verlet (45). Force-field calculations are
relatively fast and have the ability to perform nanosecond and nanometer scale

simulations but have certain limitations. The limitations are —

Inability to simulate reactions.

Difficulty in parameterizing for diverse molecules in one force-field.

Difficulty in parameterizing for ‘exotic’ species because of limited data.

Difficulty in simulating transition state metals because of the free electrons as

electronic effects are not considered in force-field calculations.

To overcome these limitations first principle methods are used with different degrees of

accuracy.
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A.1.2 First Principles Methods

In first principles calculations electrons and nuclei are the basic units. In this method, the
PES is calculated by solving the Schrédinger equation with different degrees of
approximation. Similar to Newton’s equations of motion that describe the evolution of the
position of a particle, Schrodinger equation describes the evolution of the wavefunction of

a particle.

.8 " (B.5)
ih—[¥(t)) = Hly()

In the Born-Oppenheimer approximation, the nuclei are propagated classically
(Newtonian), as the nuclei are much heavier than the electrons, while the electrons are
propagated quantum mechanically. Since the bonds are not defined apriori and the
electrons are allowed to arrange themselves, reactions can be simulated using first
principle methods. The wavefunctions is a linear combination of atomic orbitals and
atomic orbitals are described using functions called basis sets. However, Schrodinger
equation can’t be solved for more than one electron systems. Therefore, various

approximations and optimizations techniques were developed.

A.1.2.1 Density Functional theory (DFT)
DFT was formulated by Hohenberg and Kohn (38) and later developed by Kohn and

Sham (39). Kohn-Sham DFT uses the electronic density instead of the wave-function to
calculate PES. They formulated the ground state energy of the electronic system to be a
functional of the ground state electron density with an exchange-correlation function to
account for the error. At each time-step the electronic density is optimized to reach the

ground state and this increases the computational cost.

A.1.2.2 Car-Parinello Molecular Dynamics (CPMD)

In this method both the electron density and the nuclei are propagated classically and

therefore reducing the computational cost. However, the simulations are limited to a few
hundred picoseconds because of the restriction on the time-step. The time-scale for
molecular reactions are significantly higher and therefore better techniques are necessary

to simulate reactions.
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Metadynamics — Bias potential methods are used drive the system out of a local minima by
filling the PES with potentials and thereby accelerating the simulation. Metadynamics is
the technique used to combines dynamics and bias potential methods. CPMD-
metadynamics simulation can therefore be used to simulate reaction mechanisms and

find free energy landscapes.
A.2 Appendix to Chapter 2

Two novel computational strategies are employed in this work to capture the finite
temperature condensed phase and entropic effects in cellulose decomposition. System
size is limited by the tools used in each strategy. Table S1 provides details on the two

strategies, tools and corresponding system configurations.

Table A.2.1 Computational methods and System configurations

Computational Tools Purpose System (no. of molecules)
Strategy Solvent Solute
ConTS Gromacs v 2018.7 Finite temperature 7 cellobiose 1 cellobiose
conformation
VASP 5.4.1 TS search (enthalpic | 7 cellobiose 1 reacting
barrier) cellobiose
Free-energy Gaussian 09 code TS search (gas 1 reacting
barrier correction phase free-energy cellobiose
barrier)
Gromacs v 2018.7 Finite temperature | 59 cellobiose 1 Transition
(Thermodynamic condensed phase State
Integration) interactions

A.2.1 Condensed phase TS-Search method

Transition states for cellobiose breakdown via transglycosylation and ring contraction are
calculated in finite temperature melt-phase environment. Images of the TS are provided in
Figure S1. Unlike the finite temperature condensed phase calculations reported in this
paper, the enthalpic barriers in the crystal structure (Figure S2) shows a minimum

difference in the barriers of only 12.62 kJ/mol between the two mechanisms.
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Figure A.2.1 DFT calculated transition states in condensed phase for (A)

Transglycosylation (B) Ring contraction.

(252.58)
. 250+ — Ring contraction
© - AS Transglycosylation
= :':
= 200 #(239.96}-,
> 150 Ts
—_
o
=
O 100-
O
o
..-CCS 50 A —
c
T roducts.
Cellulose crystal structure

Reaction coordinate
Figure A.2.2 DFT calculated activation barriers in crystal structure for Transglycosylation

and Ring contraction
A.2.2 Dispersion Correction

DFT calculations in the study were performed using PBE exchange correlation functional.
Dispersion corrections were accounted for by performing DFT-D3 calculations using the

Grimme method. As shown in Table S2, the corrections to the functional lead to negligible
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deviations from the original finite temperature barriers suggesting that the medium range

non-covalent interactions have minimum effect of cellulose thermochemistry.

Table A.2.2 Comparison of finite temperature barriers calculated with and without

dispersion corrections

Mechanism Temperature Enthalpic barrier (AH) | AH with VdW
(K) (kJ/mol) corrections
(kJ/mol)
Transglycosylation 500 299.30 293.70
1200 164.66 156.78
Ring contraction 500 399.73 394.56
1200 294.22 288.50

A.2.3 Condensed phase free-energy barrier corrections

A.2.3.1 Interaction energy calculations (Thermodynamic Integration)

The interaction energy of the reactive solute molecule (reactant, TS, product) in the
condensed phase is captured by calculating the relative solvation free energy using TI
implementation in Gromacs 2018.7. The difference in the interaction between the reactant
and TS (AG — AG ) gives the free energy correction to the gas phase barrier, as

illustrated in Figure S3.

Scheme A.2.1 Schematic showing the calculation of condensed phase corrections to gas

phase free energy barriers.

.
AGy .. :
Cellulose(m) Tyoosidic cleavass > Transition State; Primary products(m)
AGinl - - 5 Gint
: AGH, = AGY + AGH - AGTS s
AGH . :
Cellulose(g) > Transition State o Primary products(g)

160



A.2.4 Simulation parameters

The non-bonded parameters of the reactant and transition state species used for the

calculation of AG

and AG

in Gromacs is provided in Table S3.

Table A.2.3 Non-bonding force-field parameters for cellobiose and its transitions states

Molecule Atom name (o) & (kJ
(nm) | mol)
C1/C2/C3/C4/C5/C6/C7/C8/C9/C10/ | 0.350 | 0.27
C11 6
H11/H12/H21/H31/H41/H51/H61/H71 | 0.250 | 0.12
A . /H72/H81/H91/H101/H111/H121 6
/03(1\ —o05 " ¢ "\011/712 o
"ad, Jufics\\ PN HO2/HO3/HO4/HO6/HO7/HO8/HO9/ | 0.000 | 0.00
a T HO11 0
: 02/03/04/06/07/08/09/011 0.312 | 0.71
1
01/05/010 0.290 | 0.58
6
Charge
Atom name Cellobiose TS - ring contraction TS - )
transglycosylation |
C1 0.1132 0.081 0.1132
C10 0.1545 0.1545 0.1545
C11 0.151 0.151 0.151
C12 0.1961 0.1961 0.1961
C2 0.0795 0.0619 0.0795
C3 0.1108 0.1557 0.1108
C4 0.1343 -0.1532 0.1343
C5 0.1675 0.2375 0.1675
C6 0.1978 0.191 0.0778
C7 0.1148 0.1148 0.1148
C8 0.0742 0.0742 0.0742
C9 0.0079 0.0079 0.0079
H101 0.1144 0.1144 0.1144
H11 0.0921 0.1027 0.0921
H111 0.1274 0.1274 0.1274
H12 0.0921 0.1027 0.0921
H121 0.0988 0.0988 0.0988
H21 0.1264 0.1805 0.1264
H31 0.1161 0.1362 0.1161
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H41 0.1126 0.105 0.1126
H51 0.1324 0.136 0.1324
H61 0.1046 0.2126 0.1046
H71 0.0992 0.0992 0.0992
H72 0.0992 0.0992 0.0992
H81 0.124 0.124 0.124
H91 0.1205 0.1205 0.1205
HO1 0.4153 0.4399 0.4153
HO11 0.4296 0.4296 0.4296
HO?2 0.4143 0.452 0.4143
HO3 0.4147 0.4232 0.4047
HO4 0.449 0.4047 0.449
HO7 0.4402 0.4402 0.4402
HOS8 0.4246 0.4246 0.4246
HO9 0.4246 0.4246 0.4246
O1 -0.6633 -0.6936 -0.6633
010 -0.4105 -0.4105 -0.4105
011 -0.5634 -0.5634 -0.5634
02 -0.6679 -0.5404 -0.6679
O3 -0.6669 -0.6693 -0.5169
O4 -0.6802 -0.6756 -0.6802
05 -0.4359 -0.2858 -0.4359
06 -0.3606 -0.6068 -0.3806
o7 -0.6741 -0.6741 -0.6741
08 -0.6942 -0.6942 -0.6942
09 -0.6567 -0.6567 -0.6567
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A.3 Appendix to Chapter 4

A.3.1 Literature review

Table A.3.1 Studies that do not show any significant interactions between the biomass

components during pyrolysis.

Interactions between biomass

components and properties of
biomass

Title Authors Year Equipment Temperature Feed
components
Pyr(_:lysm Charad?ns"cs of Raveendran et 1000°C 14 native biomass &| No interactions. Char, liquid and gas
biomass and biomass 1995 TG/Packed bed o . . X o
al. (50°C/min) synthetic yields match additive model.
components
— . . Sugarcane
Kinetics of Biomass Pyrolysis: . . . .
a Reformulated Three-Parallel{ Manyaetal. | 2003 TG 900°C (20°C/min) | Pagasse/waste | Nointeractions. Weight loss predicts
) wood (washed & match additive model.
Reactions Model
untreated)
Further Applications of a . .

L ) pine, beech, thistle . . . .
Revisited Sur'nmgtlve Model Gomez et al. 2004 e 900°C (20°C/min) (washed & No interactions. ch?lght loss predicts
for Kinetics match additive model.

. . untreated)
of Biomass Pyrolysis
In-Depth Investigation of
Biomass Pyroly3|s Based oln 105°C-900°C Synthetic mixture & No |nteract|gns. Biomass _compents were|
Three Major Components: Yang et al. 2005 TG o ) . predicted from weight loss
) (10°C/min) Palm oil waste o
Hemicellulose, Cellulose and measurements by additive model.
Lignin
. No interactions. Weight loss predicted b;
TG study on pyrolysis of 300°C-600° C additive model. Lumped activation
biomass and its three Wang et al. 2007 TG N . sawdust . X s
(max 20°C/min) energy for native biomass within the
components under syngas X
range of its components.
TGA and macro-TGA 60°C-900°C Wood, coffe waste, No interactions. Combustion
characterisation of biomass | Skreiberg et al. 2010 TG and macro-TG - . (max demolition wood characteristics and gas yields showed
: 100°C/min) . e L .
fuels and fuel mixtures and mixtures qualitative additive behaviour.
Experimental Study of
Biomass Pyrolysis Based on rice straw. com No interactions. Char, gas and bio-oil
Three Major Components: Quetal. 2011 Tube furnace 350°C-600° C P yield trends are predicted by additive
. stalk, peanut vine
Hemicellulose, Cellulose, and model.
Lignin
Thermogravimetric Pyrolysis
L noacne(:hﬁs:iltf:l(;aig?:azfs and 140°C-900°C No interactions. Total gas yields and
gnoc ) Yoon et al. 2012 TG-GC o . Conifers & synthetic | carbon coversion predicted by addditive
Kinetic Summative Law for (10°C/min)
) ) model.
Parallel Reactions with
Cellulose, Xylan, and Lignin,
Rsleitlao\l?j:rlszﬁ N,:Eigut:&r:lal 11 native bi & No interactions. Peak decomposition
9 Pang et al. 2014 TG 900°C (10°C/min) native biomass temperature and weight loss predicted by

Synthetic

additive model.
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Table A.3.2 Studies that show

pyrolysis.

interactions between the biomass components during

Interactions between biomass

biomass pyrolysis kinetics

Title Authors Year Equipment Temperature Feed
components
Influence of inorganic matter .
on wood pyrolysis at Hosoya et al. 2007 | Glass tubular furface 800°C Cedar (washed & |Yes. Hydrolysable sugar (yield and MW)
e untreated) affected.
gasification temperature
The influence of temperature
on.th_e y|_e|d§ of r.:ompognds . Electrically heated 352°C-552°C Olive husk, hazelnut Yes. Drastic change in LGA product
existing in bio-oils obtained | Demirbas et al. 2007 o shells, spruce and X
) ) tubular furnace (10°C/s) yields.
from biomass samples via beech wood
pyrolysis
Solid/liquid- and vapor-phase
|nterac.t|or?s between cellulo_se— Hosoya et al. 2009 Ampoule reactor 600°C Synthetic Yes. Change |n.tar, water and char
and lignin-derived pyrolysis yields.
products
Influence of the interaction of Yes. Extended LGA formation
components on the pyrolysis Wang et al. 2011 TG-FTIR 300°C-800°C Synthetic temperature range, 2-furfural and acetic
behavior of biomass, acid yields change.
Is it possible to predict gas
werlgsigf ar:c);lb;sm :tS:l arf\t “ Electrically heated S(ﬁ::;igcs& rr:;aclve Yes. Gas (CO, CO2, CH4, H2, C2H2,
pid pyroly '9 Couhertetal. | 2011 Y 950°C ) ' SPUCE, 1 55H4) yields cannot be predicted by
temperature from its flow reactor ricehusk, wood bark, e
[P additive model.
composition in cellulose, grass)
hemicellulose and lignin?
Pyrolytic Reactions of Lignin
within Naturally Occurring 400°C-900°C Synthetic & native
Plant Matrices: Challenges in | George et al. 2014 | Wire mesh pyrolysis |, - o (silver berchwood, Yes. Char yields are altered.
N . ) (1°C/s &1000°C/s)
Biomass Pyrolysis Modeling sugarcane baggase)
Due to Synergistic Effects
Cgllulose—ngnln mteracﬂoqs Hilbers et al. 2015 TGA/PY-GC-MS 350°C & 500°C Synthetic Yes. Enhanceq LGA an'd reduced
during slow and fast pyrolysis dehydration reactions.
Cellulose-Hemicellulose and [Sgnthettlc & na.tlve Yes, interctions in herbaceous cellulose-
—em . ornstover, pine, lignin samples. No interactions between
CeIIuI0§e—ngn|n Intera'ctlons Zhang et al. 2015 Py-GC-MS 500°C red oak, switchgrass synthetic, native cellulose-hemicellulose
during Fast Pyrolysis &Wﬁﬁheé‘ +
n at d)] and woody cellulose-lignin samples.
Cellulose-lignin interactions
during fast pyrolysis with 500°C, 600°C & |Synthetic and native| Yes, LGA yield promoted while C1-C3
different temperatures and Wuetal. 2016 Py-GC-MS 700°C pretreated products are inhibited.
mixing methods
_— Yes, at high temperatures additive model
Cellulose, xytan and lignin 50° C to 900° IS K. pi cannot predict tar, char and other
i i i i i pruce, oak, pine ,
|nte.ract|0ns dun.ng Pyroly5|s of Yuetal. 2017 Wire mesh reactor C(30° C/min) product yields. However at 325°C, no
lignocellulosic biomass, R X
interactions.
Effects of cellulose, Yes, change in decomposition
hemicellulose and lignin on Zhu et al. 2020 TGA 800° C(10° C/min) Synthetic temperature and other kinetic

parameters
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A.3.2 Non-bonded parameters

Table A.3.3 Non-bonding force-field parameters for cellobiose.

Molecule Atom name o & (kJ
(nm) | mol)
C1/C2/C3/C4/C5/C6/C7/C8/C9/C10/ |0.350 |0.27
C11 6
- H11/H12/H21/H31/H41/H51/H61/H71 [0.250 | 0.12
& "R o /H72/H81/H91/H101/H111/H121 6
/CS\\ —og " ~cip—cii / “OouH
ROy \ @ H c8 =010
e \\cs/oe \c/g/ HO2/HO3/HO4/HO6/HO7/HO8/HO9/ | 0.000 | 0.00
“ow [ HO11 0
02/03/04/06/07/08/09/011 0.312 |0.71
1
Cellobiose (cellulose dimer)
01/05/010 0.290 [0.58
6
Table A.3.4 Non-bonding force-field parameters for lignin dimer
Molecule Atom name o € (kJ
(nm) | mol)
" C05/C06/C07/C09/COB/COD/C0S/CO 0.29
4 b, T/COV/C11/C14/C16 0.355 3
ey Y4 C01/COG/COI/CO0/COX 0.27
E% > { T 0.350 [ 6
i
Hi5 1 ;;’/ g e . 071
H‘Eré Kiolzs b S OOM/O0Q/O12 0.312 | 1
% W
ch CAT \ e 0.58
,:|f;f’ xﬁﬁf Hﬂ:\\f*w b Q,: 004/00F/O0W 0.290 6
H13 C(l'_f\_'t'_ /l-iJT
0X HO8/HOA/HOC/HOE/HOU/H15/H17/HO
H10 0/H02/H03/HOH/HOJ/HOK/HOP/HOY/
HOZ/H10 0.12
0.250 6
Quinone Methide
Intermediate (lignin dimer)
HON/HOR/H13
0.00
0.000 0
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A.3.3 Molecule and system visualizations

Figure A.3.1 DFT calculated structures of (A) Cellobiose molecule and transition states in

gas phase for (B) Transglycosylation (C) Ring contraction mechanisms.

LCC Linkage

Figure A.3.2 DFT calculated structures of (A) Quinone methide intermediate (lignin dimer)

(B) Lignin-Carbohydrate complex (LCC) molecule.
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A.3.4 Molecule Coordinates

Cellulose
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14.95
19.06
19.47
21
16.38
16.5
17.97
18.89
18.65
22.25
21.36
19.84
19.26
14.54
19.08
14.29
21.37
16.65
16.11
18.26
18.66
18.83
21.88
22.27
21.65
19.59
15.38
20.67
18.48
15.29
20.43
17.52
23.54
18.11
15.75
21.6
21.26
18.07
14.94
20.26
17.33

10.4
13.32
14.69
14.81

9.86

8.33

7.87

8.73
10.21

11.5
12.52
12.24
13.23
10.15
14.84

9.96
14.82
10.07

8.02

7.96

8.57
10.33
10.49
11.68
12.55

12.3

6.91
16.64

6.03
12.23

8.4
12.19
11.17
15.51

7.74

13.8

16

6.53
11.81

8.39
10.52

14.25
15.52
14.99
15.02
14.09
14.23
14.07
14.94

14.6
14.13
14.85
14.75
16.59
15.22
13.98
13.51
16.05
13.08
15.19
13.02
15.99
13.52
14.29
13.06
15.89
13.69

13.5
14.85
13.79
14.87
13.75
15.35
15.53
16.12
13.19

14.3
14.43

14.5
14.09
14.69
14.94
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Transition state -Transglycosylation mechanism
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19.55 10.98 15.33
1768 1313 15.26
23.56 11.57 14.67
19.02  15.71 15.86
19.91 13.16  15.78
21.01 14.04 15.18
2044 1544 1492
17.03 9.89 16.19

16.7 9.73 14.68
16.56 8.28 14.15
17.94 7.6  13.91
18.92 8.52 13.17
18.84 9.92 13.7

172  14.81 13.48
18.29 14.67 1455
18.63 13.22 1494
20.26 1213 15.83
21.89 1406 15.83
16.29 10.54 16.66
20.11 159  15.86
16.98 8.93 16.69
15.72 1019  14.56
16.04 8.31 13.19
17.84 6.7 13.31
19.93 8.18  13.34
19.65 1025 14.35
16.87 15.84  13.41
17.62  14.56 12.5
18.04 15.18 1547
18.78 12.65 14.02
21.09 1714  14.52
14.85 7.64 15.04
17.56 6.99 15.66
17.86 11.26  15.89
17.81 9 11064
18.85  13.22 17.4
16.02 13.83  14.67
20.73 13.98 13.31
19.41 15.32 14
2139 16.24 14.39
15.81 746  15.05

18.4 7.21 15.19

183 10.46  16.45
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Transition state — Ring contraction mechanism

OO0 I I I IITITITIIIIITIIITIIIIIIIITOOOOOOOOOOOOOOOO

18.64 8.54 11.78
17.59 1047 13.85
17.58 1265 15.71
19.62 13.68 17.07
16.1 13.96 13.72
2136  13.57 13.9
18.35 13.48 17.76
1714  13.09 16.87
17.47 1328  15.37
18.79 1244 1246
19.16  10.98 12.9
18.11 10.09 13.65
17.95 8.73 13
21.23 9.62 15.28
2113 10.21 13.97
20.51 15.27 15.74
19.71 13.97 15.66
19.64 13.18 16.99
18.38  12.91 18.69
16.88 12.04 17.03
19.48 12.8  11.71
1792 1235 15.04
19 1314 13.24
19.5 1043 12.02
18.41 9.94 14.7
17.33 8.64 1212
21.95 8.8  15.31
21.97 1012 13.3
2046 15.79 14.79
20.05 1594 16.47
20.23 13.36 14.93
2049 1345 17.61
15.64 13.73 15.18
16.82 11.39 13.13
17.53 715  13.95
17.07 13.23 1282
2045 1134 16.38
17.69  15.22 17.4
21.91 14.52  16.87
16 13.98 18.14
18.39 1432 15.21
16.36 13.49  14.59
16.81 10.61 13.66
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Quinone Methide intermediate (Lignin dimer)
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18.34 76 13.66
17.44 12.71 121
20.6 9.97 16.28
2028 11.25 13.74
19.61 11.76  16.79
18.28 1486  18.06
21.87 15.03 16.07
16.04  13.91 17.18
16.19 15.02  16.99
16.22 1714  16.07

16.5 17.32 14.7
17.36  18.39  14.32
17.87 19.28 15.29
17.55  19.11 16.65
16.73 18.04 17.04
16.14  16.55 12.4
1514  17.57 11.83
1592 1517 11.73
16.74 14 12.27
17.72 1338 1146
18.44 1227 11.94
19.54  11.89 9.85
18.19 11.8 13.24
17.22 124 14.05
16.49 13.5 13.56
16.74 153 17.89
16.92 1466  16.26
15.54 1419 17.24
17.64  18.56 13.3

18.5 20.1 14.99
17.95 19.8  17.38
16.49 17.89  18.08
1717  16.81 12.17
1417 1746  12.31
1497 1735 10.77
14.96 19.4 1244
16.19 1528 10.68
14.46 14.02 1119
17.88 13.76  10.46

186  11.79 9.3
20.25 11.2 9.39
19.93 12.9 9.7
19.51 10.52  12.96
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Lignin-carbohydrate complex (LCC) molecule
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17.01
15.72
15.43
15.93
15.58
14.56
19.39
18.92

16.25
18.27
19.05
20.22
20.61
19.84
18.67
18.65
19.54
17.18
16.22
16
14.98
15.61
16.66
13.52
13.14
12.29
14.31
15.38
15.27
15.28
13.89
13.33
13.28
10.1
11.43
12.3
14.14
15.65
15.55
16.72
20.86
21.52

12.01
13.95
16.1
16.42
18.9
14.8
11.57
10.74

1.32
2.59
3.27
3.94
3.97

3.3
2.61

4.4
4.23
4.79
4.55
5.56

54
7.37
415
6.26
7.65
7.54

3.3
3.42
3.55
2.01
1.48
1.92
3.46
4.74
5.47
5.32
4.28
2.09
0.71
0.69
4.42
4.48

15.04
14.17
16.48
13.82

11.9
11.74
11.22
13.67

2.45

2.9
3.86
3.47
2.12
1.15
1.54
5.93
717
6.24
5.09
412
3.15
1.96
8.98
6.67
6.14
4.86
4.21
5.11
9.21
9.44
9.26

7.9
7.92
5.62
5.46
6.73
3.22
1.98
3.01

1.7
4.21
1.84
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20.14
18.12
19.04
19.3
19.33
21.36
17.18
16.62
15.61
15.31
16.62
14.26
17.26
12.59
17.17
12.83
13.29
13.64
15.54
14.79
16.04
13.23
13.97
12.71
9.55
10.31
11.94
11.68
15.6
11.38
15.36
11.53
14.54
8.6
13.88
17.17
18.67
20.9
16.68
14.7
15.69
11.14
11.98
13.15
14.38

3.31

2.1
5.23
3.33
5.03

3.5
5.87
6.43
8.05
7.94
7.01
5.82
413
8.17
3.59
7.02
4.91
2.46
2.67
4.04
1.64
1.74

1.6

3.8
5.14
3.69
5.03
5.57
0.85
8.74
0.14
1.46
5.58
4.19
9.01

1.9
3.19

4.2
4.24

6.3
1.78
6.85
8.81
417
0.12

0.12
0.78
5.34
7.72
7.87
7.27
6.43
4.15
2.82
1.08
1.79
6.02
9.89
6.91
8.2
4.06
1.7
4.28
5.87
10.05
8.75
10.09
7.09
8.79
6.47
5.82
4.61
7.6
10.99
3.7
9.33
8.51
8.09
4.56
5.1
3.36
5.19
6.79
7.47
2.15
10.79
5.2
4.43
2.29
9.27
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12.05 1.36 7.71
14.6 3.87 8
12.68 3.94 6.76
14.05 6.41 7.97
9.3 4.83 4.45
14.27 8.39 5.71
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A.4 Appendix to Chapter 5
A.4.1 CPMD-Metadynamics calculations

All CPMD [48] and metadynamics calculations in this study employed CPMD code version
4.3.0 77 with the plane-wave-pseudopotential implementation of Kohn-Sham density
functional theory (DFT) 273. The Martins-Trouiller (MT) pseudopotential 27with the revised
Perdew-Burke-Ernzerhof (revPBE) functional 28828 of the generalized gradient
approximation (GGA) was used in all CPMD calculations. The plane-wave energy cut-off
was set at 70 Ryd. A single k-point (I'-point) was employed for the integration over the
Brillouin zone in reciprocal space. CPMD calculations were performed at a temperature of
298K, and temperature control was achieved using the Nosé-Hoover thermostat 290.291, The
frequency for the ionic thermostat was set to 3000 cm-1 for all systems,
corresponding to approximate frequencies of C-H and O-H bond vibrations. To prevent
coupling between the ionic and electronic thermostats, the electronic frequency was set to
10000 cm-1 for all systems. The fictitious electron mass was chosen as 300 a.u., the
fictitious electronic kinetic energy was within the range of 0.004 a.u. to 0.005 a.u., and a
timestep of 4 a.u. (~0.0968 fs) was selected for all calculations. The energies, including
the fictitious electronic kinetic energy, were monitored to ensure that the systems did not
deviate from the Born-Oppenheimer surface during the molecular dynamics simulations.
Two torsion angles were employed as collective variables to enhance the sampling of the
CPMD calculations and explore conformations with significant energy barriers using the
metadynamics technique 29229 Torsion angle 1 was used to rotate the position of the
phenyl ring, while torsion angle 2 rotated the cellobiose moiety. This approach ensured
that the system sampled all major conformational changes, specifically the variation in
the relative position of the quinone methide intermediate to the cellobiose moiety. The
height of the potential was maintained at approximately 0.63 kcal/mol. The convergence of
the metadynamics simulations was considered complete if at least one of the torsion
angles fully sampled the range of 0-360°, and the other angle explored over 90% of the
torsional space. The free energy surfaces constructed for LCC-C2, LCC-C3 and LCC-C6
from which the low energy conformers are extracted are shown below in Figure S1.
Subsequently, all structures corresponding to the minima were optimized using all-
electron DFT calculations.
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Figure A.4.1 Free energy surfaces constructed by rotating the LCC molecule along CV1

(Torsional angle along the phenyl ring in lignin) and CV2 (Torsional angle along the LCC
bond). a) LCC-C2, b) LCC-C3, c) LCC-C6
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A.4.2 Thin-film Preparation

Thin-film techniques are used to maintain the sample at isothermal and kinetically limited
regime.

Bagasse thin-film front view Bagasse thin-film side view

N

( % Bagasse thin-film

4
—m—

Bagasse thin-film = 50 - 70 microns |

Figure A.4.2 Digital microscopy images of Bagasse thin-films — front, side and zoomed in

views.

175



Crushed/Washed .
/Dried Suspended in 25 uLof 1 wt %

| > Water |:> Suspension

(1 wt % solution)

Bagasse

» >

o Under Vacuum
Thin-Films of Bagasse <: (25 inHg) for 2

(Image analysis) hrs

Figure A.4.3 Schematic of the steps involved in thin-film preparation from crushed

bagasse.

176



A.4.3 Minimal change in kinetics between LCCs with different linkage sites (C2,
C3, C6)

Table A.4.1 Inter- and Intra-moiety hydrogen bond lengths (A) made by the cellobiose moiety
when binding at C2, C3 and C6 positions with the lignin dimer.

Bong length
Hydrogen bo_nds in cellulose Reactant
dimer
LCC site -C2 | LCC site-C3 | LCC site - C6

C4-C3 242 242
C5'-C4' 2.29 2.29
C3-C2 2.36 2.53 2.36
05-C3' 1.93 2.03 1.93
C3'-C4' 2.37 2.38 2.37
05'-C6' 2.35 2.39 2.36

In addition to the difference in activation barriers between pure cellobiose and cross-
linked cellobiose in LCC, there are minimum differences in kinetics among various LCC
molecules (LCC-C2, LCC-C3 and LCC-C6). C2 and C3 carbons in cellobiose are
attached to a hydroxyl (-OH) group while C6 is attached to a hydroxymethyl (-CH3OH)
group. It is interesting to note that the LCC linkage made at different carbon atoms (C2
and C6) exhibit similar activation barriers for ring opening mechanism (c.f. Figure 2).
Moreover, for all three mechanisms, LCC-C3 has a marginally higher activation barrier.
Activation barriers in cellobiose have been shown to be influenced by the hydrogen bonds
made in the reaction environment 29240, Hydroxyl groups from neighboring cellulose
sheets can catalyze and promote glycosidic C-O bond cleavage. Therefore, any
conformational advantages in making such hydrogen bonds for LCCs linked at the C3
position to the sugar is investigated by identifying all intra- and inter-moiety hydrogen
bonds made by cross-linked cellobiose in LCC. Their bond distances have been
calculated and reported in Table 2. It can be noticed that for LCC bonding at the C2 and
C6, 6 identical hydrogen bonds are identified with almost the same bond distances.
However, when the lignin dimer and cellobiose are bound at the C3 position, there are
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fewer number of hydrogen bonds with longer (weaker) bond distances. This small
difference in the hydrogen bonding made by cross-linked cellobiose between the three
bonding sites can potentially explain the difference in their activation energies (c.f. Figure
2). The availability of only weaker hydrogen bonds in the reaction site for cellobiose cross-
linked at C3, could lead to less favored TS for the three mechanisms without access to
hydrogen bonds to stabilize it. However, the difference in barriers between LCCs binding at
different positions is < 5 kcal/mol, indicating that the site of linking between cellobiose and
lignin does not have a highly significant role in cellulose decomposition. On the other hand,
the deviation in activation energy between the same mechanism in cellobiose and in LCC
are huge, indicating that LCC linkage plays a prominent role in cellulose
decomposition kinetics.

A.4.4 Molecule and system visualizations

Figure A.4.4 DFT calculated structures of model molecules (a) Cellobiose (cellulose dimer)

(b) Quinone methide intermediate (lignin dimer).
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Figure A.4.5 DFT calculated structures of Lignin-carbohydrate complex molecules (a) LCC-
C3 (b) LCC-C6 (c) LCC-C2
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