
ABSTRACT 

JAIN, ANKUSH. Comparing the Pyrolyses of D-Xylose, D-Arabinose, and L-Fucose.(Under the 

direction of Dr. Phillip R. Westmoreland). 

 

Pyrolysis products and kinetics were compared for pyran structures of arabinose, fucose, 

and xylose because of their small but potentially significant structural differences. We proposed 

that these differences would impact pericyclic pyrolysis and the resulting degradation products of 

these sugars. Hemicellulose biopolymers are made of these and other monosaccharides: D-

xylopyranose is the monomer for xylan, L-arabinofuranose branches off the xylan (β-D-

xylopyranosyl) backbone in arabinoxylan, and L-fucopyranose appears as a side group in 

xyloglucans. Each pyran carbon has two ring bonds and two side bonds, OH and H for C1, C2, 

C3, and C4. On the C5 carbon, D-xylose and D-arabinose both have two Hs, but the stereochemical 

positions of OHs on C2 and C3 are reversed. L-Fucose has matching OH stereochemistry to D-

arabinose, but it has a methyl group and an H on the C5 carbon.  

In the present study, pure D-arabinose and L-fucose were pyrolyzed in a CDS Pyroprobe 

at 250 and 350° C, and the gas/vapor product mixtures were analyzed in a two-dimensional gas 

chromatograph followed by a time-of-flight mass spectrometer (Leco, Pegasus 4D). The 

corresponding yields of various products were determined based on prior calibration of 30 different 

compounds and were compared with the yields from D-xylose. It was observed that the 

glycolaldehyde yields from D-arabinose and D-xylose were higher from that of L-fucose. On the 

other hand, acetaldehyde was the dominant product in L-fucose, irrespective of the pyrolysis 

temperature. Finally, first-order kinetics was applied to infer the activation energy of formation of 

different products from D-arabinose, L-fucose and D-xylose. 

Complementary quantum chemistry calculations are performed in Gaussian 16 to examine 

pathways from D-arabinose and L-fucose to glycolaldehyde compared to pathways from D-xylose 



proposed by Lu et al. (J. Anal. Appl. Pyrolysis, 2016). A TS-Berny optimization was employed to 

obtain various transition states, and IRC calculations were also performed to verify those transition 

states. The calculations were initially performed at UB3LYP level of theory using 6-311G+(d,p) 

basis sets. CBS-QB3 calculations were then performed to optimize the geometries and obtain 

energies more accurately for various structures. Finally, differences in free energy were plotted for 

various species in the reaction pathway to discern the differences among D-arabinose, D-xylose, 

and L-fucose mechanisms. 

This study opens a window to explore the gas/vapor product distribution of D-arabinose 

and L-fucose over the 250-350°C temperature range, which might be used for the yield comparison 

of different reaction-route investigations.  
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CHAPTER 1 : INTRODUCTION 

 

The chapter serves as a roadmap for readers to understand the flow of the work. First, it 

highlights the increased focus on using biomass for energy needs and the gap in the knowledge 

that needs to be filled. Following a brief description on the thermochemical conversion of biomass, 

the chapter emphasizes the importance of bio-oil, a pyrolysis product, as a potential source for 

specialty chemicals and fuels. Furthermore, the hemicelluloses are described that are composed of 

the monosaccharides considered in the study, and the stereochemical distinctions among them are 

examined. After a concise description of pericyclic reactions and transition state theory, the chapter 

concludes with a literature review focused on pyrolysis of hemicelluloses. 

 

1.1 Trends in renewable energy vs. fossil fuel  

Energy has been primarily derived from fossil fuels since the beginning of the Industrial 

Revolution. Coal was the first fossil fuel to be exploited for energy until the drilling of crude oil 

that began in 1859. Fossil fuels contribute about 80% of energy consumption in the US as reported 

by the US Energy Information Administration [1] ( Figure 1.1). To address the rising concerns 

over depletion of non-renewable sources and to take steps toward a “zero-carbon footprint” future, 

renewable sources are being explored for energy and chemicals. Renewable energy production and 

consumption hit a new high in 2018. The year recorded the highest contribution from biomass 

since 1950 [1]. About 45% of the share of renewable energy in US energy consumption came from 

biomass. However, even with these promising figures, the overall contribution of renewable 

sources was only about 11%. With more starting materials in the biomass domain compared to 
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other renewable sources, research work in biomass conversion can be a significant step in bridging 

the vast gap.  

 

 

Figure 1.1: Energy consumption chart by energy source [1]   

 

The number of starting materials in biomass opens new fields for exploration. Biomass 

includes resources as diverse as wood, agricultural crops, and municipal sewage waste. Formerly 

used only in heating applications, wood (densified form) has found applications in producing 

biofuels [2]. Agricultural crops like corn, wheat, and maize have been explored for production of 

bioethanol and soybean for biodiesel. Nevertheless, there is still a gap to be filled to employ 

renewable sources as fuels and chemicals. There is still a dearth of efficient biomass conversion 

technologies. The prime reason is the lack of understanding of the chemistry involved to bring 
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about the conversion. The complex molecular structure of the starting material necessitates 

research efforts to develop the reaction mechanism and hence a realistic kinetic model.   

1.2 Thermochemical conversion of biomass 

Going back about 4000 BCE in the past, people have been thermally treating biomass to 

meet his fuel requirements in the form of charcoal. Thermochemical conversion has been 

extensively used to meet fuel requirements. The various processes of thermochemical conversion 

of biomass are pyrolysis, torrefaction, and gasification. The chemical products of these processes 

are being extensively studied [3]–[5]. 

Pyrolysis converts biomass into three major products: bio-oil (liquid), char (solids), and 

gases. The specific products depend on the source of biomass, reaction temperature, and residence 

time. Higher-temperature pyrolysis (>400°C) yields more gaseous than liquid products. Depending 

on residence times, pyrolysis may be considered slow or fast, the latter yielding higher amounts of 

liquid products. Bio-oil can be the prime product of pyrolysis with yield as high as 75% (dry wood 

basis) from clean wood. A German company, Bioliq, combines pyrolysis and gasification 

processes to produce synthetic fuel [6].    

Torrefaction, a low-temperature pyrolysis process, is performed to produce solid biofuel 

with higher calorific value than the original biomass. It is performed in absence of oxygen at 250-

350°C with longer residence times than pyrolysis (from a few minutes to 3 hours [7]). The mass 

loss is about 20-30%, with 10% thermal energy loss in form of volatiles. The energy from volatiles 

is used in the process by recovering their heat. These volatiles are believed to evolve due to 

devolatilization and polycondensation of the hemicellulose fraction [8], leaving behind a charcoal-

like fuel with high calorific value Torrefied wood typically consists of 70% non-volatile matter  
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Gasification converts solid biomass into syngas in a reactor called a gasifier. The process 

is carried out at temperatures greater than 800°C in the presence of an oxidant. Researchers aim to 

produce gaseous products with yields as high as 98-99%. A typical downdraft gasifier consists of 

four zones: drying, pyrolysis, oxidation, and reduction  [9]. The volatile gases in the pyrolysis zone 

(CO, H2, and CH4) after oxidation then undergo reduction reactions, which eventually yield syngas 

(CO/H2). Syngas produced can not only be used as a potential fuel for heat and power generation, 

but it also can replace syngas obtained from non-renewable sources that is employed in ammonia 

and methanol production.  

The target states of the fuels obtained from torrefaction, pyrolysis, and gasification are 

solid, liquid, and gas, respectively. Among the products obtained from the three processes, bio-

oils have the greatest potential to replace petroleum as well as to be feedstocks for commodity and 

specialty chemicals. Bio-oils can be fractionated to produce anhydro sugars, resin precursors, 

acetic acid, furfural, 5-hydroxymethyl furfural (5-HMF), and phenolics. Levoglucosan, an anhydro 

sugar, has potential applications in producing biodegradable polymers. In the pharmaceutical 

industry, levoglucosan-based catalysts can be used to improve the stereoselectivity of products. 

Furfural is a potential organic solvent and finds applications in medicines, polymer and fuel 

additives.  It is also widely used to produce tetrahydrofuran (THF), a common organic solvent. 

Acetic acid is a precursor to producing chemicals like acetic anhydride, esters, and vinyl acetate 

monomer with wide applications in food and polymer industries. Bio-based 5-HMF is seen as a 

green alternative to formaldehyde in resins and adhesives. Moreover, solid product obtained at the 

end of the pyrolysis process has potential applications as biochar. However, we still lack efficient 

technologies for upgrading bio-oil. A better understanding of the pyrolysis process and its resulting 

product compositions is needed for maximum utilization of bio-oil.  
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1.3 Components of lignocellulosic biomass 

An understanding of the various components of biomass is crucial to understand the 

composition of bio-oils upon pyrolysis. Biomass constitutes of three primary components: 

cellulose, hemicellulose, and lignin. The pyrolysis of whole biomass involves an interaction 

between these components. The distribution of cellulose, hemicellulose, and lignin in biomass 

depends on the source as shown in Table 1.1. 

 

Table 1.1: Typical lignocellulose content in softwoods, hardwoods, and grasses [10] 

 Species 

Cellulose 

(%) 

Hemicellulose 

(%) 

Lignin 

(%) 

Softwoods 46-50 19-22 21-29 

Hardwoods 40-46 17-23 18-25 

Grasses 28-37 23-29 17-20 

 

 

Cellulose is a crystalline, linear polymer constituting of β-D-glucopyranose units 

connected by β(1→4) glycosidic linkage. Constituting the maximum fraction of any wood species 

(Table 1.1), it is one of the most abundant biomaterials on earth. There are 8 hydrogen bonds per 

unit of glucose in native cellulose. Aside from the crystalline form of cellulose, it also exists in 

amorphous form with lower degree of hydrogen bonding (5.3 per unit [11]). The crystallinity adds 

to the difficulty in bioconversion of cellulose. Pyrolysis studies have been conducted to understand 

the contribution of cellulose toward the product distribution obtained in biomass pyrolysis [12]–

[15]. Comparisons have been made by many researchers between glucose and cellulose pyrolysis 
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to understand the product distribution obtained [16], [17]. A brief account of the studies has been 

provided in Section 1.5. 

Lignin is a highly crosslinked structure formed by the phenolic "monolignol" structures p-

coumaryl, coniferyl and sinapyl alcohols. Lignin has strong aryl-aryl carbon linkages that add to 

the rigidity of the structure. The structure of lignin depends on wood species, which changes when 

pretreatment processes are employed. Phenolic compounds dominate the products obtained from 

lignin pyrolysis. Lignin carbonization, a high-temperature pyrolysis step, is extensively 

investigated to produce carbon fibers [18]. Hydrogen bonding exists between cellulose, 

hemicellulose, and lignin, where cellulose microfibrils act as fiber and hemicellulose and lignin 

act as the matrix. Aside from the hydrogen bonding, lignin is covalently bonded to cellulose and 

hemicelluloses forming a lignin-carbohydrate complex (LCC).  

Unlike cellulose, hemicelluloses are non-homogeneous, amorphous polysaccharides with 

lower degree of polymerization (100-200 sugar units per molecule) than cellulose, and different 

monosaccharides randomly connected to the backbone. Among hemicelluloses, xyloglucans have 

highly heterogeneous structure. Figure 1.2 encompasses all classes of hemicellulose, but the 

present discussion is restricted to hemicelluloses, which are composed of the monosaccharides 

included in the study. Three hemicellulose structures are shown as examples in Figure 1.3, where 

the common backbone and the varying side groups provide differentiation. 



   

7 

 

 

Figure 1.2: Classification of hemicellulose based on Zhou et al. (2017). [19] 

 

In order  to understand the stereochemical differences and the effect of a substituent at C5, 

the study is focused on the three monosaccharides: D-arabinose, D-xylose, and L-fucose.  These 

monosaccharides appear as units within the backbone or side groups in various hemicelluloses 

(Figure 1.3). The numbering of the individual atoms in the monosaccharides throughout the study 

is according to Figure 1.4. D-arabinose and D-xylose are diastereomers with different orientations 

of hydroxy groups on C2 and C3, while L-fucose has the same orientation of hydroxy groups as 

D-arabinose but substitutes a methyl at C5 of D-arabinose; these structural differences are 

illustrated in Figure 1.5. The pyranose form of these sugars is most thermodynamically stable. D-

sugars are more commonly found in polysaccharides compared to the "L" form. Arabinose appears 

in nature in its L-furanose form, and fucose is in L-pyranose form.  
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Figure 1.3: Glucuronoxylan, glucuronoarabinoxylan, and xyloglucan [20]. 

 

 

Figure 1.4: Numbering for the monosaccharides: L-fucopyranose as the template. 
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  D-xylopyranose            D-arabinopyranose                         L-fucopyranose 

Figure 1.5: Stereochemical and substituent differences in D-xylose, D-arabinose and L-fucose. 

 

D-xylose. Xylose is a prime component of xylans. All xylans are constructed by β(1→4) 

linkages to form a D-xylopyranose backbone. Homoxylans are xylans without the side groups 

attached to the xylose backbone. Heteroxylans are classified based on the monosaccharides 

attached to the backbone - glucuronoxylans, arabinoxylans, and arabinoglucuronoxylans. All the 

heteroxylans have an acetyl substitution on xylose backbone at C2 and C3 positions. 

Glucuronoxylans are the principal hemicelluloses found in hardwoods (15-30% of wood) with C4-

substituted glucuronopyranose (Fig, 1.4) attached to the backbone via an α(1→2) linkage.  

D-arabinose.  Arabinose appears in both arabinoxylans and arabinoglucuronoxylans in L-

furanose forms. The occurrence of arabinofuranose in xylans  involves conversion of  UDP-

arabinopyranose into UDP-arabinofuranose by UDP-arabinopyranose mutase, an enzyme  [20]. 

Thermal treatment of arabinose prefers the thermodynamically more stable configuration, 

arabinopyranose. Arabinoxylans are the principal hemicelluloses of wheat, rye, rice, and other 

cereal grains and have an α(1→3) L-arabinofuranose to the backbone. Arabinoxylans have lower 

degree of acetylation on the xylose backbone compared to glucuronoxylans. The C5 of arabinose 

is ester-linked to ferulic acid residues. These ferulate esters are believed to connect different 
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polysaccharide chains via ester bonds or connect the polysaccharides to lignin via oxidative 

coupling, forming a lignin-ferulate-polysaccharide (LFP) complex [21]–[23]. 

Arabinoglucuronoxylans / glucuronoarabinoxylan are constituted of arabinose and methylated 

glucuronic acid side groups (Figure 1.4) attached via α(1→3) and α(1→2) linkages respectively, 

with ferulic acid residues on arabinose. The ratio of arabinose to glucuronic acid residues depend 

on the species. D-arabinose also appears in arabinogalactans as a pendant monosaccharide on 

galactose backbone. 

L-fucose. L-fucose has been chosen in the study to understand the differences in the 

product distribution due to the substituent at C5. Also, L-fucose is stereochemically equivalent to 

L-galactose with a methyl substituent at C5 as opposed to CH2OH in L-galactose. L-fucose appears 

as a side group in the highly branched structure of xyloglucans (Figure 1.4). Xyloglucans are 

hemicelluloses with β(1→2) linked galactopyranose backbone, which are substituted at C6 by α-

D-xylopyranose (up to 75%).  

Due to the non-homogeneity in the structure of hemicellulose, the composition of bio-oil 

changes across wood species. Various studies suggest depolymerization of hemicellulose upon 

pyrolysis [19], [24], [25]. Thus, it is imperative to understand the product distribution obtained 

from the pyrolysis of monosaccharides that constitute these hemicelluloses. Secondly, the various 

substitutions in hemicelluloses change the pathway for formation of products. Acetylation on 

xylose units have proved a change in the pathway adopted for formation of glycolaldehyde, a prime 

pyrolysis product from pentoses [26]. The study aims to understand the differences due to 

substitution using combined experimental and simulation approaches.  
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1.4 Roles of pericyclic reactions and importance of transition state theory 

Pericyclic reactions are central to the present study. Thus, understanding their applicability 

in the monosaccharide system is important. In a system involving monosaccharides, the constituent 

atoms have s and/or p orbitals. There are three major pathways by which elementary reactions 

occur in such a system: Radical, ionic, and pericyclic reactions. In a pericyclic reaction, pairs of 

electrons reconfigure in a single, concerted step in a single cyclic transition state with no 

intermediates formed. An important requirement for pericyclic reactions is the orientation of the 

participating molecular orbitals. Radical and ionic reactions take place by homolytic and 

heterolytic scission, respectively. These reactions require higher activation energies than allowed 

pericyclic reactions. Though a pericyclic reaction has lower pre-exponential factor than radical or 

ionic reactions, it is compensated for by a lower activation energy compared to the latter classes 

of reactions. 

Three theories have rationalized pericyclic reactions, namely Fukui’s Frontier Molecular 

Orbital theory, Dewar and Zimmerman’s theory of Aromatic Transition States, and Woodward 

and Hoffmann’s Conservation of Orbital Symmetry. Frontier Molecular Orbital theory [27] is 

based on interactions between HOMO (Highest Occupied Molecular Orbital) and LUMO (Highest 

Occupied Molecular Orbital). It overlooks the contribution of other occupied and unoccupied 

molecular orbitals contributing to stabilizing electronic interactions [28] but surprisingly functions 

well for a good range of reactions. The theory of Aromatic States [29], [30] is predicated on the 

topology (Möbius or Hückel) of the transition state. It was found that the theory could not be 

applied to cheletropic reactions [31]. Woodward and Hoffmann’s theory [32] was the first to 

explain and predict the outcome of many reactions. Fundamentally, it uses correlation diagrams, 
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which can be time-consuming to map, but it gives more general rules that indicate thermal 

allowedness/disallowedness and stereochemistry.   

Pericyclic reactions can be sub-divided into unimolecular and bimolecular reactions. 

Unimolecular reactions are dominant in the gas phase and bimolecular reactions in the liquid 

phase. Bimolecular reactions require an effective collision between participating species, which 

are in high concentration in the liquid phase. The probability of such collisions is low in the gas 

phase.   The understanding is important for the present study to understand reactions taking place 

in the melt or gas phase. Electrocyclic, cycloreversion and sigmatropic reactions are unimolecular 

reactions. Cycloaddition, cheletropic and group transfer reaction are bimolecular reactions.  

Pericyclic reactions have been found to take place in saturated cyclic ethers [33], [34]. 

Computational studies on biomass pyrolysis have identified cyclic transition states for the 

formation of products [17], [26], [35]. This study employs Gaussian 16 tools to calculate the 

transition states of these pericyclic reactions. It is thus essential to understand the importance of 

Transition-State Theory. 

Transition-state theory (TST) was almost concomitantly formulated by Henry Eyring [36] 

and by M. Evans and M. Polanyi[37]. The theory states that an elementary reaction, A → B, goes 

through an activated state called the transition state. A transition state is a saddle point on a 

potential energy surface. It has the maximum energy along the reaction coordinate and minimum 

in all other orthogonal directions. A key feature about the transition state is that it has a single 

imaginary frequency; that is, at the saddle point, the Hessian should have only one negative 

eigenvalue. 

TST does not require a detailed information about the potential energy surface. It relates 

the molecular properties of the transition state with thermodynamic parameters as given by 
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Equation 1. The Gibbs free energy change ΔG‡ is the difference between the free energy of 

activation between the transition state (omitting the degree of freedom associated with the reaction 

coordinate) and the reactants.  

 

 𝑘 =
𝜅𝐵𝑇

ℎ
exp(−ΔG

‡
/𝑅𝑇)  (1) 

 

Experiments with systems involving series and parallel reactions provide a “lumped” yield. 

TST helps interpret obtained data in terms of molecular properties of the transition state [38]. TST 

has some underlying assumptions. TST ignores recrossing, tunneling, and non-adiabatic effects, 

which require more detailed description of the potential energy surface. Nevertheless, TST can 

satisfactorily provide qualitative explanations to even quite complicated reaction systems [39]. 

 

1.5 Observed results and limitations in previous studies 

Understanding the quantitative kinetics and selectivity of hemicellulose pyrolysis is the 

reason for studying pyrolysis of its monosaccharide monomers. A brief review of the literature on 

this subject reveals the need for this study. 

1.5.1 Contribution of hemicellulose in comprehensive biomass pyrolysis 

It is important to understand the product distribution from hemicellulose decomposition to 

understand the interplay of these products with species obtained from other fractions of biomass. 

Studies have revealed that there is an interplay among cellulose, hemicellulose, and lignin during 

pyrolysis [40]; hence the process is not simply additive [41]. Among the three components, lignin 

degrades over a very large range of temperature [42], [43], which sometimes coincides with the 
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range of cellulose. A previous study also revealed enhanced formation of glycolaldehyde and 

hydroxyacetone from the cellulose fraction in the presence of lignin [44].  

 

 

Figure 1.6: Degradation temperature range of biomass components[45] 

 

Hemicelluloses have low thermal stability compared to the other major components, 

cellulose and lignin (Figure 1.6) [46]–[48]. Thus, degradation of biomass starts with the 

degradation of this component. The structure of hemicellulose is different for every wood variety. 

The type of wood and species govern the degradation of hemicellulose. In a study on biomass 

pyrolysis, it was found that hardwood hemicellulose degraded over a longer temperature range and 

softwood over a narrower range [49]. Among the products formed, CO2 and CO resulted from the 

degradation of hemicellulose and extractives in the initial phase of cellulose degradation [14], [49]. 

In research aimed at producing hydrogen from pyrolysis, it was found that biomass with higher 

hemicellulose content produced more hydrogen [50], [51]. The result suggests that primary 

hemicellulose pyrolysis compounds convert into non-condensable gases. The studies did not detect 

the intermediate condensable gases from the hemicellulose fraction.  
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1.5.2 Kinetic models for biomass pyrolysis 

Various kinetic studies have been performed by scientists in the community to understand 

kinetic pathways of biomass pyrolysis. Thermogravimetry was initially used to understand the 

thermal degradation of biomass. Early work in the field developed lumped reaction models where 

products were lumped into three categories: char, gas, and tar. Even though these models are 

helpful in designing a reactor for fast pyrolysis [40], they are not useful to determining optimal 

reaction conditions for enhanced yields and improved selectivity of specific products [52]. Multi-

component kinetic models have been developed by many researchers with an underlying 

assumption that there is no interaction between biomass components. Information about products 

obtained from such studies can be used to understand the interplay between components upon 

comprehensive biomass pyrolysis. There still exists a lack of agreement in the biomass community 

on the approach of studies aimed at developing kinetic models.    

Kinetic models can be categorized into three categories: single-step multiple reactions, 

models describing the thermal degradation as a first-order irreversible reaction, and two-step 

reaction model (primary and secondary reactions) [53]. Broido and Nelson [54] first proposed 

cellulose pyrolysis as a single-step multiple reaction model (Figure 1.6). Shafizadeh  et al. [50, 51] 

were the first to propose cellulose depolymerization to anhydro form via three single step reactions 

forming char, gases, and tar. Also called the Broido-Shafizadeh (B-S) model, it did not include 

any secondary reactions of pyrolysis. Later models aimed at studying cellulose pyrolysis proposed 

a global activation energy [57], which helped analyze multiple step reactions [53, 54]. 

Nevertheless, the models were unable to provide evidence for any secondary reactions. Some 

prevalent models were then modified to understand the secondary reactions that occur during 

pyrolysis. The Shafizadeh and Chin (S-C) [60] model, a modified version of the B-S model, 
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showed that upon primary conversion of biomass to bio-oil, char and volatile gases, a secondary 

conversion of bio-oil into char and gases takes place (Figure 1.7). Koufopanos and Papayannakos 

[61] supported the claim for existence of a secondary reaction and studied the effects of heat 

transfer on pyrolysis. Dufour et al. [62], in their study of intra-particle biomass pyrolysis, explored 

the effects of intraparticle mass transfer. They were the first to simulate the secondary conversion 

of tar within a particle.  

Emphasis on products derived from the biomass components has helped researchers 

develop reaction models. The thermal degradation of cellulose [59–61] and lignin [62, 63] have 

been studied more extensively than hemicellulose. Di Blasi and Lanzetta (1997) [69] showed that 

in addition to a primary conversion of xylan to volatiles, a secondary decomposition into volatiles 

and char was found via an intermediate. Prins et al. (2006) [70] extended the study for low-

temperature pyrolysis and determined kinetic parameters for the proposed model. Bates and 

Ghoniem (2013) [71] used the same model as Prins et al. and determined the reaction enthalpies. 

Ranzi et al. (2017) [63] corroborated the formation of products through intermediates and 

identified constituent compounds of volatile tars (Figure 1.6). The study uses both softwood and 

hardwood hemicelluloses, which helps rationalize major product distinctions like abundance of 

acetic acid in hardwoods and higher volatiles from softwood. Pre-exponential factors and 

activation energies were computed for each step in the reaction network. A review of other models 

on individual component studies can be found in [5]. 
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Broido-Nelson (B-N) model (1975): Single-step multiple-reaction model [54] 

 

 
 

Shafizadeh-Chin (S-C) model (1977): Secondary reaction of tar to volatiles and char [60] 

 

 
 

Ranzi et al. (2017): Mathematical modeling of hemicellulose pyrolysis [63] 

 

Figure 1.7: Evolution of pyrolysis models from lumped product models (B-N and S-C models) to 

more detailed reaction models (Ranzi et al. model). 

 

 

1.5.3 Product distribution from pyrolysis studies 

The type of reactor, reaction temperature, amount of sample, and residence time play key 

roles in the product distribution obtained from experiments. Because it is challenging to obtain  

hemicellulose in its native state, researchers have extracted hemicellulose to perform the study of 

pyrolysis. Shafizadeh et al. pyrolyzed xylan that had been extracted from cottonwood at 300°C, 

where GMSW: Softwood hemicellulose polymer 

and XYHW: Hardwood hemicellulose polymer 
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reporting a yield of 31% char with 46% condensables and 8% gases [68, 69]. Aho et al. conducted 

pyrolysis of galactoglucomannans in a fluidized-bed reactor at 460°C and reported yields as gas 

chromatogram area percent [74]. Among the top products reported were acetic acid, 2-

furanmethanol, levoglucosan, acetol, catechol and furfural. They attributed the higher proportion 

of acetic acid to O-acetyl groups on the backbone of glucomannans. Wang et al. pyrolyzed DMSO 

extracted hemicellulose from corn stalk and rice straw using a CDS 5200® Pyroprobe micro-

pyrolyzer at 550°C for 10 seconds with GC/MS analysis [24]. Among the low-molecular-weight 

compounds, hydroxy acetone was detected as the most abundant compound with relatively very 

low yields of glycolaldehyde (1-2%). Furfural yield was as high as 37% from corn stalk 

hemicellulose and 26% from rice straw with GC/MS analysis. The sugars detected in the GC/MS 

led Wang et al. to hypothesize xylose and arabinose as neutral sugars produced from pyrolysis. In 

another study, Wang et al. pyrolyzed hemicelluloses from two softwoods (glucomannans and 

arabinoglucuronoxylan) and hardwoods (primarily glucuronoxylan) and reported the abundance 

of five-carbon compounds from pyrolysis of hardwood hemicelluloses and six-carbon compounds 

from softwoods [75]. The trend observed by Wang et al. [24] was not observed in the work of 

Zhang et al. [15] on pyrolysis of corn-stover-derived  hemicellulose conducted in a single-shot 

micro-pyrolyzer at 500°C. Glycolaldehyde yield as high as 13% was observed in contrast to 1.2% 

of hydroxy acetone and 2% of furfural. This difference could be because of the difference in the 

extraction methods for the hemicelluloses or the difference in composition of constituent 

monosaccharides.  In addition, they found high yields of dianhydroxylopyranose (DAXP). Due to 

difficulty in compound identification, multiple compounds have been reported with names "other 

DAXP" [76]. These studies have provided good insights into the products from hemicelluloses but 

did not establish a reaction network for the major products obtained. Another study from the same 
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group (Patwardhan [77]) involved pyrolysis of switchgrass hemicellulose in the same reactor at 

500°C, identifying 16 pyrolysis products. The experiment produced a high yield of formic acid 

and carbon dioxide with low amounts of 2-methyl furan and no results on glycolaldehyde. 

 

1.5.4 Products from monosaccharide pyrolysis 

Studies aimed at elucidating the reaction pathway of major products have been geared 

toward the use of constituent monosaccharides of native hemicelluloses. Constituent 

monosaccharides like glucose, mannose in glucomannans and xylose, arabinose, and 4-O-methyl 

glucuronic acid in xylans were pyrolyzed in various studies to understand the contributions of 

constituent monosaccharides toward hemicellulose pyrolysis. [17], [26], [35]. Experiments 

conducted by Räisänen et al [78] on pyrolysis of arabinose, xylose, and mannose using a CDS 

Pyroprobe at 500°C  clearly showed the difference between products obtained from hexoses and 

pentoses. 5-hydroxymethyl furfural (5-HMF) was only observed from mannose (a hexose). This 

study was also the first to have reported results on arabinose pyrolysis, though the yields were not 

determined for the products. Between the two monosaccharides glucose and mannose, mannose 

produced more 5-HMF and furfural than glucose due to added pathways from epimerization at C2 

[79]. Glucose was extensively studied by various groups to understand cellulose pyrolysis with a 

prime goal to understand formation of levoglucosan [17], [76], [80], [81]. In studies involving 

monosaccharide pyrolysis, both experiments and computations showed higher degree of 

interconversion between the anomeric forms α and β with increasing temperature [35], [72]. Ring 

opening appears the first of the steps that takes place in the process of pyrolysis of many 

monosaccharides.  
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1.5.5 Formation of glycolaldehyde 

Glycolaldehyde has been found as one of the most abundant two-carbon compounds in 

hemicellulose pyrolysis [82], [83]. The yields of glycolaldehyde varied greatly with the type of 

hemicellulose and extraction methods [15], [24]. There have been various established theories 

regarding the probable sites on glucopyranose ring in a cellulose chain for formation of 

glycolaldehyde [12], [80], [84]. The pathways leading to formation of glycolaldehyde from 

hemicellulose have been investigated recently. Branca et al. detected glycolaldehyde in their 

experiments on pyrolysis of glucomannans but did not investigate the reaction mechanism [83]. 

Shen et al. conducted experiments on beechwood-derived glucuronoxylan [82]. They suggested 

the formation of glycolaldehyde could occur from the C1-C2 site of the xylose unit through 

formation of  1,4-anhydroxylopyranose (ADX). Experiments conducted by Hu et al. on xylose, 

xylobiose, and xylan indicated xylose and xylobiose to be the prime precursors for glycolaldehyde 

formation with very low yields from xylan [85]. They supported the claim that ADX was a key 

intermediate in glycolaldehyde formation, but the identification of the compound was incorrectly 

made. The product identified was anhydroxylofuranose rather than ADX.  

There have been various computational studies in recent years that show the abundance of 

glycolaldehyde from xylose pyrolysis [23, 81–83]. Lu et al. proposed glycolaldehyde formation 

from xylopyranose at C1-C2, resulting from cleavage of the C2-C3 bond via retro-aldol reaction 

with successive tautomerization of ethenediol to glycolaldehyde at C1-C2. They also suggested 

formation at C3-C4 via species fragment from the aforementioned route, and C4-C5 via 

dehydrations and isomerization [26]. The latter was believed to be competitive with furfural 

formation [88], [89]. Studies on formation of glycolaldehyde from O-acetyl-xylopyranose 

suggested formation at C4-C5 to be dominant [26], [90].  Besides the C1-C2 and C4-C5 formation 
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[85], Zhou et al. also suggested the formation at C3-C4 [76] that has been established in other 

carbohydrate pyrolysis studies [9, 14].  
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CHAPTER 2 : EXPERIMENTAL METHOD 

 

This chapter encompasses the source of the monosaccharides used, the instruments 

employed for performing pyrolysis and analysis of product gases, and a detailed description of the 

experimental methodology adopted. The choices for various parameters like the weight of the 

sample, particle size and temperature ramp during pyrolysis will be explained in this chapter. 

Furthermore, after a brief description of the various calculations performed, the results obtained 

from the experiments with an interpretation of the findings have been recorded. 

 

2.1. Materials 

D-Arabinose (CAS: 28697-53-2) was purchased from Fisher Scientific; D-xylose (CAS: 

58-86-6), 99% was purchased from Sigma Aldrich; 97% pure L-fucose (CAS: 2438-80-4) was 

purchased from Acros. For the pyrolysis, monosaccharide particles with a size of less than 50μm 

were obtained using a sieve and placed in quartz tubes, 25mm long with 1.9mm inner diameter, 

which were inserted in the Pyroprobe (Figure 2.1). Quartz wool was used to block the upstream 

end of the tube. 

 

 

Figure 2.1: Probe with platinum coil holding the sample in quartz tube 
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Clean stainless-steel tweezers were used to introduce samples into the tubes.    Methylene 

chloride (Fisher Scientific, HPLC grade) was used as a solvent to clean the beakers, spatula, and 

tweezers. The list of calibration compounds can be found in Appendix A.1. 

 

2.1.1 Weighing machine and its difficulties due to static electricity 

The weight of the sample is very small – on the order 0.3-0.5 mg. As noted in a previous 

paper by Patwardhan et al. [91], mass transfer resistance is pronounced in masses greater than 0.5 

mg. Thus, fluctuation in weighing the sample may lead to differences in product distribution 

obtained from each run. One of the major contributions to these fluctuations is the static in the 

sample. Static has been observed in the monosaccharide sample. An anti-static gun was used on 

the sample after it was introduced in the tube. Another reason for fluctuations is the hygroscopic 

nature of sugars. Nevertheless, the yield of products was calculated at five points from m-0.02 to 

m+0.02 to account for the discrepancy, where ‘m’ is the recorded weight in milligrams. 

 

2.1.2 Vacuum drying of samples and why it is important 

A vacuum drying assembly was set up as shown in Figure 2.2. The sample was placed 

inside the dessicator under vacuum. The samples were vacuum-dried at 105°C for 30 minutes. 

This treatment reduced the residual moisture content and mass transfer resistance of the sample. It 

also helped reduce the static build-up in the sample. 
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Figure 2.2: Desiccator under vacuum, placed in the oven. 

 

2.2. Pyroprobe 5200 

The Pyroprobe 5200 (CDS Analytical LLC) was used to pyrolyze monosaccharide samples 

(Figure 2.3). Product gases evolved from pyrolysis are sent through tubing to the GCxGC/ToF-

MS system for analysis. Experiments can be carried out at temperatures as high as 1400°C and 

temperature ramps as high as 1000°C/min.   

 

 

Figure 2.3: CDS Pyroprobe 5200. 
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The pyroprobe consists of a metal tube that has a platinum coil at its end (Fig. 2.1). The 

coil holds a quartz tube containing the sample and heats the sample uniformly at a desired 

temperature or a ramped increase. A 7mm open-sided space at the end of the probe serves as an 

interface for purge gas and GC carrier gas to flow over the sample. There are two important valves 

in the pyroprobe assembly: the standard rotor valve and the 8-port valve. The standard rotor valve 

is used to switch between GC and trap mode. The GC mode was used in the experiments 

performed. The 8-port valve switches between the Rest and Run modes of the pyroprobe. The 

schematic can be found in Appendix A. The valves govern the flow of the gases and by large the 

operation of Pyroprobe in the modes. The Pyroprobe is connected to the GCxGC/ToF-MS 

assembly through a transfer line. The transfer line ends into a needle that injects the product gases 

from the pyroprobe into the GC.   

Besides the default set-up, a bubbler was attached at the mouth of the argon vent as a flow 

indicator to ensure that argon flowed through the system (see Figure 2.4).  

 

 

Figure 2.4: Bubbler assembly to check on argon flow. 
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2.2.1 Selection of Mass, Size, and Ramp Temperature 

There are certain reaction conditions that must be met so the results are reliable for kinetic 

study. These prerequisites have also been described by Maduskar et al., who generalized these 

criteria for whole biomass [92]. Though the conditions have been chosen for temperatures ≥400°C, 

they are crucial to performing a kinetic study of pyrolysis at any temperature. 

First, the sample size must be as small as possible to eliminate mass transfer limitations 

impacting on the product distribution.  It was found that the mass transfer limitation was 

pronounced at masses greater than 0.5 mg [91]. In the experiments conducted, about 0.3-0.4 mg 

sample was introduced in the pyroprobe tube. Secondly, the particle size must be between 10-

50μm to eliminate diffusion and heat transfer limitations [92], [93]. Monosaccharide particles of 

size less than 50μm were used for pyrolysis. Finally, the ramp to reach the desired pyrolysis 

temperature must be as high as possible. This choice is meant to minimize conversion of raw 

material into products during the ramp cycle. The temperature ramp in the experiments was 

20°C/ms. 

 

2.2.2 Loading the Sample 

A quartz tube was plugged with quartz wool at one end and then weighed. Monosaccharide 

sample weighing 0.3-0.4 mg was weighed on a weighing paper and inserted in the quartz tube 

using a pair of tweezers. An antistatic gun was used to settle the monosaccharide particles stuck 

on the tube walls on the quartz wool. The rest of the material was placed back in vacuum to avoid 

build-up of static. The quartz tube containing the sample was placed in the pyroprobe where argon 

gas then displaces the ambient air to maintain inertness. The pyroprobe operation was then 

triggered using the software. As per the internal mechanism of the pyroprobe, helium displaces 
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argon when the temperature ramp of the pyroprobe began. Helium carries the products gas into the 

GCxGC/MS system. The pyroprobe was then maintained at the reaction temperature for 60 

seconds. After the reaction, the pyroprobe cooled by natural convection. The tube was weighed 

after the process was completed. The procedure was followed for 250°C and 350°C reaction 

temperatures. Three runs were performed for each of these temperatures.  

 

2.2.3 Setting up Pyrolysis Method 

The initial temperature was set to 105°C for the pyroprobe. This ensure convective drying 

of the sample by flowing argon in the Rest mode.  The temperature ramp was maintained at 

20°C/ms for all the experiments, and then the sample was held at the reaction temperature for 1 

minute. The interface was maintained at 150°C and 300°C for 2 minutes at reaction temperatures 

250°C and 350°C, respectively. The transfer line and the valve oven temperatures were maintained 

at 200°C for 250°C reaction temperature for pyrolysis. For 350°C reaction temperature, the 

transfer line temperature and the valve oven temperature were held at 250°C. 

 

2.2.4 Maintenance and cleaning 

First, the platinum coil needs to be monitored before placing the sample. The coil needs to 

be uniformly distributed over the tube for uniform heating. The coils can be adjusted manually but 

care must be taken, as it is delicate. Secondly, there are chances of sensor failures that may lead to 

heating at temperatures above or below the reaction temperature. This issue can be checked by the 

visual appearance of the char and more accurately by the product distribution obtained from the 

experiment. In such an event, the probe must be replaced. Furthermore, it is important to check if 

the 8-port valve is functioning smoothly. It is the only programmed moving part of the pyroprobe 
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that switches between run and rest mode of the pyroprobe. The functioning can be checked by 

monitoring the pressure at the front inlet when it switches from rest to run mode. The valve must 

be replaced once every year to ensure smooth functioning of the pyroprobe.    

 

2.3. GC x GC/ToFMS 

The Pegasus 4D (Leco) uses two-dimensional comprehensive Gas Chromatography/Time-

of-Flight Mass Spectrometry, which improves this separation by the addition of another column 

in series. The advantage is that it maintains the first dimension of chromatography and extends it 

with the second dimension of chromatography. Products from the secondary column enter the 

Time-of-Flight Mass Spectrometer. A diagram of the analytical assembly is shown in the Figure 

2.5. 

 

 

Figure 2.5: GCxGC/ToF-MS diagram. 
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In the experiments performed, argon (from Airgas) was the purge gas, and helium (from 

Airgas) was the GC carrier gas used. The choice was made considering some important factors. 

First,  argon can be easily detected by a mass spectrometer with the lowest detected mass-to-charge 

ratio being 20 Da e-1. The lowest fraction for helium is about 5Da e-1, which escapes the mass 

spectrometer employed in the experiments. Thus, it will be easier to detect any amount of argon 

(helpful for troubleshooting) trapped during the switching from Rest to Run mode. Secondly, GC-

grade helium is expensive compared to highly pure argon (99.998%).  

The split ratio used for the experiments was 50:1. The primary column used was a 30 m x 

0.25mm ID x 0.25μm Restek RTX®️-200,  which has a strong affinity for molecules with lone 

pairs of electrons. The column works well for pyrolysis products, as they are oxygenated 

compounds. The secondary column used was a 2m x 0.15 mm ID x 0.15 μm  Stabilwax column. 

The primary column is longer than the secondary, and thus the retention times for this column 

were higher than those in the secondary column (see Figure 2.6).  

Temperatures must be maintained in both the columns to bring about the separations. A 

thermal modulator that connects the two columns cryofocuses cuts of product gases from the 

primary column into the secondary column. The cuts were frozen by liquid nitrogen (22 psi, 

Airgas) for about 0.3-2 sec. The cut was mimicked as a pulse into the secondary column when 

high-pressure nitrogen gas (235 psi, Airgas) vaporized the cut. A GC method was set up in the 

unit's ChromaTOF software (Leco).  

 



   

30 

 

 

Figure 2.6: Chromatogram obtained from an Arabinose-350°C run. Retention time in the primary 

column was higher than that in the secondary column owing to the difference in lengths. 

 

The time-of-flight mass spectrometer (ToF-MS) was used for identification of product 

molecules by electron-impact ionization. The calibration compound used in the mass spectrometer 

is perfluorotributyl amine (PFTBA). The MS and GC assembly were connected by a transfer line. 

The ToF-MS was operated at 70 eV ionizing energy for all the experiments with 100Hz acquisition 

rate and 1600V detector voltage. The times of flight for different compounds were detected by the 

detector and correspond to the mass-to-charge ratios of the species.   

The peaks of the different compounds obtained in the chromatogram were identified by the 

mass spectrometer by comparing with the NIST library spectra. The similarity index is the measure 

of the match of experimental spectra of a specific compounds to its library spectra. The number 
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1000 represent an exact match, and peak areas of compounds with similarity index greater than 

700 were used in yield calculations. 

 

2.3.1 Temperature program for pyrolysis (GC Method) 

A GC method was followed for pyrolysis at the two reaction temperatures. The split ratio 

was fixed at 50:1. Helium flowrate was kept at 1.5ml/min for all the runs. The GC took 74 minutes 

to achieve desired temperatures in different zones. The primary oven temperature was initially 

held at 30°C for 20 min, ramped at 5°C/min to 230°C and held at 230°C for 15 min. The secondary 

oven temperature was initially held at 50°C for 8 min, ramped at 5°C/min to 230°C and held at 

230°C for 30 min. The modulator temperature was initially held at 70°C for 8 min, ramped at 

5°C/min to 250°C and held at 250°C for 30 min. Time between two stages of cooling was set to 

1.5 sec. The hot pulse time was fixed to 3.5 sec and the modulation period was 10 sec. The MS 

transfer line temperature was 240°C. The ion source temperature was maintained at 240°C. 

 

2.3.2 Clean-up Runs 

A clean-up run was performed after each run. It was an empty run, i.e. performed without 

the sample inside the pyroprobe, to detect the compounds trapped/adsorbed in the lines of the 

pyroprobe and the GC columns. The pyrolysis method was set following the steps in Section 2.2.3 

but without the sample in the pyroprobe. A GC method as follows was followed to perform the 

clean-up run: total run time for clean-up run was 23 min; front inlet temperature was maintained 

at 340°C for the entire run; primary oven temperature was initially held at 30°C for 0.5 min, 

ramped at 15°C/min to 225°C and held at 230°C for 10 min; secondary oven temperature was 

initially held at 50°C for 0.25 min, ramped at 15°C/min to 230°C and held at 230°C for 10 min; 
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and modulator temperature was initially held at 70°C for 0.25 min, then ramped at 15°C/min to 

250°C and held at 250°C for 30 min. The other parameters for the modulator were kept constant.    

 

2.3.3 Daily Optimization and other Maintenance 

Daily optimization was performed before starting experiments for the day to check the 

functioning of the GCxGC/MS system. The results from daily optimization are important with 

respect to troubleshooting. The leak check is especially important to detect any air or water in the 

system. Because the columns are polar, there are high chances of water being adsorbed on the 

inner linings. The water may be a byproduct from previous runs or that accumulated over time on 

standing. Thus, it is recommended to perform multiple clean-up runs before and after the 

experiments. The failure of tune check is an indication of empty calibration vial in the mass 

spectrometer.  

 

2.4. Calibration technique 

The calibration factors for the major compounds in pyrolysis were taken from the data 

generated previously in the group. The calibration factors of 41 compounds that appear in pyrolysis 

were used to compute yields. The electron energy, detector voltage, ion source temperature and 

the column combination were the same as used in the experiments. The helium flowrate was 

maintained at 1.5 ml/min. A pure pyrolysis product at 4 known concentrations was injected into 

the GCxGC/MS system. The peak area (in μcoulombs) was plotted against the concentration of 

the compound (in μmol). Upon linear regression, the slope of the straight line thus obtained was 

the calibration factor (in μC/μmol) for the compound. For compounds that are not commercially 
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available, difficult to synthesize in a lab, and/or are not stable in the calibration mixture, a machine-

learning algorithm is being developed in the group.  

 

2.5. Statistical analysis for the yield and activation energy calculation 

Yield calculation. Yield in the experiments was expressed as a mass percentage (w%). It 

was defined as the percentage conversion of the initial amount of the reactant to the product as 

shown in equation 2.1. 

 

𝑌𝑖𝑒𝑙𝑑% = 
PeakArea×weightofproductformed×molecularweightoftheproduct 

Calibrationfactor×Initialweightofreactant
× 100   (2.1) 

 

where, the peak area was expressed in picocoulombs,  molecular weight in g/mol, calibration factor 

in picocoulombs/mol, and the weight of reactant and product in g.  

Activation energy and pre-exponential factor calculation. The apparent activation 

energy (Ea) and pre-exponential factors (A) were obtained using the Arrhenius equation (2.2) that 

led to formation of a product. MATLAB®️ tools were used to perform curve fitting. Considering 

that reactions are first-order unimolecular reactions, the integrated expression (Equation 2.3) was 

used to obtain the pre-exponential factor and the activation energy from the yields.  

 

𝑘 = 𝐴 ∙ exp (−
𝐸𝑎

𝑅𝑇
) (2.2) 

 

 

ln (𝑙𝑛 (
1

1−𝑌
)) = ln(𝐴 ∙ 𝑡) −

𝐸𝑎

𝑅𝑇
 (2.3) 
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where Y is the yield of products in weight percent and t is the residence time in seconds. Because 

this is a complex reaction system, the parameters are rather lumped. These parameters help to 

gauge the abundance of a specific product in a product distribution and, by extension, in 

winnowing the differences  and similarities in the pyrolyses. 

Data Processing. The amount of sample and various other experimental errors can 

introduce significant deviations in the yields of the compounds. Thus, it is imperative to include 

known errors to approach more realistic yields.  A MATLAB®️ code was developed to incorporate 

the errors. The errors included are as described below. 

Mass and Calibration factor errors. The experiments were performed with very small 

quantities of monosaccharide samples (0.3-0.5 mg) to conduct a neat study of kinetics, 

unhampered by mass or heat transfer limitations. The sensitivity of the weighing scale was very 

crucial, as a deviation of 0.01 mg can affect the absolute yield values of the pyrolysis products. As 

per observations during experiments, mass deviations of ±0.02 mg were introduced to the initial 

weight for the samples to compute the yields. Yields were calculated at five masses at 0.01 mg 

intervals. In the calculation of calibration factors, the linear regression added errors, thus the 

analysis of data requires the incorporation of the deviations. 
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CHAPTER 3 : EXPERIMENTAL RESULTS AND DISCUSSION 

 

The chapter encompasses the various observations made during experiments, primarily on 

D-xylose, D-arabinose and L-fucose. First, the yields of products were calculated for the pyrolyses. 

The kinetic parameters then calculated were compared with the trends in yields of the specific 

products. Thereafter, deductions based on the observed relationships were noted.  

 

3.1. Results 

The product distribution from the pyrolysis of D-arabinose and L-fucose clearly 

emphasized the difference in substitution at C-5. D-Xylose and D-arabinose have differences in 

the orientation of hydroxyls at C-2 and C-3. The results from D-xylose pyrolysis previously 

performed in the group were incorporated in the study to understand how these stereochemical 

differences impact the product distribution. 

The experiments were performed at 250°C to 350°C with at least three repetitions. The 

yields of the products did not differ significantly. Thus, product distribution free from heat and 

mass transfer limitations could be obtained. Yields when computed with mass errors showed a 

reduction in standard deviation compared to the case when the error was not introduced. The values 

thus computed reflect more realistic behavior with smaller deviations. The calibration factor error 

introduced in the calculation did not significantly change the yield at the different masses. The 

change in values was observed at the 10th decimal place.  
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3.1.1 Comparison of yields from D-xylose, D-arabinose and L-fucose 

Water, carbon monoxide, and carbon dioxide were identified by the mass spectrometer. 

However, the yields were not quantified for these species. Water was a dominant product obtained 

from the pyrolysis of the three monosaccharides. Elemental analysis on char was not performed 

due to very small sample size. 

D-Arabinose versus L-fucose. D-Arabinose and L-fucose, which differ only at C-5, 

showed discernible differences in product distributions (Figure 3.1). Experiments showed very 

low overall conversion for fucose into identified products compared to that of arabinose. Also, 

droplets were visible in L-fucose samples after pyrolysis. At 250°C, only eight products of L-

fucose pyrolysis were detected. The yield values of products at 250 and 350°C for all the products 

in both the monosaccharides are detailed in Table 3.1 in Appendix A. These species can be seen 

by comparing the chromatograms obtained from the pyrolyses as shown in Figure 3.2. 

Figure 3.1 shows the product distribution obtained from arabinose and fucose pyrolysis at 

350°C. The yields of products at 250°C and 350°C for all the products in both the monosaccharides 

can be referred from Appendix A. The overall yield of the two-carbon species was the maximum 

for both arabinose and fucose pyrolysis. The yields increased for most products with increase in 

temperature.  
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Figure 3.1: Pyrolysis products from D-arabinose and L-fucose at 350°C. Glycolaldehyde was not 

included in the graph as its yield in arabinose masked the products from fucose pyrolysis. 

 

In the product distributions for these two monosaccharides, major products in one 

distribution were minor products in the other (Table 3.1). Glycolaldehyde and water were the 

dominant products obtained from arabinose pyrolysis. However, fucose pyrolysis yielded 

negligible amount of glycolaldehyde, instead making acetaldehyde as the major product. 

Formaldehyde was the second major product obtained from fucose. 2,3-Butanedione was among 

the third most abundant product in fucose, whereas the yield in arabinose was negligible compared 

to its most abundant product, glycolaldehyde. The amount of 2,3-butanedione formed in arabinose 

pyrolysis relative to glycolaldehyde was only 1.5%, compared to 17.5% for 2,3-butanedione to 

acetaldehyde in fucose. This also true for the next most abundant species in fucose, 

hydroxyacetone and 5-methyl furfural. Dihydroxy acetone and furfural, among the major product 

from arabinose pyrolysis, were formed in trace amounts in fucose compared to the major products 
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from the respective pyrolyses. Interestingly, some major products formed in arabinose pyrolysis 

were not detected in that of fucose. Among these products are acetic acid and formic acid. Besides, 

some aromatic compounds like hydroquinone, phenol, and catechol were detected in arabinose 

pyrolysis at 350°C, which were not detected in fucose experiments. Some products, though very 

low yields, were detected only at 350°C from L-fucose pyrolysis. Among them were acetone, 

dihydroxy acetone, methanol, and furfural.  

Fucose, a hexose, differs from other hexoses like glucose and mannose. 5-Hydroxymethyl 

was not detected in L-fucose pyrolysis and was obtained in trace amounts from D-arabinose and 

D-xylose pyrolyses. About 5% of 5-HMF was detected in the fast pyrolysis of glucose conducted 

by Zhou et al. [81]. They also obtained a yield of about 5% for glycolaldehyde which was only 

about 0.03% from L-fucose pyrolysis at 350°C. Contrary to the studies on hexoses, yield of 5-

methyl furfural was the highest amongst all the furan compounds detected in L-fucose pyrolysis 

with a 20-fold increase in yield from 250°C to 350°C. Glucose pyrolysis studies have recorded 

higher yields for furfural and 5-HMF than other furan compounds [81], [91]. 

Among the low-yield species with a drop in yield were hydroquinone and isopropanol in 

arabinose, and ethanol in fucose.  
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Figure 3.2: Chromatograms for fucose and arabinose pyrolysis at 350°C. 
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Table 3.1: Yield (w/w %) of products from pyrolysis of the monosaccharides at 350°C. 

Compound D-arabinose L-fucose D-xylose 

Glycolaldehyde 42.32 ± 11.56 0.03 ± 0.00 28.88 ± 2.14 

1,3-Dihydroxy acetone 3.05 ± 0.59 0.01 ± 0.00 1.42 ± 0.19 

Acetic acid 2.34 ± 0.71 ND 0.12 ± 0.07 

Formic acid 11.96 ± 0.56 ND ND 

Furfural 1.76 ± 0.96 0 1.94 ± 0.06 

Formaldehyde 1.01 ± 0.13 0.79 ± 0.14 6.21 ± 1.34 

Methanol 0.90 ± 0.55 0.01 ± 0.00 0.05 ± 0.01 

2,3-Butandione 0.67 ± 0.29 0.43 ± 0.09 0.34 ± 0.06 

Acetol 0.54 ± 0.33 0.31 ± 0.13 0.13 ± 0.04 

Acetone 0.23 ± 0.15 0.02 ± 0.01 0.36 ± 0.03 

Acetaldehyde 0.20 ± 0.03 2.46 ± 0.29 0.29 ± 0.05 

2-Furanmethanol 0.18 ± 0.11 0 0.12 ± 0.11 

2-Butanone 0.09 ± 0.06 0.01 ± 0.01 0.17 ± 0.03 

5-hydroxymethyl 

furfural 
0.04 ± 0.03 ND 0.05 ± 0.02 

Acetoin 0.02 ± 0.00 ND 0.01 ± 0.00 

Catechol 0.02 ± 0.00 ND ND 

5-Methyl furfural 0.01 ± 0.01 0.06 ± 0.02 0 

Ethanol 0.01 ± 0.01 0 0 

2-furancarboxylic acid 0.01 ± 0.00 ND ND 

Hydroquinone 0.01 ± 0.00 0 ND 

Phenol 0 ND 0 

Isopropanol 0 0.01 ± 0.00 ND 

 

 

D-Arabinose versus D-xylose. The product distribution for arabinose and xylose 

pyrolyses is similar with differences in the yield of products (Figure 3.3). The overall conversion 

of arabinose to identified products was higher than that of xylose.  
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Figure 3.3: Pyrolysis products from D-arabinose and D-xylose at 350°C 

 

Glycolaldehyde, a dominant product in both xylose and arabinose pyrolysis, was formed 

in higher amounts from arabinose than in xylose. More dihydroxy acetone was observed in 

arabinose pyrolysis than from xylose. Similarly, more acetic acid was detected from arabinose 

pyrolysis. The yield of acetic acid, known to form in xylan [94], was only about 0.12%. The yield 

of furfural was about the same for both the monosaccharides. Formic acid was not detected at both 

the temperatures in D-xylose, which was contrary to the findings of Hu et al. [85]. Moreover, these 

results differed from those reported by Patwardhan et al [77], who found a high of 11% of formic 

acid from pyrolysis of switchgrass hemicellulose at 500°C. Also, DL-xylose and its diastereomers 

were observed in the chromatogram of xylose pyrolysis. 

The diastereomers and epimers of the monosaccharides were detected in the chromatogram upon 

pyrolysis. D,L-Xylose was observed in arabinose pyrolysis. Ribose that differs in configuration at 

C-3, lyxose at C-2, and arabinose were detected in xylose pyrolysis.  
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3.1.2 Comparison of activation energies of various products 

Negative activation energies are indicative of a multiple reaction system. They are 

implications of diminishing reaction rate with increasing temperature. The trend can be observed 

in formaldehyde in arabinose, ethanol in fucose, and acetoin in xylose. Table 3.2 shows the 

activation energies (Ea) in kJ/mol  and the pre-exponential factors (A) in sec-1 obtained from the 

experiments. 

The activation energies for glycolaldehyde in arabinose and xylose are almost the same, 

while the preexponential factor in arabinose is slightly higher than that in xylose. The activation 

energy for producing glycolaldehyde from fucose is slightly higher with lower preexponential 

factor, which can explain fucose’s lower proclivity to form glycolaldehyde. The relative high yield 

for acetic acid in arabinose can be construed to be driven by overall lower activation energy and 

higher preexponential factor. Formic acid in arabinose has the highest preexponential factor, which 

explains the high yield but at the cost of high activation energy. The same explains the 20-fold 

increase in the yield of 5-methyl furfural in fucose. 
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Table 3.2: Pre-exponential factors (sec-1) and activation energies (kJ/mol) for pyrolysis products 

with respective two standard deviations (2σ) shown parenthetically. 

Products D-arabinose L-fucose D-xylose 

Glycolaldehyde 
1.12E-01, 12.9 2.24E-04, 19.3 6.31E-02, 12.4 

(9.52E-03, 0.2) (2.79E-05, 0.3) (5.19E-03, 0.2) 

1,3-Dihydroxy acetone 
2.75E-03, 8.7 

- 
2.82E-04, 0.9 

(1.58E-04, 0.1) (1.65E-06, 0.01) 

Acetic acid 
1.64E-03, 7.4 

- 
7.38E-04, 18.4 

(7.99E-05, 0.1) (8.8E-05, 0.3) 

Formic acid 
2.98E+03, 72.1 

- - 
(1.02E-03, 0.9) 

Furfural 
8.61E-03, 17.4 

- 
3.40E-02, 23.9 

(9.73E-04, 0.3)  (5.15E-03, 0.4) 

Formaldehyde 
9.01E-08, -39.5 9.9E-02, 34 6.97E-02, 21.5 

(2.12E-08, 0.6) (2.04E-02, 0.5) (9.61E-03, 0.3) 

Methanol 
8.8E-02, 32.7 1.63E-06, 1.8 

- 
(1.76E-02, 0.5) (1.99E-08, 0.03) 

2,3-Butandione 
1.76E-03, 14.2   2.38, 53.2 1.74E-03, 17.6 

(1.63E-04, 0.2) (6.8E-01, 0.7)  (1.99E-04, 0.3) 

Acetol 
9.26E-03, 23.9 1.07E+01, 62.5 1.84E-03, 22.8 

(1.4E-03, 0.4) (3.37E+00, 0.8) (2.68E-04, 0.3) 

Acetone 
4.88E-03, 27.4 

- 
1.09E+03, 84.91 

(7.68E-04, 0.4) (3.93E+02, 1.0) 

Acetaldehyde 
1.22E-04, 6.7 9.06E-03, 15.91 1.03E+00, 50.90 

(5.45E-06, 0.1) (9.4E-04, 0.2) (2.87E-01, 0.7) 

2-Furanmethanol 
5.8E-03, 27.1 

- 
2.16E+00, 59.0 

(9.85E-04, 0.4) (6.58E-01, 0.8) 

2-Butanone 
6.55E-01, 84.73 

- 
2.76E-03, 23.5 

(1.91E-01, 0.7) (4.12E-04, 0.3) 

5-HMF 
1.26E-01, 50.4 

- 
4.83E-01, 55.8 

(3.49E-02, 0.7) (1.43E-01, 0.7) 

Acetoin 
1.64E-05, 7.9 

- 
1.92E-07, -8.0 

(8.58E-07, 0.1) (1.03E-08, 0.1) 

5-Methyl furfural 
1.44E-03, 35.9 1.74E+02, 85 2.12E-05, 18 

(3.1E-04, 0.5) (6.28E+01, 1.0) (2.45E-06, 0.3) 

Ethanol 
2.31E-03, 36.1 1.24E-07, -4.51 

- 
(5.00E-04, 0.5) (3.74E-09, 0.1) 

Hydroquinone 
7.11E-08, -16.5 

- - 
(7.67E-09, 0.2) 
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3.2. Discussion of experimental results 

The overall product distribution shows that for all the three monosaccharides, two-carbon 

compounds were the most abundant products. The products from pyrolysis help in analysis of the 

site favored for formation of glycolaldehyde in arabinose and help us understand the effects of the 

substitution in fucose on the product distribution  

Some anomalous trends can be attributed to higher standard deviations, like the one 

observed for formaldehyde in arabinose pyrolysis. Smaller molecules like formaldehyde may 

undergo bimolecular reactions [95], which may cause difference in yields across experiments. In 

many reaction networks speculated in the literature, formaldehyde was a byproduct obtained in 

forming many prime pyrolysis products [76], [80].    

   

3.2.1 Abundance of water 

Water was a dominant species in the pyrolysis of all the monosaccharides. It affects the 

quality of resulting bio-oils and the concerns have been discussed in many studies [78], [96]–[98]. 

This species was clearly observed in the chromatogram with a long tailing peak. Abundance of 

water is suggestive of dehydration reactions in the system. Studies have speculated reaction 

mechanisms to form products via dehydration steps [76]. Water molecules have been suggested to 

catalyze reactions in the system [17], [35]. 

 

3.2.2 Similarities in D-arabinose and D-xylose pyrolysis 

With some differences in the yields for products and some marked distinctions, the overall 

distribution for both the sugars was still very similar. The formation of glycolaldehyde in arabinose 

seemed to be driven by higher preexponential factor. The higher yield of acetic acid can be helpful 
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in understanding formation of acetic acid from xylans. Studies have speculated formation of acetic 

acid through the acetyl groups attached to the backbone of xylans [26], [75], [90]. The finding 

suggests that side groups like arabinose attached to xylose can contribute toward formation of 

acetic acid.  

 

Figure 3.4: TGA and SDSC overlay of D-xylose[99] 

 

 

Figure 3.5: TGA and SDSC overlay of D-arabinose[99] 
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D-Arabinose and D-xylose are among the carbohydrates with high melting dependence on 

heating rate [99]. The data for the TGA-DSC analysis for D-xylose are available in the literature 

(Table 3.3). In her dissertation [98], Schwenk showed that decomposition in xylose occurred 

slightly after the onset temperature (Fig 3.4). The difference between the onset and the peak 

temperature increased with increasing ramp. The data produced by [99] for D-arabinose seemed 

unreliable, as the mass loss occurred before the onset temperature (Fig. 3.5). Roos et al. [100] 

found the onset and peak temperatures of D-arabinose as 150°C and 160°C. Clearly, from the 

values for D-xylose generated by Roos et al. (Table 3.3), the onset-peak temperature for D-

arabinose was higher than that for D-xylose. Thus, it can be construed that xylose went through a 

melt phase before the volatile release. Lappalainen et al. [101] speculated that there was a change 

in conformation or decomposition during the melting of xylose. Thus, the product yields in D-

xylose pyrolysis could be influenced by changes in the melt-phase. 

 

Table 3.3: Literature values for onset and peak temperatures of D-xylose from DSC at different 

heating rates. 

Sr. No 
Heating Rate 

(°C/min) 

Onset 

Temperature (°C) 

Peak 

temperature 

(°C) 

Reference 

        

1 5 143 157 [100] 

2 0.5 136.8 142.4 

[101]  

  1 139.7 145.8 

  2 142.6 149.6 

  2 143.7 150.1 

  10 152.8 157.7 

  20 156.3 162.7 

  40 158.3 166.3 

3 1 141.2 145.9 
[99]  

  5 148 153.5 
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There have been concerns over the acidity of bio-oils due to increased corrosiveness [102]. 

The higher proportion of acidic components from arabinose fraction in xylans may contribute to 

the acidity. The yield of furan compounds is almost the same for both the sugars, which further 

substantiates the point that a similar reaction pathway may occur in the gas phase. 

 

3.2.3 Recalcitrance of L-fucose 

The lower conversion of fucose compared to that of arabinose is indicative of relative 

resistance of fucose to reaction. This resistance is indicative of the fact that the substitution at C-5 

plays an important role in the reactivity of fucose. Also, L-fucopyranose assumes a 1C4 

conformation as opposed to 4C1 of arabinopyranose, which can affect the electronics within the 

molecule and explains the difference in the product distribution.  

The methyl group causes major differences among melting points of organic compounds. 

For example, the melting point of benzene is 5.6°C and that of toluene is -94.9°C [103]. The methyl 

group loosens the intermolecular packing in toluene relative to benzene, which results in low 

melting point. A similar analogy between D-arabinose and L-fucose may explain the difference in 

low yield of gaseous products in fucose. Due to lack of studies focused explicitly on thermal 

analysis of L-fucose, quantitative comparison between melting point is difficult. Nevertheless, the 

analogy can help qualitative reasoning. 

Formation of glycolaldehyde. Lower yields of glycolaldehyde from fucose is suggestive 

of C5 being a possible site for glycolaldehyde formation for D-arabinose. The lower 

preexponential factor indicates a lower fraction of reactant molecules with the activation energy 

to form the product. Some studies speculate formation of glycolaldehyde in xylopyranose via C4-

C5 [26], [90]. Extending the same reasoning to D-arabinose, the methyl substituent seems to block 
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the site for the reaction. The minor contribution of glycolaldehyde in fucose could be from other 

sites. Both β-D-arabinopyranose and α-L-fucopyranose have the same orientation of OHs on other 

carbons of the ring. The orientation of these hydroxy groups in space is interdependent because of 

the existence of intramolecular hydrogen bonds. With a methyl substituent at C-5, this hydrogen 

bonding may have been interrupted. 

Methyl end-group products. It can be observed that aside from formaldehyde, five of the 

first six major products from fucose pyrolysis have methyl end-groups. The formation of 2,3-

butanedione seems to be driven by a higher preexponential factor. The same holds true for 5-

methyl furfural. Furfural was one of the major products from the pentoses, whereas 5-methyl 

furfural was among the abundant products in fucose, a hexose. The abundance of 5-HMF and 

furfural in other hexoses shows the relative resistance of fucose. Studies on formation mechanism 

of 5-HMF from hexoses have suggested involvement of C-6 hydroxymethyl group [88], [104]. 

With no hydroxymethyl group present in fucose, the formation of this furan seems improbable. 

 

3.3. Conclusions 

The experiments conducted gave useful insights about the similarities and differences 

among the monosaccharides. The abundance of water as observed from the chromatograms 

validates that dehydration or condensation reaction take place in the system [76]. A similar product 

distribution for D-arabinose and D-xylose is indicative of a similar pathway adopted toward the 

formation of products. This hypothesis was substantiated by similar yields of furans. Also, D-

arabinose proves to be another source for acetic acid formation in addition to the acetylated xylose 

units in xylans. L-fucose pyrolysis did not yield as extensive a product distribution as is obtained 

for the pentoses. The same holds true when compared with pyrolysis of hexoses from literature. 
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Thus, the substitution at C-5, which also changes the conformation of sugars, seems to play a major 

role in the reactivity of monosaccharides. The surprisingly low yield of glycolaldehyde from L-

fucose pyrolysis supports the statement. 

  



   

50 

 

CHAPTER 4 : SIMULATION 

 

Quantum chemistry calculations were performed to support the experimental results and 

understand the distinctions in the monosaccharides. The simulations were performed using 

Gaussian 16. The chapter describes the choice of basis set and explains the modules employed for 

structure optimizations. Further, based on the findings from the pathways considered, conclusions 

were drawn to explain the role of electronic differences and similarities in the pyrolysis of the 

monosaccharides.  

 

4.1. Theories and Concepts: 

4.1.1 Electronic Structure Methods 

Computational quantum chemistry is a powerful tool that uses principles of quantum 

mechanics to compute the interactions between the electrons in the system. The principles of 

quantum mechanics are predicated on Schrödinger’s wave equation [105]. Since the creation of 

the equation, there have been various theories put forth by physicists to describe the states of a 

molecule. The Hartree method based on the old quantum theory (developed on Bohr’s model) 

failed to satisfy the antisymmetry of the wavefunction. Slater determinants solved the problem of 

the lack of antisymmetry and thus gave the Hartree-Fock (HF) Method. The HF method uses 

single-electron approximations in a multi-electron system [106]. It is computationally expensive 

for large molecules; thus, adequate approximations are required. Also, the method does not include 

the energy that arises from electronic interactions [107]. The semiempirical methods perform 

calculations by introducing empirical parameters. These methods accelerate the computation speed 

by removing all core electrons from the calculation [106]. Semiempirical methods prove to be 
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accurate for large molecules where valence electrons are far more interactive without much 

involvement from the core. Møller-Plesset (MP) perturbation theory adds the electron correlation 

effect to the Hartree-Fock wavefunction but is achieved at a high computational cost. The above 

theory is based on Many-Body perturbation theory. MP theory uses various levels called MPn, ‘n’ 

denoting the perturbation order, but higher orders add significantly to the memory requirements 

and computational expense, taking more time to converge. Coupled Cluster methods are based on 

Many Electron theory and were introduced by Coester and Kümmel [108]. They use an exponential 

cluster operator and build multi-electron wavefunctions to resolve the lack of electron correlation 

in HF theory. A classification diagram (Figure 3.1) briefly sums up the build-up of methods from 

HF toward Hybrid DFT.     

 

 

Figure 4.1: Classification of methods1 [109] 

 

The fundamentals for modern Density Functional Theory (DFT) were laid out by 

Hohenberg and Kohn [109]. DFT uses the electron density to compute the energies, as opposed to 

 
1 SCF stands for Self-consistent Field Method; another name for HF method. 
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the more complicated wavefunction. As the theory required dealing with kinetic energy, Kohn and 

Sham proposed incorporation of both wavefunction and density approaches. Further 

approximations like the Local Density Approximation (LDA) and Generalized-Gradient 

Approximations (GGA) were required as exchange-correlation functionals could not be accurately 

known. These approximations made DFT methods computationally less expensive than HF 

method. Becke proposed incorporating some portion of exact exchange in the calculations [110]. 

The portion of the exact exchange comes from the Hartree-Fock Theory and some part comes from 

empirical sources. This modification made the former DFT theory more accurate and thus was 

formed the Hybrid Density Functional Theory. One of the hybrid DFT methods used in the 

geometry optimization is B3LYP, which uses a portion of the HF exchange with the exchange and 

correlation terms proposed by Becke [111].  

 

4.1.2 Models for Thermochemistry Data 

When considering a reaction system, knowledge of thermodynamic properties like Gibbs 

free energy and enthalpy of formation helps winnow the most probable path for formation of 

desired products. With the advent of various techniques in computational  chemistry, it is now 

possible to compute these properties. Pople and his coworkers [112]–[114] developed the 

Gaussian-n techniques, increasing chronologically from n=1 to 4 and giving progressively higher 

accuracy in producing thermochemical data. However, with increasing level of theory, larger basis 

sets were required, and thus Gaussian-4 has been restricted to smaller molecules for reasonable 

computation times [115]. In methods like MP2 and MP4, the contribution toward energy decreased 

with increasing perturbation terms. This trend was realized by Nyden and Petersson, who 

developed the Complete Basis Set (CBS) Method [116], [117]. It starts with a finite basis set 
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instead of an initial large basis set (as in MP methods) and adds an extrapolation component to 

reach the complete basis set limit. CBS-QB3 uses 6-311G(3d, 2f, 2p) as the basis set to perform 

the calculations. This method has been employed to generate thermochemical data in the present 

work. Among the other ultra-accuracy models were the Weizmann-n models developed by Martin 

and his coworkers [118], which employs coupled cluster methods for all energy corrections. The 

method incorporated effects from core electrons and used large basis sets. CBS level of theory has 

worked sufficiently well for carbohydrate systems and has been employed by various researchers 

[17], [35], [119].         

   

4.1.3 Basis Sets 

The basis set is a set of mathematical wavefunctions that are descriptive of the orbitals of 

a system [106]. Slater-Type Orbitals (STO) were the first of the basis sets used by Slater. These 

orbitals resemble the orbitals of a hydrogen atom but lack radial nodes, so it was difficult to employ 

them for 2p-type orbitals. Besides, STOs in multi-electron systems only added to the 

computational expense to compute the energy because they do not have analytic second 

derivatives. In the 1950s, Gaussian Type Orbitals (GTO) were introduced to ease the calculations. 

Each basis function consists of combined GTOs in a linear fashion. STO-3G are known as the 

minimal or single-ζ basis set, which means there is one and only one basis function for every 

orbital [107]. The ‘G’ implies a GTO that is in a linear combination with every STO. These orbitals 

are feasible for elements H-Xe. Pople and co-workers introduced a new type of basis set called the 

split-valence basis set. This approach allows specifying functions for the core orbitals and valence 

orbitals separately. They most simply use three functions for the core, two for a small version of 

the valence shell, and one for a larger version; thus, 3-21g is the smallest split-valence basis set. A 
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polarization function may be added to the basis set that distorts the shape of the orbitals, allowing 

for additional flexibility in geometry. Diffuse functions may be added to the basis set, allows even 

larger valence-orbital versions and secondary bonding interactions. These functions can be 

provided for both heavy atoms and hydrogen. The simulation performed in the present study uses 

6-31++G(d,p); the 6-31G part is the split-valence basis set with one additional polarization 

function each on p atomic orbitals (d) and hydrogen atoms (p), adding a large and a larger size of 

diffuse functions to the valence orbitals (++).        

 

4.2. Methods 

Structure optimizations and transition-state optimizations were performed using Gaussian 

16 (Gaussian Inc.). A rigid-rotor / harmonic-oscillator model was assumed for the molecules. 

Anharmonicities in the molecules were not considered. Structure optimizations were done for 

compounds that participated in reactions leading to the formation of glycolaldehyde. After 

optimizing any transition state, an Intrinsic Reaction Coordinate (IRC) calculation was performed 

to verify the reactant and product species for that transition state. The details of the simulation are 

explained in detail in the sections below.  

 

4.2.1 Geometry Optimizations 

First, pyranose forms of the monosaccharides were constructed in GaussView. D-xylose 

and D-arabinose were optimized in 4C1 form [120] and L-fucose in the 1C4 form [121], [122]. The 

structures were first established using UB3LYP/6-31++G(d,p) level of theory. CBS-QB3 

optimizations were then performed to refine the optimizations of the monosaccharide structures 

and the species and transition states that appeared in the proposed reaction mechanism. The method 
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also performs a frequency calculation at the end of the optimization. The thermochemistry data 

from the optimizations were important for examining the energy of the activation of reactions. 

 

4.2.2 Transition State Optimizations 

The search for transition states of the reaction (such as in Figure 4.2) was performed using 

the Berny option. Berny optimization requires an initial guess of the transition states. Besides 

Berny, Gaussian 16 provides two "quadratic synchronous transit" options for a transition-state 

search and optimization, QST2 and QST3. QST2 requires estimates of the structures of reactant(s) 

and product(s) of the reaction, while QST3 requires estimates of the structures of the reactant(s), 

product(s), and the transition state.  

 

                        

Figure 4.2: Representative transition state. 

 

The CBS-QB3 method was used to generate thermochemistry data on the transition state. 

Here, the frequency calculation helps give an idea of the motion of an atom or group of atoms to 

bring about a reaction, corresponding to the negative (imaginary) vibrational frequency in the 

transition state.  
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4.2.3 Intrinsic Reaction Coordinate (IRC) Calculations 

The optimized transition state was then set to perform an IRC calculation (such as in Figure 

4.3). An IRC calculation establishes whether the transition state is related to a reaction or 

represents some other change in the molecule, such as a barrier to internal rotation. Because the 

CBS-QB3 optimization is performed with UB3LYP/, the IRC calculations were performed at 

UB3LYP/6-31++G(d,p) level of theory. This calculation verifies the reactants and products 

corresponding to the transition state found.    

 

 

Figure 4.3: Representative IRC path. 

 

4.3. Pericyclic reactions in the monosaccharides 

Studies have speculated reaction pathways for breakdown of xylopyranose to elucidate the 

products from the xylans [76], [85]. The studies have found that species undergo cyclic transition 

states to convert into products. Unimolecular reactions have been considered. The present study 

compares the prime pathways identified by Lu et al. [26] for D-xylopyranose to D-
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arabinopyranose. The reactions considered for D-arabinopyranose were then used for 

fucopyranose to understand the effects of the methyl group in fucose. Some steps were added based 

on the observations made from experiments.  

 

4.3.1 Ring-opening reactions 

The ring conformation of the monosaccharides consists of an endocyclic oxygen with four 

carbons in furanose form and five carbons in the pyranose form. The conformation considered for 

D-arabinose, L-fucose, and D-xylose was pyranose. Due to lower bond dissociation energy of a 

C-O bond than the C-C bond, scission of the former is easier. The C-O scission can be achieved 

via a four-membered or six-membered transition state. The four-membered scission can occur by 

donation of H from OH at C1 to the endocyclic oxygen. A possible six-membered reaction 

pericyclic reaction is the hydrogen transfer from a hydroxyl on a ring carbon to another member 

(C or endocyclic oxygen) of the ring. The energy barrier for H transfer to endocyclic oxygen (234 

to 311 kJ/mol) was lower than that to the ring carbons (313 to 451 kJ/mol) [89]. The 

aforementioned six-membered ring-opening had a higher energy barrier than for the four-

membered ring opening involving endocyclic oxygen. Thus, the four-membered ring opening 

reaction is preferred and has been identified in various studies [76], [79], [86], [88]. A six-

membered reaction leading to C-C bond scission can take place via 1,3-dehydration in the ring, 

which can take place between hydroxyls of alternate carbons. OH at one carbon accepts the H from 

the OH on the alternating carbon, which leads to scission between the middle and the latter carbon. 

The number of such reactions depends on the orientation of the hydroxyls and by extension the 

monosaccharide. The reactions were found to have higher energy barriers than for the four-
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membered transition state in D-xylopyranose [89]. There are many other concerted reactions that 

lead to ring opening, both unimolecular and bimolecular, which are reported in [89].  

 

4.3.2 Ring-unsaturation reactions 

Unsaturation restricts the ring in a conformation that ensures cis double bonds with respect 

to the rest of the ring. Monosaccharide rings, being heavily substituted, add more restraints to the 

conformation. Ring unsaturation can be achieved by 1,2-dehydration reactions via a four-

membered transition state. These reactions involve an H and an adjacent OH, forming the water 

molecule and a carbon-carbon double bond. Another class of reactions that can lead to unsaturation 

is 1,2-dehydrogenation reactions. The hydrogens bonded to adjacent carbons form hydrogen 

molecule in turn forming a carbon-carbon double bond. These reactions have higher energy 

barriers than the four-membered ring-opening reactions.  

 

4.3.3 Retro-aldol reaction 

Retro-aldol reactions in monosaccharides have been found to take place in the acyclic form 

of the monosaccharides [76]. A retro-aldol reaction leads to formation of an enol and an aldehyde, 

thus fragmenting the molecule (Figure 4.4). In a three-carbon chain with a carbonyl and hydroxyl 

end group, carbonyl oxygen accepts the H from OH, forming an enol at the former carbonyl and a 

carbonyl at the former alcohol and cleaving the bond between the second carbon and the former 

alcohol-bearing carbon. The reaction has been shown to be concerted in many studies [17], [123]–

[125]. Retro-aldol steps have been considered crucial in forming glycolaldehyde from 

monosaccharides [125].  
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Figure 4.4: Retro-aldol reaction. 

 

4.3.4 Keto-enol tautomerization 

The enol to keto tautomerization has been commonly found in the pyrolysis system. Enol 

products from the retro-aldol reactions commonly undergo tautomerization to keto form. 

Tautomerization is a concerted unimolecular or bimolecular reaction [17], [123]–[125] that occurs 

through a four-membered (unimolecular reaction) or a six-membered transition state (bimolecular 

reaction). In a unimolecular transformation, intramolecular H transfer from OH to the adjacent 

carbon (Figure 4.5) converts the OH to a carbonyl and the former sp2 hybridized carbon to sp3. 

Bimolecular conversion of an enol to keto form has been found to be catalyzed by R-OH via a 6-

membered transition state in the monosaccharide system [17]. An H transfer from the OH of enol 

to the O of R-OH takes place with a simultaneous transfer of the H from ROH to the carbon 

adjacent to the enol carbon yielding the keto form.  
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Figure 4.5: Keto-enol tautomerization via four membered and six-membered transition states. 

 

Interestingly, vicinal diols (OHs on adjacent carbons), which are encountered often in the 

monosaccharide systems, can undergo unimolecular transformation via four-membered or six-

membered transition states depending on the configuration of the alkenediol (cis or trans). The 

conversion from ethenediol to glycolaldehyde is a keto-enol reaction. Cis-ethenediol can form 

glycolaldehyde via a hydrogen transfer from the hydroxyl to its adjacent carbon while acquiring 

an H from the adjacent OH. Trans-ethenediol can form glycolaldehyde by a unimolecular reaction 

via a 4-membered transition state or a bimolecular reaction via a 6-membered transition state. The 

4-membered transition state involved an H transfer from a hydroxyl to adjacent carbon. ROH, 

where R is H (water) or an alkyl group, can catalyze the enol to keto conversion of ethenediol by 

donating the H to one of the carbons and accepting an H from the hydroxyl on the adjacent carbon 

[17], [89]. 
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4.3.5 Isomerization 

Isomerization in the present study pertains to the change in the position of the carbonyl 

group. The reaction leads to an interchange in the hybridization between the carbon atoms 

involved. This transformation involves two H transfers in a concerted fashion (Fig. 4.6). An H 

transfer from the OH to the carbonyl converts the former carbonyl into an OH and the OH to 

carbonyl. Simultaneously, an H transfer from the sp3 carbon (with former OH group) to the sp2 

carbon (with former carbonyl group) takes place, which changes hybridization at both the carbons. 

The one-step isomerization comprises of two steps involved in the keto-enol tautomerization. The 

carbonyl would first convert into an enol and then to carbonyl at the second carbon, both steps 

taking place in a concerted fashion. Isomerization can be observed in the acyclic conversion of 

aldoses to ketoses and vice versa.  

 

 

Figure 4.6: Isomerization reaction (Carbonyl transformation) 

 

The ring-closing reaction is one of the important steps to form furan compounds like 

furfural and 5-hydroxymethyl furfural in monosaccharides [88], [104]. The reactions have not been 

discussed as they are beyond the scope of the study. 
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4.4. Computational Results & Discussion 

The reaction network considered for the monosaccharides is based on the work of Lu et 

al.[26]. The primary pathways for glycolaldehyde formation in D-xylose were considered for D-

arabinose to understand the effect of stereochemical distinctions. In addition, the similarity in the 

product distribution of D-arabinose and D-xylose was probed to consider similar pathways to form 

glycolaldehyde in arabinose. The pathways were then considered for L-fucose to understand the 

effect of the methyl substituent. 

Transition-state calculations were performed at a CBS-QB3 level of theory. The 

differences in CBS-QB3 free energies were plotted to produce the energy profile diagrams. A 

python code was used to plot the free-energy profiles [127]. 

 

4.4.1 D-Arabinose versus D-Xylose 

The main difference between D-arabinose and D-xylose is the lower free energy required 

to break the ring in D-arabinose. The two monosaccharides only differ in configurations at C2 and 

C3, so products obtained for D-arabinose should be the same as the D-xylose mechanism proposed 

by Lu et al. [26] but with the stereochemical differences of D-arabinose. The reaction scheme 

proposed by Lu et al. is illustrated in Fig. 4.7, adapted for D-arabinose.  

Dihydroxy acetone was found among the major products from xylose and arabinose. Thus, 

a keto-enol tautomerization pathway was added, as has been speculated by many studies [76].  

Next, routes to glycolaldehyde from D-xylose (Figures 4.8 and 4.9) and D-arabinose 

(Figures 4.10 and 4.11) will be compared and contrasted.  
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Figure 4.7: Reaction scheme for D-arabinose, adapted from Lu et al. [26] 

 

The free-energy barriers for the ring-opening reaction of D-xylopyranose and D-

arabinopyranose differed by 19.6 kJ/mol. The subsequent retro-aldol reaction (X1_TS2 and 

A1_TS2) cleaves the C2-C3 bond in the monosaccharides (Figures 4.8 and 4.10). The energy 

barriers for the conversion differed by 7.3 kJ/mol. The configuration for the sugars is the same at 

C4, thus the reaction yields 2,3-dihydroxy propanal with the same stereochemistry at the middle 

carbon. Ethenediol undergoes a six-membered enol-keto tautomerization to give glycolaldehyde 

from the C1-C2 carbons. Forming glycolaldehyde from C1-C2 competes with the retro-aldol 

reactions (X1_TS3b and A1_TS3b) and isomerization (X1_TS3c and A1_TS3c) of 2,3-dihydroxy 

propanal. The former reaction eventually produces glycolaldehyde from the C3-C4 site and 
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formaldehyde from C5. The latter reaction gives dihydroxy acetone, which was experimentally 

found to be among the major products in arabinose and xylose pyrolyses. The formation of 

glycolaldehyde is achieved by greater stabilization relative to the formation of dihydroxy acetone. 

The major contribution to formation of glycolaldehyde at C4-C5 site, as speculated by Lu 

et al. [26] was through isomerization of acyclic xylose. Upon isomerization, the OH at C2 site 

transforms into a carbonyl, leaving the two monosaccharides different only at C3 (Figures 4.9 and 

4.11). Upon retro-aldol reaction of the keto forms, glycolaldehyde is formed from C4-C5 site along 

with 1,2,3-trihydroxy propene (X2-4a and A2-4a). X2-4a is fixed in a form with OH on C2 and 

C3 “cis” to each other and A2-4a in the “trans” form. Like cis-ethenediol and trans-ethenediol, 

X2-4a and A2-4a convert into dihydroxy acetone via six-membered and four-membered transition 

states (X2_TS4a and A2_TS4a), respectively. There are other facile pathways competing with 

glycolaldehyde formation from C4-C5. Ring-closing reaction upon formation of xylulose (X2-3) 

is one of the first steps to form furan compounds like furfural in xylose [85], [89]. C4-C5 scission 

could occur by 1,3-dehydration involving C3-C4-C5 carbons or a retro-aldol upon isomerization 

to C3 carbonyl. 
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Figure 4.8: Glycolaldehyde from D-xylose: X1-I and X1-II lead to glycolaldehyde from C1-C2 

and C3-C4, respectively. 

X1-I 

C1-C2 

X1-II 

  C3-C4 

X1_TS3c 

X1_TS3b 



   

66 

 

 

Figure 4.9: Glycolaldehyde from D-xylose: X2 leads to glycolaldehyde from C4-C5. 

 

X2 
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Figure 4.10: Glycolaldehyde from D-arabinose: A1-I and A1-II lead to glycolaldehyde from C1-

C2 and C3-C4, respectively. 
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Figure 4.11: Glycolaldehyde from D-arabinose: A2 leads to glycolaldehyde from C4-C5. 

 

4.4.2 D-Arabinose versus L-fucose 

The main difference between D-arabinose and L-fucose is the higher free energy for ring-

opening in L-fucose. The methyl substituent affected the electronics in the ring. D-arabinose 

assumes the 4C1 conformation compared to fucose’s 1C4. The monosaccharides undergo a four-

membered ring opening reaction to convert into acyclic forms. The energy barrier in case of fucose 

was 15.1 kJ/mol higher than in arabinose. The reason can be attributed to the difference in the 

distribution of electron density in the pyranose form and a preferred configuration of 1C4 in α-L-

fucopyranose.   

The energy barriers for conversion of the acyclic monosaccharides to products had almost 

the same magnitude. The first retro-aldol step involved the first three carbons on the 

monosaccharides, which led to a scission between C2 and C3. The energy barrier is 140 kJ/mol in 

A2 

C4-C5 
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D-arabinose and 140.1 kJ/mol in L-fucose. These magnitudes are very close. The reaction site is 

at least three carbons away from the methyl substituent of L-fucose. 

Upon forming cis-ethenediol and 2,3-dihydroxy butanal, there are three possible pathways 

through transition states F1_TS3a, F1_TS3b, and F1_TS3c (Fig. 4.13).  

• The first is the conversion of cis-ethenediol to glycolaldehyde via a six-membered 

transition state, F1_TS3a.  

• The second pathway is a retro-aldol step (F1_TS3b), which leads to scission between C4 

and C5, converting 2,3-dihydroxy butanal to trans-ethenediol and acetaldehyde. The 

energy barrier for the conversion differed by 8.3 kJ/mol for the two monosaccharides; 

forming formaldehyde in arabinose and acetaldehyde in fucose. The trans-ethenediol then 

converts into glycolaldehyde via a four-membered unimolecular transition state (F1_TS5).  
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Figure 4.12: Reaction scheme for L-fucose, adapted from Lu et al.  [26] 
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Figure 4.13: Glycolaldehyde formation at C1-C2 (F1-I) and C3-C4 (F1-II). 
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Figure 4.14: No glycolaldehyde from fucose at C4-C5. 

 

• The third pathway is the isomerization of 2,3-dihydroxy butanal to 1,3-dihydroxy butan-2-

one (F1_TS3c), which shifts the carbonyl position from C3 to C4 (Figure 4.13 – F1-II). 

The energy barrier for isomerization was lower by 7.8 kJ/mol in fucose. The transformation 

of OH at C5 to a carbonyl is possible via a second isomerization step, which can convert 

into 2,3-butanedione upon successive dehydration and enol-keto tautomerization. Similar 

to arabinose, if the ring-opening reaction were to occur in fucose, according to this 

pathway, glycolaldehyde formation from C1-C2 would be competitive with isomerization 

of 2,3-dihydroxy butanal. The retro-aldol reaction is thermodynamically unfavorable, thus 

glycolaldehyde from C3-C4 is relatively more difficult. In the experiments, a lower overall 
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activation energy was observed for dihydroxy acetone than that for glycolaldehyde, but the 

preexponential factor for dihydroxy acetone was two orders of magnitude lower. 

In Pathway F2 as taken for D-arabinose, L-fucose forms acetol at the C4-C5 site, which 

can be seen as a methyl-substituted glycolaldehyde (Figure 4.14). Thus, as per the pathway, 

glycolaldehyde would not form from the C4-C5 site in fucose. After the ring-opening of L-

fucopyranose, L-fucose can isomerize through a 6-membered transition state (F2_TS2) to form a 

ketose. The difference in the energy barriers for isomerization of the sugars was only about 0.9 

kJ/mol. Successive retro-aldol reaction cleaves the C3-C4 bond yielding 1,2,3-trihydroxy-propene 

(F2-4a) and 2-hydroxy-propanal (F2-4b). The energy barrier was lower by 21.5 kJ/mol in fucose. 

1,2,3-trihydroxy-propene, like in arabinose, can tautomerize to dihydroxy acetone. 2-hydroxy 

propanal isomerizes to form acetol. The formation of glycolaldehyde and dihydroxy acetone are 

successive in arabinose. The keto-enol tautomerization to dihydroxy acetone is competitive with 

the isomerization to acetol. The energy barrier of isomerization was lower by 77 kJ/mol and would 

thus be the preferred route. However, the pathway competes with the pathways that lead to scission 

of C4-C5 bond and cyclization at C5. The scission could occur by 1,3-dehydration involving C3-

C4-C5 carbons or a retro-aldol upon isomerization to C3 carbonyl. Cyclization at C5 is the first 

step toward formation of furan compounds [95]. 

 

4.4.3 Intramolecular interactions in monosaccharides 

The orientation of the OH groups in both pyranose and acyclic forms of the 

monosaccharides plays a pivotal role in the reactivity of the monosaccharides as they influence the 

intramolecular hydrogen bond network. The OH groups at C1 and C4 in β-D-arabinopyranose are 

equatorial, and those at C2 and C3 are axial. All the OH groups in β-D-xylopyranose are equatorial. 
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Although α-L-fucopyranose has the same configuration of OH as β-D-arabinopyranose, the OH 

groups are in the equatorial position due to 1C4 conformation, except for the OH at C1. The OH 

group at C1 of the monosaccharides is a weaker hydrogen bond acceptor and a stronger donor 

[120]. A cooperative hydrogen-bond network can be seen in D-xylopyranose (Figure 4.15) and 

has been proven in studies [128]. The hydroxyl orientations for β-D-xylopyranose were proven 

stable for counterclockwise orientation. A hydrogen bonding distance of 2.59Å between OH1 and 

endocyclic oxygen was shown for the α anomer of xylose. The hydrogen bond distances for the 

optimized structures can be seen in the Figure 4.15. The network was broken for β-D-

arabinopyranose with anti-axial hydroxyls at C2 and C3. The β-D-arabinopyranose preferred 

clockwise arrangement of the OH groups with enthalpy of formation 10.4 kJ/mol lower for 

clockwise orientation. The counterclockwise arrangement of OH groups in α-L-fucopyranose was 

found more stable (Figure 4.15).  Thus, going from D-arabinose to D-xylose, and D-arabinose to 

L-fucose, an increase can be observed in the number of intramolecular hydrogen bonding 

interactions. The trend explains the increasing energy barrier for the ring-opening reactions.  
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Figure 4.15: Intramolecular hydrogen bonds in (a) D-arabinose, (b) D-xylose, and (c) L-fucose. 

 

Intramolecular hydrogen-bonding interaction, a type of dipole-dipole interaction, is not the 

only contributing factor. The distribution of electron density and the conformation play an 

important role, especially when understanding the interactions in L-fucose. Methyl rotors have 

greatly influenced the conformations, bond lengths, bond angles, and packing in the crystal 
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structure [129]. A dipole moment vector, which incorporates all types of intramolecular 

interactions, can be visualized in Gaussian 16 based on the charge distribution in the molecule. 

Figure 4.16 shows a dipole vector in D-arabinose and L-fucose. The vector points away from the 

negative center in the molecule. In L-fucose, the vector points outside the plane of the ring, 

whereas the vector lies within the ring for D-arabinose. The different alignment of the vector 

proves a different packing for L-fucose. D-arabinose and L-fucose can be treated analogously to 

benzene and toluene with the latter compounds being methyl-substituted counterparts of the 

former. With the analogy that toluene has lower melting point than benzene, it is safe to consider 

that L-fucose melting at lower temperatures than D-arabinose. Even though the monosaccharides 

do not have sharp melting points, L-fucose would melt at lower temperatures than D-arabinose. 

The literature value for the melting point of L-fucose is 140°C [130], and D-arabinose is in the 

range of 152°C -160°C [131]. 

 

 

Figure 4.16: Dipole moment vectors in (a) L-fucose and (b) D-arabinose. 
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4.4.4 Relating findings with experimental observations 

Unimolecular gas phase reactions were considered in the study. The ring-opening reactions 

were characteristic of the reactivity of the monosaccharides. Despite the stereochemical 

distinctions between D-arabinose and D-xylose, the experimental results yielded a similar product 

distribution for the pyrolyses. The yield of glycolaldehyde in arabinose was slightly higher than 

that in xylose. This difference can be explained by the higher energy barrier for ring opening in 

xylose, which can be traced to higher intramolecular hydrogen bonding. The lower overall 

conversion of L-fucose can be attributed to its higher energy barrier of ring opening. 

The yields of furfural from D-arabinose and D-xylose was almost the same. The ring-

closing reactions may equally contribute to the formation of furfural. A higher yield of furfural’s 

methyl-substituted counterpart, 5-methyl furfural, was observed in L-fucose compared to furfural. 

The finding can point to a mechanism for 5-methyl furfural formation based on that of furfural 

from D-arabinose and D-xylose. Similarly, higher yield of acetol compared to glycolaldehyde 

suggests a reaction pathway for fucose involving scission at C3-C4 carbons and suppression of 

pathways involving formation of glycolaldehyde from the other plausible sites, C1-C2 and C3-C4. 

The methyl group can restrict the number of conformations of acyclic fucose. In contrast, the OH 

at C5 can rotate more freely in D-arabinose and L-fucose.  
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CHAPTER 5 : CONCLUSION & RECOMMENDATION 

 

5.1 Conclusions 

Biomass, a potential fuel and chemical source, has been explored by many. To scale the 

potential conversion processes, a knowledge of the chemistry involved is essential. Breaking down 

the problem into smaller units helps understand the larger picture. Biomass constitutes of 

monosaccharides with varying substitution and stereochemistry. The goal of the present study was 

to understand how these subtleties impact the product distribution. The pre-requisites for the 

experimental conditions to make a neat study on kinetics, which can also be found in [92], were 

followed. The basis set selection and the level of theory to perform Gaussian calculations were 

implemented based on previous work in the Westmoreland group. 

D-Arabinose and D-xylose pyrolysis produced a similar product distribution. The overall 

experimental conversion of D-arabinose was higher than D-xylose, which could be explained 

based on unimolecular reactions. Based on the pathway considered for glycolaldehyde formation, 

unimolecular gas phase reactions via ring opening are easier in D-arabinose owing to its lower 

ring-opening energy barrier. Stereochemically similar at C4, both D-arabinose and D-xylose give 

products with the same stereochemistry upon scission of C2-C3. The pathways forming 

glycolaldehyde were in competition with other pathways with lower energy barriers. Dihydroxy 

acetone, which is among the major products in the monosaccharides, can compete with 

glycolaldehyde formation from C1-C2. Like in xylose, glycolaldehyde in arabinose from C1-C2 

can be easily produced compared to that from C4-C5 pathway, which competes with cyclizations 

and scissions at the site.   

The overall conversion of fucose was very low compared to D-arabinose. The stability of 

fucopyranose can be observed in the higher energy barrier for the ring-opening reaction. In 
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addition, fucose assumes an “α” form and prefers a 1C4 conformation to promote intramolecular 

hydrogen bond cooperativity among the hydroxyls. The effect of the methyl group was negligible 

upon ring opening. The formation of more “methyl end-group” products in fucose suggested 

pathways unaffected by the methyl substituent. Based on the pathway, glycolaldehyde from C4-

C5 was not possible from L-fucose. The conversion in L-fucose seemed to depend heavily on the 

intermolecular interactions. 

 

5.2 Recommendations 

A factor to consider in the monosaccharide system is the possibility of bimolecular 

reactions. TGA analyses have shown that monosaccharides, like xylose and glucose, undergo a 

melt phase before volatilizing [99]. Because the chances of having hydroxyl groups in close 

proximity are higher in the melt phase, an understanding of the melt phase can aid studies in 

kinetics. Because it is difficult to analyze the behavior of a monosaccharide in presence of other 

like molecules in Gaussian, Reactive Molecular Dynamics (RMD) could aid in developing a better 

understanding. 

The goal of Gaussian quantum-chemistry modeling was to understand how the differences 

in the monosaccharides impacted formation of products based on the difference in free energy of 

activation. The results from Gaussian can be used to generate kinetic data using Arkane.[132], a 

part of the software package  Reaction Mechanism Generator (RMG). Written in Python, it accepts 

Gaussian output files and generates preexponential factors and activation energy for the reaction. 

A similar study can be undertaken to understand the stereochemical distinctions between 

D-glucose, D-mannose, and D-galactose, which form the major constituents of softwood xylans. 

The study on substituent effect can be extended by including other pairs like D-glucose and D-
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glucuronic acid, D-glucuronic acid and 4-O-methyl D-glucuronic acid and many other. A potential 

pair, L-fucose and L-galactose, can help understand the importance of OH on C6 carbon. Such 

undertakings will help develop basic understanding on the fundamental units of the 

polysaccharides. However, there is a dearth of data explaining the thermal behavior of D-

arabinose, D-glucuronic acid, 4-O-methyl-D-glucuronic acid, and L-fucose, which are the 

constituents of xylans. Incorporating individual melting behaviors with pyrolysis experiments, 

paired with Reactive Molecular Dynamics and Gaussian simulations, will aptly explain the 

monosaccharide system and eventually, the polysaccharide systems. 

  



   

81 

 

REFERENCES 

[1] U. S. Department of Energy. Energy Information Administration, “U.S. energy facts 

explained.”  https://www.eia.gov/energyexplained/us-energy-facts/. [Accessed: 10-Feb-

2020]. 

[2] Y. Zhou, Z. Zhang, Y. Zhang, Y. Wang, Y. Yu, F. Ji, R. Ahmad, and R. Dong, “A 

comprehensive review on densified solid biofuel industry in China,” Renewable and 

Sustainable Energy Reviews, vol. 54, no. 17. Elsevier, pp. 1412–1428, 2016. 

[3] S. K. Sansaniwal, K. Pal, M. A. Rosen, and S. K. Tyagi, “Recent advances in the 

development of biomass gasification technology: A comprehensive review,” Renewable 

and Sustainable Energy Reviews, vol. 72, no. December 2016. pp. 363–384, 2017. 

[4] J. M. C. Ribeiro, R. Godina, J. C. de O. Matias, and L. J. R. Nunes, “Future perspectives 

of biomass torrefaction: Review of the current state-of-the-art and research development,” 

Sustainability (Switzerland), vol. 10, no. 7. pp. 1–17, 2018. 

[5] S. Wang, G. Dai, H. Yang, and Z. Luo, “Lignocellulosic biomass pyrolysis mechanism: A 

state-of-the-art review,” Prog. Energy Combust. Sci., vol. 62, pp. 33–86, 2017. 

[6] M. Eberhard, U. Santo, B. Michelfelder, A. Günther, P. Weigand,…, and T. Kolb, “The 

bioliq® Entrained-Flow Gasifier – A Model for the German Energiewende,” ChemBioEng 

Rev., vol. 7, no. 4, pp. 106–118, 2020. 

[7] I. Nordin, A. Pommer, L. Nordwaeger, and M. Olofsson, “Biomass conversion through 

torrefaction,” in Technologies for Converting Biomass to Useful Energy, 1st ed., CRC 

Press, 2017, pp. 217–244. 

[8] A. Zheng, L. Jiang, Z. Zhao, Z. Huang, K. Zhao, G. Wei, X. Wang, F. He, H. Li, “Impact 

of Torrefaction on the Chemical Structure and Catalytic Fast Pyrolysis Behavior of 



   

82 

 

Hemicellulose, Lignin, and Cellulose,” Energy and Fuels, vol. 29, no. 12, pp. 8027–8034, 

2015. 

[9] C. Dejtrakulwong and S. Patumsawad, “Four-zone modeling of the downdraft biomass 

gasification process: Effects of moisture content and air to fuel ratio,” in Energy Procedia, 

vol. 52, pp. 142–149, 2014. 

[10] H. Wang, J. Male, and Y. Wang, “Recent advances in hydrotreating of pyrolysis bio-oil 

and its oxygen-containing model compounds,” ACS Catalysis, vol. 3, no. 5. pp. 1047–

1070, 2013. 

[11] H. Kobayashi and A. Fukuoka, “Current Catalytic Processes for Biomass Conversion,” in 

New and Future Developments in Catalysis: Catalytic Biomass Conversion, pp. 29–52, 

2013. 

[12] G. N. Richards, “Glycolaldehyde from pyrolysis of cellulose,” J. Anal. Appl. Pyrolysis, 

vol. 10, no. 3, pp. 251–255, 1987. 

[13] A. Paajanen and J. Vaari, “High-temperature decomposition of the cellulose molecule: a 

stochastic molecular dynamics study,” Cellulose, vol. 24, no. 7, pp. 2713–2725, 2017. 

[14] H. Yang, R. Yan, H. Chen, D. H. Lee, and C. Zheng, “Characteristics of hemicellulose, 

cellulose and lignin pyrolysis,” Fuel, vol. 86, no. 12–13, pp. 1781–1788, 2007. 

[15] J. Zhang, Y. S. Choi, C. G. Yoo, T. H. Kim, R. C. Brown, and B. H. Shanks, “Cellulose-

hemicellulose and cellulose-lignin interactions during fast pyrolysis,” ACS Sustain. Chem. 

Eng., vol. 3, no. 2, pp. 293–301, 2015. 

[16] X. Zhou, M. W. Nolte, B. H. Shanks, and L. J. Broadbelt, “Experimental and mechanistic 

modeling of fast pyrolysis of neat glucose-based carbohydrates. 2. Validation and 

evaluation of the mechanistic model,” Ind. Eng. Chem. Res., vol. 53, no. 34, pp. 13290–



   

83 

 

13301, 2014. 

[17] V. Seshadri and P. R. Westmoreland, “Concerted reactions and mechanism of glucose 

pyrolysis and implications for cellulose kinetics,” J. Phys. Chem. A, vol. 116, no. 49, pp. 

11997–12013, 2012. 

[18] W. J. Sagues, A. Jain, D. Brown, S. Aggarwal, A. Suarez, M. Kollman, S. Park, D. 

Argyropoulos, “Are lignin-derived carbon fibers graphitic enough?,” Green Chemistry, 

vol. 21, no. 16. Royal Society of Chemistry, pp. 4253–4265, 2019. 

[19] X. Zhou, W. Li, R. Mabon, and L. J. Broadbelt, “A critical review on hemicellulose 

pyrolysis,” Energy Technology, vol. 5, no. 1. pp. 52–79, 2017. 

[20] H. V. Scheller and P. Ulvskov, “Hemicelluloses,” Annu. Rev. Plant Biol., vol. 61, pp. 

263–289, 2010. 

[21] J. Ralph, J. H. Grabber, and R. D. Hatfield, “Lignin-ferulate cross-links in grasses: active 

incorporation of ferulate polysaccharide esters into ryegrass lignins,” Carbohydr. Res., 

vol. 275, no. 1, pp. 167–178, 1995. 

[22] T. Jeffries, “Biodegradation of lignin-carbohydrate complexes,” Biodegradation, pp. 163–

176, 1990. 

[23] D. Tarasov, M. Leitch, and P. Fatehi, “Lignin-carbohydrate complexes: Properties, 

applications, analyses, and methods of extraction: A review,” Biotechnology for Biofuels, 

vol. 11, no. 1. BioMed Central, pp. 1–28, 2018. 

[24] S. Wang, B. Ru, G. Dai, W. Sun, K. Qiu, and J. Zhou, “Pyrolysis mechanism study of 

minimally damaged hemicellulose polymers isolated from agricultural waste straw 

samples,” Bioresour. Technol., vol. 190, pp. 211–218, 2015. 

[25] K. B. Ansari, J. S. Arora, J. W. Chew, P. J. Dauenhauer, and S. H. Mushrif, “Fast 



   

84 

 

Pyrolysis of Cellulose, Hemicellulose, and Lignin: Effect of Operating Temperature on 

Bio-oil Yield and Composition and Insights into the Intrinsic Pyrolysis Chemistry,” Ind. 

Eng. Chem. Res., vol. 58, no. 35, pp. 15838–15852, 2019. 

[26] Q. Lu, H. Tian, B. Hu, X. Jiang, C. Dong, and Y. Yang, “Pyrolysis mechanism of 

holocellulose-based monosaccharides : The formation of hydroxyacetaldehyde,” J. Anal. 

Appl. Pyrolysis, vol. 120, pp. 15–26, 2016. 

[27] K. Fukui, T. Yonezawa, and H. Shingu, “A molecular orbital theory of reactivity in 

aromatic hydrocarbons,” J. Chem. Phys., 1952. 

[28] R. Sustmann and I. Siangouri‐Feulner, “FMO Approach in [4 + 2] Cycloadditions. Kinetic 

Studies with 1,2‐Dimethylenecyclopentane,” Chem. Ber., vol. 126, no. 5, pp. 1241–1245, 

1993. 

[29] M. J. S. Dewar, “A molecular orbital theory of organic chemistry—VIII,” Tetrahedron, 

vol. 22, no. 8, pp. 75–92, 1966. 

[30] H. E. Zimmerman, “On Molecular Orbital Correlation Diagrams, the Occurrence of 

Möbius Systems in Cyclization Reactions, and Factors Controlling Ground- and Excited-

State Reactions. I,” J. Am. Chem. Soc., 1966. 

[31] N. T. Anh, Frontier Orbitals: A Practical Manual. 2007. England: John Wiley & Sons. 

[32] R. Hoffmann and R. B. Woodward, “The Conservation of Orbital Symmetry,” Acc. Chem. 

Res., 1968. 

[33] L. S. Tran, M. Verdicchio, F. Monge, R. C. Martin, R. Bounaceeuer, B. Sirjean, P. A. 

Glaude, M. U. Alzueta, F. B. Leclerc, “An experimental and modeling study of the 

combustion of tetrahydrofuran,” Combust. Flame, vol. 162, no. 5, pp. 1899–1918, 2015. 

[34] J. C. Lizardo-Huerta, B. Sirjean, P. A. Glaude, and R. Fournet, “Pericyclic reactions in 



   

85 

 

ether biofuels,” Proc. Combust. Inst., vol. 36, no. 1, pp. 569–576, 2017. 

[35] C. J. McGill and P. R. Westmoreland, “Monosaccharide Isomer Interconversions Become 

Significant at High Temperatures,” J. Phys. Chem. A, vol. 123, no. 1, pp. 120–131, 2019. 

[36] H. Eyring, “The activated complex in chemical reactions,” J. Chem. Phys., vol. 3, no. 2, 

pp. 63–71, 1935. 

[37] M. G. Evans and M. Polanyi, “Further considerations on the thermodynamics of chemical 

equilibria and reaction rates,” Transactions of the Faraday Society, vol. 32, pp. 1333–

1360, 1936.  

[38] B. Peters, “Transition state theory,” React. Rate Theory Rare Events Simulations, no. 

1933, pp. 227–271, 2017. 

[39] K. Laidler, Chemical Kinetics, 3rd ed. Pearson, 1987. 

[40] C. Di Blasi, “Modeling chemical and physical processes of wood and biomass pyrolysis,” 

Progress in Energy and Combustion Science, vol. 34, no. 1. pp. 47–90, 2008. 

[41] J. A. Caballero, J. A. Conesa, R. Font, and A. Marcilla, “Pyrolysis kinetics of almond 

shells and olive stones considering their organic fractions,” J. Anal. Appl. Pyrolysis, vol. 

42, no. 2, pp. 159–175, 1997. 

[42] M. J. Antal and G. Varhegyi, “Cellulose Pyrolysis Kinetic: The Current State of 

Knowledge,” Ind. Eng. Chem. Res., vol. 34, no. 3, pp. 703–717, 1995. 

[43] C. J. Gómez, G. Várhegyi, and L. Puigjaner, “Slow pyrolysis of woody residues and an 

herbaceous biomass crop: A kinetic study,” Ind. Eng. Chem. Res., vol. 44, no. 17, pp. 

6650–6660, 2005. 

[44] T. Hosoya, H. Kawamoto, and S. Saka, “Cellulose-hemicellulose and cellulose-lignin 

interactions in wood pyrolysis at gasification temperature,” J. Anal. Appl. Pyrolysis, vol. 



   

86 

 

80, no. 1, pp. 118–125, 2007. 

[45] C. Z. Zaman, K. Pal, W. A. Yehye, S. Sagadevan, S. T. Shah, G. A. Adebisi, E. Marliana, 

R. F. Rafique and R. B. Johan., “Pyrolysis: A Sustainable Way to Generate Energy from 

Waste,” https://www.intechopen.com/books/pyrolysis/pyrolysis-a-sustainable-way-to-

generate-energy-from-waste. 

[46] K. H. Kim, T. S. Kim, S. M. Lee, D. Choi, H. Yeo, I. G. Choi, J. W. Choi, “Comparison 

of physicochemical features of biooils and biochars produced from various woody 

biomasses by fast pyrolysis,” Renew. Energy, vol. 50, pp. 188–195, 2013. 

[47] M. Yang, X. R. Song, P. F. Deng, and H. R. Yang, “Pyrolysis and liquefaction of 

biomass,” Linchan Huaxue Yu Gongye/Chemistry and Industry of Forest Products, vol. 

20, no. 4. pp. 77–82, 2000. 

[48] R. Alén, E. Kuoppala, and P. Oesch, “Formation of the main degradation compound 

groups from wood and its components during pyrolysis,” J. Anal. Appl. Pyrolysis, vol. 36, 

no. 2, pp. 137–148, 1996. 

[49] C. Di Blasi, C. Branca, A. Santoro, and E. Gonzalez Hernandez, “Pyrolytic behavior and 

products of some wood varieties,” Combust. Flame, vol. 124, no. 1–2, pp. 165–177, 2001. 

[50] M. Nasir Uddin, W. M. A. W. Daud, and H. F. Abbas, “Potential hydrogen and non-

condensable gases production from biomass pyrolysis: Insights into the process 

variables,” Renewable and Sustainable Energy Reviews, vol. 27. Elsevier, pp. 204–224, 

2013. 

[51] S. Li, S. Xu, S. Liu, C. Yang, and Q. Lu, “Fast pyrolysis of biomass in free-fall reactor for 

hydrogen-rich gas,” Fuel Processing Technology, 2004, vol. 85, no. 8–10, pp. 1201–1211. 

[52] J. E. White, W. J. Catallo, and B. L. Legendre, “Journal of Analytical and Applied 



   

87 

 

Pyrolysis Biomass pyrolysis kinetics : A comparative critical review with relevant 

agricultural residue case studies,” J. Anal. Appl. Pyrolysis, vol. 91, no. 1, pp. 1–33, 2011. 

[53] P. Patwardhan, “Understanding the product distribution from biomass fast pyrolysis,” 

Doctoral Thesis, Iowa State University, 2010. 

[54] A. Broido and M. A. Nelson, “Char yield on pyrolysis of cellulose,” Combust. Flame, vol. 

24, no. C, pp. 263–268, 1975. 

[55] A. G. W. Bradbury, Y. Sakai, and F. Shafizadeh, “A kinetic model for pyrolysis of 

cellulose,” J. Appl. Polym. Sci., vol. 23, no. 11, pp. 3271–3280, 1979. 

[56] F. Shafizadeh, R. H. Furneaux, T. G. Cochran, J. P. Scholl, and Y. Sakai, “Production of 

levoglucosan and glucose from pyrolysis of cellulosic materials,” J. Appl. Polym. Sci., vol. 

23, no. 12, pp. 3525–3539, 1979. 

[57] S. Cooley and M. J. Antal, “Kinetics of cellulose pyrolysis in the presence of nitric oxide,” 

J. Anal. Appl. Pyrolysis, vol. 14, no. 2–3, pp. 149–161, 1988. 

[58] I. Milosavljevic and E. M. Suuberg, “Cellulose Thermal Decomposition Kinetics: Global 

Mass Loss Kinetics,” Ind. Eng. Chem. Res., vol. 34, no. 4, pp. 1081–1091, 1995. 

[59] I. Milosavljevic, V. Oja, and E. M. Suuberg, “Thermal effects in cellulose pyrolysis: 

Relationship to char formation processes,” Ind. Eng. Chem. Res., vol. 35, no. 3, pp. 653–

662, 1996. 

[60] F. Shafizadeh and P. P. S. Chin, “Thermal Deterioration of Wood,” Wood Technology: 

Chemical Aspects, ACS Symposium Series, vol. 43, pp. 57–81, 1977. 

[61] C. A. Koufopanos, N. Papayannakos, G. Maschio, and A. Lucchesi, “Studies on Kinetics , 

Thermal and Heat Transfer Effects,” Can. J. Chem. Eng., vol. 69, pp. 907–915, 1991. 

[62] A. Dufour, B. Ouartassi, R. Bounaceur, and A. Zoulalian, “Modelling intra-particle 



   

88 

 

phenomena of biomass pyrolysis,” Chem. Eng. Res. Des., vol. 89, no. 10, pp. 2136–2146, 

2011. 

[63] E. Ranzi, P. E. A. Debiagi, and A. Frassoldati, “Mathematical Modeling of Fast Biomass 

Pyrolysis and Bio-Oil Formation. Note I: Kinetic Mechanism of Biomass Pyrolysis,” ACS 

Sustain. Chem. Eng., vol. 5, no. 4, pp. 2867–2881, 2017. 

[64] J. B. Wooten, J. I. Seeman, and M. R. Hajaligol, “Observation and characterization of 

cellulose pyrolysis intermediates by 13C CPMAS NMR. A new mechanistic model,” 

Energy and Fuels, vol. 18, no. 1, pp. 1–15, 2004. 

[65] Y. C. Lin, J. Cho, G. A. Tompsett, P. R. Westmoreland, and G. W. Huber, “Kinetics and 

mechanism of cellulose pyrolysis,” J. Phys. Chem. C, vol. 113, no. 46, pp. 20097–20107, 

2009. 

[66] T. Lin, E. Goos, and U. Riedel, “A sectional approach for biomass: Modelling the 

pyrolysis of cellulose,” Fuel Process. Technol., vol. 115, pp. 246–253, 2013. 

[67] B. R. Hough, D. T. Schwartz, and J. Pfaendtner, “Detailed Kinetic Modeling of Lignin 

Pyrolysis for Process Optimization,” Ind. Eng. Chem. Res., vol. 55, no. 34, pp. 9147–

9153, 2016. 

[68] K. Dussan, S. Dooley, and R. F. D. Monaghan, “A model of the chemical composition and 

pyrolysis kinetics of lignin,” Proc. Combust. Inst., vol. 37, no. 3, pp. 2697–2704, 2019. 

[69] C. Di Blasi and M. Lanzetta, “Intrinsic kinetics of isothermal xylan degradation in inert 

atmosphere,” J. Anal. Appl. Pyrolysis, vol. 40–41, pp. 287–303, 1997. 

[70] M. J. Prins, K. J. Ptasinski, and F. J. J. G. Janssen, “Torrefaction of wood. Part 1. Weight 

loss kinetics,” J. Anal. Appl. Pyrolysis, vol. 77, no. 1, pp. 28–34, 2006. 

[71] R. B. Bates and A. F. Ghoniem, “Biomass torrefaction: Modeling of reaction 



   

89 

 

thermochemistry,” Bioresour. Technol., vol. 134, pp. 331–340, 2013. 

[72] F. Shafizadeh, G. D. Mcginnis, R. A. Susott, and H. W. Tatton, “Thermal Reactions of α-

D-Xylopyranose and β-D-Xylopyranosides,” J. Org. Chem., vol. 36, no. 19, pp. 2813–

2818, 1971. 

[73] F. Shafizadeh, G. D. McGinnis, and C. W. Philpot, “Thermal degradation of xylan and 

related model compounds,” Carbohydr. Res., vol. 25, no. 1, pp. 23–33, 1972. 

[74] A. Aho. N. Kumar, K. Eränen, B. Holmbom, M. Huppa, T. Salmi, and D. Y. Murzin, 

“Pyrolysis of softwood carbohydrates in a fluidized bed reactor,” Int. J. Mol. Sci., vol. 9, 

no. 9, pp. 1665–1675, 2008. 

[75] S. Wang, B. Ru, H. Lin, and W. Sun, “Pyrolysis behaviors of four O-acetyl-preserved 

hemicelluloses isolated from hardwoods and softwoods,” Fuel, vol. 150, pp. 243–251, 

2015. 

[76] X. Zhou, W. Li, R. Mabon, and L. J. Broadbelt, “A mechanistic model of fast pyrolysis of 

hemicellulose,” Energy Environ. Sci., vol. 11, no. 5, pp. 1240–1260, 2018. 

[77] P. R. Patwardhan, R. C. Brown, and B. H. Shanks, “Product distribution from the fast 

pyrolysis of hemicellulose,” ChemSusChem, vol. 4, no. 5, pp. 636–643, 2011. 

[78] U. Räisänen, I. Pitkänen, H. Halttunen, and M. Hurtta, “Formation of the main 

degradation compounds from arabinose, xylose, mannose and arabinitol during pyrolysis,” 

J. Therm. Anal. Calorim., vol. 72, no. 2, pp. 481–488, 2003. 

[79] B. Hu, Q. Lu, X. Jiang, X. Dong, M. Cui, and C. Dong, “Pyrolysis mechanism of glucose 

and mannose : The formation of 5-hydroxymethyl furfural and furfural,” J. Energy Chem., 

vol. 27, no. 2, pp. 486–501, 2018. 

[80] J. B. Paine, Y. B. Pithawalla, and J. D. Naworal, “Carbohydrate pyrolysis mechanisms 



   

90 

 

from isotopic labeling. Part 2. The pyrolysis of d-glucose: General disconnective analysis 

and the formation of C1 and C2 carbonyl compounds by electrocyclic fragmentation 

mechanisms,” J. Anal. Appl. Pyrolysis, vol. 82, no. 1, pp. 10–41, 2008. 

[81] X. Zhou, M. W. Nolte, H. B. Mayes, B. H. Shanks, and L. J. Broadbelt, “Experimental 

and mechanistic modeling of fast pyrolysis of neat glucose-based carbohydrates. 1. 

Experiments and development of a detailed mechanistic model,” Ind. Eng. Chem. Res., 

vol. 53, no. 34, pp. 13274–13289, 2014. 

[82] D. K. Shen, S. Gu, and A. V Bridgwater, “Study on the pyrolytic behaviour of xylan-

based hemicellulose using TG-FTIR and Py-GC-FTIR,” J. Anal. Appl. Pyrolysis, vol. 87, 

no. 2, pp. 199–206, 2010. 

[83] C. Branca, C. Di Blasi, C. Mango, and I. Hrablay, “Products and kinetics of glucomannan 

pyrolysis,” Ind. Eng. Chem. Res., vol. 52, no. 14, pp. 5030–5039, 2013. 

[84] G. R. Ponder and G. N. Richards, “Pyrolysis of some 13C-labeled glucans: a mechanistic 

study,” Carbohydr. Res., vol. 244, no. 1, pp. 27–47, 1993. 

[85] B. Hu, Q. Lu, Z. Zhang, Y. Wu, K. Li, C. Dong, Y. Yang, “Mechanism insight into the 

fast pyrolysis of xylose, xylobiose and xylan by combined theoretical and experimental 

approaches,” Combust. Flame, vol. 206, pp. 177–188, 2019. 

[86] J. Huang, C. Liu, H. Tong, W. Li, and D. Wu, “Theoretical studies on pyrolysis 

mechanism of xylopyranose,” Comput. Theor. Chem., vol. 1001, pp. 44–50, 2012. 

[87] J. Huang, C. He, L. Wu, and H. Tong, “Thermal degradation reaction mechanism of 

xylose: A DFT study,” Chem. Phys. Lett., vol. 658, pp. 114–124, 2016. 

[88] M. Wang, C. Liu, Q. Li, and X. Xu, “Theoretical insight into the conversion of xylose to 

furfural in the gas phase and water,” J. Mol. Model., vol. 21, no. 11, 2015. 



   

91 

 

[89] C. J. McGill, “Computed Elementary Mechanisms of Homogeneous Catalysis by 

Saccharide-Derived Hydroxyls, Organophosphorus, and Organotin,” Doctoral Thesis, 

North Carolina State University, 2019. 

[90] H. Jin-bao, L. I. U. Chao, T. Hong, L. I. Wei-min, and W. U. Dan, “Theoretical studies on 

pyrolysis mechanism of O-acetyl-xylopyranose,” J. Fuel Chem. Technol., vol. 41, no. 3, 

pp. 285–293, 2013. 

[91] S. Maduskar, G. G. Facas, C. Papageorgiou, C. L. Williams, and P. J. Dauenhauer, “Five 

Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction 

Kinetics of Lignocellulosic Biomass,” ACS Sustain. Chem. Eng., vol. 6, no. 1, pp. 1387–

1399, 2018. 

[92] P. R. Patwardhan, J. A. Satrio, R. C. Brown, and B. H. Shanks, “Product distribution from 

fast pyrolysis of glucose-based carbohydrates,” Journal of Analytical and Applied 

Pyrolysis, vol. 86, pp. 323–330, 2009. 

[93] A. D. Paulsen, M. S. Mettler, and P. J. Dauenhauer, “The role of sample dimension and 

temperature in cellulose pyrolysis,” in Energy and Fuels, 2013, vol. 27, no. 4, pp. 2126–

2134. 

[94] S. Wang, B. Ru, H. Lin, and Z. Luo, “Degradation mechanism of monosaccharides and 

xylan under pyrolytic conditions with theoretic modeling on the energy profiles,” 

Bioresour. Technol., vol. 143, pp. 378–383, 2013. 

[95] A. K. Vasiliou, J. H. Kim, T. K. Ormond, K. M. Piech, K. N. Urness, A. M. Scheer, D. J. 

Robichaud, C. Mukarakate, M. R. Nimlos, J. W. Daily. Q. Guan, H. H. Carstensen, G. B. 

Ellison, “Biomass pyrolysis: Thermal decomposition mechanisms of furfural and 

benzaldehyde,” J. Chem. Phys., vol. 139, no. 10, pp. 104310:1–11, 2013. 



   

92 

 

[96] A. V. Bridgwater, D. Meier, and D. Radlein, “An overview of fast pyrolysis of biomass,” 

Org. Geochem., vol. 30, no. 12, pp. 1479–1493, 1999. 

[97] R. J. M. Westerhof, N. J. M. Kuipers, S. R. A. Kersten, and W. P. M. Van Swaaij, 

“Controlling the water content of biomass fast pyrolysis oil,” in Industrial and 

Engineering Chemistry Research, vol. 46, pp. 9238–9247, 2007. 

[98] A. V. Bridgwater, “Review of fast pyrolysis of biomass and product upgrading,” Biomass 

and Bioenergy, vol. 38, pp. 68–94, 2012. 

[99] M. P. Schwenk, “Investigating the loss of crystal structure in carbohydrate materials,” 

Doctoral Thesis, University of Illinois at Urbana-Champaign, 2016. 

[100] Y. Roos, “Melting and glass transitions of low molecular weight carbohydrates,” 

Carbohydr. Res., vol. 238, pp. 39–48, 1993. 

[101] M. Lappalainen, I. Pitkänen, H. Heikkilä, and J. Nurmi, “Melting behaviour and evolved 

gas analysis of xylose,” J. Therm. Anal. Calorim., vol. 84, no. 2, pp. 367–376, 2006. 

[102] A. Khosravanipour Mostafazadeh, O. Solomatnikova, P. Drogui, and R. D. Tyagi, “A 

review of recent research and developments in fast pyrolysis and bio-oil upgrading,” 

Biomass Conversion and Biorefinery, vol. 8, pp. 739–773, 2018. 

[103] “National Center for Biotechnology Information (2020). PubChem Annotation Record for 

TOLUENE.” https://pubchem.ncbi.nlm.nih.gov/compound/Toluene. 

[104] B. Hu et al., “Pyrolysis mechanism of glucose and mannose: The formation of 5-

hydroxymethyl furfural and furfural,” J. Energy Chem., vol. 27, no. 2, pp. 486–501, 2018. 

[105] E. Schrödinger, “Quantisierung als Eigenwertproblem (II),” Ann. Phys., vol. 79, pp. 489–

527, 1926. 

[106] V. Ramachandran, G. Deepa, K, Namboori, "Research in Computational Chemistry and 



   

93 

 

Molecular Modeling", Computational Chemistry and Molecular Modeling, pp. 297–310, 

Springer, Berlin, Heidelberg, 2008 

[107] C. J. Cramer, Essentials of Computational Chemistry Theories and Models, Chichester: 

John Wiley & Sons, 2004. 

[108] H. G. Kümmel, “A biography of the coupled cluster method", International Journal of 

Modern Physics B, vol. 17, no. 28, pp. 5311–5325, 2003. 

[109] A. Gilbert, “Introduction to Computational Quantum Chemistry: Theory.” [Online]. 

Available: http://www.srneclab.cz/lectures/MC260P87/supp/lecture2a3.pdf. [Accessed: 

27-Feb-2020]. 

[110] W. Kohn, “Nobel lecture: Electronic structure of matter - Wave functions and density 

functional,” Rev. Mod. Phys., vol. 71, no. 5, pp. 1253–1266, 1999. 

[111] A. D. Becke, “Density-functional thermochemistry. III. The role of exact exchange,” J. 

Chem. Phys., vol. 98, no. 7, pp. 5648–5652, 1993. 

[112] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch, “Ab Initio calculation of 

vibrational absorption and circular dichroism spectra using density functional force 

fields,” J. Phys. Chem., vol. 98, no. 45, pp. 11623–11627, 1994. 

[113] L. A. Curtiss, C. Jones, G. W. Trucks, K. Raghavachari, and J. A. Pople, “Gaussian-1 

theory of molecular energies for second-row compounds,” J. Chem. Phys., vol. 93, no. 4, 

pp. 2537–2545, 1990. 

[114] L. A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, “Gaussian-2 theory for 

molecular energies of first- and second-row compounds,” J. Chem. Phys., vol. 94, no. 11, 

pp. 7221–7230, 1991. 

[115] L. A. Curtiss, K. Raghavach Ari, P. C. Redfern, V. Rassolov, and J. A. Pople, “Gaussian-3 



   

94 

 

(G3) theory for molecules containing first and second-row atoms,” J. Chem. Phys., vol. 

109, no. 18, pp. 7764–7776, 1998. 

[116] L. A. Curtiss, P. C. Redfern, and K. Raghavachari, “Gaussian-4 theory,” J. Chem. Phys., 

vol. 126, no. 8, 2007. 

[117] G. A. Petersson and M. J. Frisch, “A journey from generalized valence bond theory to the 

full CI complete basis set limit,” J. Phys. Chem. A, vol. 104, no. 11, pp. 2183–2190, 2000. 

[118] M. R. Nyden and G. A. Petersson, “Complete basis set correlation energies. I. The 

asymptotic convergence of pair natural orbital expansions,” J. Chem. Phys., vol. 75, no. 4, 

pp. 1843–1862, 1981. 

[119] J. M. L. Martin and G. De Oliveira, “Towards standard methods for benchmark quality ab 

initio thermochemistry - W1 and W2 theory,” J. Chem. Phys., vol. 111, no. 5, pp. 1843–

1856, 1999. 

[120] C. Shen, I. Y. Zhang, G. Fu, and X. Xu, “Pyrolysis of D-glucose to acrolein,” Chinese J. 

Chem. Phys., vol. 24, no. 3, pp. 249–252, 2011. 

[121] Gaussian 16, Revision A.03, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, 

M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. 

Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. 

P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, 

F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. 

Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. 

Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, 

K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, 

E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. 



   

95 

 

Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. 

Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. 

Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016. 

[122] R. Rao, V. S., Qasba, P. K., Balaji, P. V., Chandrasekaran, Conformation of 

Carbohydrates. Harwood Acedemic Publishers, 1998. 

[123] G. I. Csonka, K. Éliás, I. Kolossváry, C. P. Sosa, and I. G. Csizmadia, “Theoretical study 

of alternative ring forms of α-L-fucopyranose,” J. Phys. Chem. A, vol. 102, no. 7, pp. 

1219–1229, 1998. 

[124] O. Moussi, S., Ouamerali, “Comparative study between ONIOM, ab initio and DFT 

methods, application: α and β L-fucopyranose.,” J. Comput. Methods Sci. Eng., vol. 10, 

no. 3–6, pp. 513–533, 2010. 

[125] H. B. Mayes and L. J. Broadbelt, “Unraveling the reactions that unravel cellulose,” J. 

Phys. Chem. A, vol. 116, no. 26, pp. 7098–7106, 2012. 

[126] H. B. Mayes, M. W. Nolte, G. T. Beckham, B. H. Shanks, and L. J. Broadbelt, “The 

alpha-bet(a) of glucose pyrolysis: Computational and experimental investigations of 5-

hydroxymethylfurfural and levoglucosan formation reveal implications for cellulose 

pyrolysis,” ACS Sustain. Chem. Eng., vol. 2, no. 6, pp. 1461–1473, 2014. 

[127] X. Zhou, M. W. Nolte, H. B. Mayes, B. H. Shanks, and L. J. Broadbelt, “Mechanistic 

modeling of fast pyrolysis of glucose-based carbohydrates in the Presence of NaCI,” in 

Catalysis and Reaction Engineering Division 2015 - Core Programming Area at the 2015 

AIChE Annual Meeting, 2015. 

[128] J. W. Ochterski, “Thermochemistry in Gaussian,” Gaussian Inc., Pittsburgh PA, 2000. 

[129] "Energy Profile Diagrams." https://github.com/nitej/rxnlvl. 



   

96 

 

[130] I. Peña, S. Mata, A. Martín, C. Cabezas, A. M. Daly, and J. L. Alonso, “Conformations of 

d-xylose: The pivotal role of the intramolecular hydrogen-bonding,” Phys. Chem. Chem. 

Phys., vol 15, no. 41, pp. 18243–18248, 2013. 

[131] D. S. Yufit, J. A. K. Howard, S. I. Kozhushkov, M. Von Seebach, D. Frank, and A. De 

Meijere, “Effect of methyl substituents on the geometry and packing of some triangulanes 

and methylenecyclopropanes,” CrystEngComm, vol. 7, no. 30, pp. 187–192, 2005. 

[132] D. S. Wishart et al., “HMDB 4.0: The human metabolome database for 2018,” Nucleic 

Acids Res., vol. 46, Issue D1, pp. D608–D617, 2018. 

[133] “Melting point: D-arabinose.” https://www.chemsrc.com/en/cas/10323-20-3_258752.html. 

[134] C. W. Gao, J. W. Allen, W. H. Green, and R. H. West, “Reaction Mechanism Generator: 

Automatic construction of chemical kinetic mechanisms,” Comput. Phys. Commun., vol. 

203, pp. 212–225, 2016. 

 



   

97 

 

APPENDICES 



   

98 

 

APPENDIX A 

 

A.1 List of Calibration compounds 

 

Sr. 

No. 
Names of compounds Company 

1 Methanol, > 99.5 % pure Fisher Scientific 

2 Ethanol, > 99.0 % pure Fisher Scientific 

3 n-Propanol Sigma Aldrich 

4 Isopropanol Sigma Aldrich 

5 sec-Butanol Sigma Aldrich 

6 t-Butanol Sigma Aldrich 

7 1,2-Ethanediol Sigma Aldrich 

8 1,4-Butanediol Sigma Aldrich 

9 Ethyl acetate Sigma Aldrich 

10 Formaldehyde 37% water solution Sigma Aldrich 

11 Acetaldehyde 40% water solution Sigma Aldrich 

12 Paraldehyde Sigma Aldrich 

13 Acetone, > 99 % pure Fisher Scientific 

14 2-Butanone Sigma Aldrich 

15 2,3-Butandione Sigma Aldrich 

16 Formic acid 50% water solution Sigma Aldrich 

17 Acetic acid glacial Sigma Aldrich 

18 Tetrahydrofuran Sigma Aldrich 

19 1,4-Dioxane Sigma Aldrich 

20 Phenol Sigma Aldrich 

21 Catechol Sigma Aldrich 

22 Hydroquinone Sigma Aldrich 

23 Glycolaldehyde Sigma Aldrich 

24 Dimer of Glycolaldehyde Sigma Aldrich 

25 Glyceraldehyde Sigma Aldrich 

26 1,3-Dihydroxy acetone Sigma Aldrich 

27 1-Methoxy-2-propyl acetate Sigma Aldrich 

28 Acetol Sigma Aldrich 

29 Acetoin Sigma Aldrich 

30 Furfural Sigma Aldrich 

31 5-Methyl furfural Sigma Aldrich 

32 2-Furanmethanol Sigma Aldrich 
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33 5-Hydroxymethyl furfural Sigma Aldrich 

34 β-Hydroxy-γ-butyrolactone Sigma Aldrich 

35 2-furancarboxylic acid Sigma Aldrich 

36 Levoglucosenone Sigma Aldrich 

37 Glycidol or oxirane methanol Sigma Aldrich 

 

A.2 Product distribution from pyrolysis of monosaccharides at 250°C 

Compound D-xylose D-arabinose L-fucose 

Glycolaldehyde 19.40 ± 1.22 28.98 ± 5.41 0.02 ± 0.00 

Formaldehyde 2.87 ± 0.33 4.28 ± 2.38 0.23 ± 0.05 

Dimer of Glycolaldehyde 2.06 ± 0.82 1.98 ± 1.35 ND 

1,3-Dihydroxy acetone 1.37 ± 0.39 2.22 ± 0.24 ND 

Furfural 0.81 ± 0.03 0.93 ± 0.18 ND 

2,3-Butandione 0.18 ± 0.05 0.40 ± 0.10 0.06 ± 0.01 

2-Butanone 0.07 ± 0.00 0.01 ± 0.01 ND 

Acetic acid 0.06 ± 0.00 1.79 ± 0.61 ND 

Acetol 0.06 ± 0.03 0.22 ± 0.03 0.03 ± 0.00 

Ethyl acetate 0.05 ± 0.00 ND ND 

Acetaldehyde 0.05 ± 0.01 0.15 ± 0.06 1.38 ± 0.84 

Methanol 0.02 ± 0.00 0.27 ± 0.21 0.01 ± 0.00 

Acetone 0.02 ± 0.01 0.09 ± 0.07 ND 

2-Furanmethanol 0.01 ± 0.00 0.07 ± 0.01 ND 

Acetoin 0.01 ± 0.00 0.02 ± 0.00 ND 

5-hydroxymethyl furfural 0.01 ± 0.00 0.01 ± 0.00 ND 

5-Methyl furfural 0 0 0 

Formic acid ND 0.92 ± 0.68 ND 

Ethanol ND 0 0 

Isopropanol ND 0 ND 

Hydroquinone ND 0.02 ± 0.01 ND 
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A.3 Product Distribution of the monosaccharides at 250°C and 350°C 
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APPENDIX B 

 

Gaussian input files have been included in this section. The stable species were optimized at 

UB3LYP/6-31++G(d,p) level of theory and the energies were further refined using CBS-QB3. The 

transition states search was performed using Berny which was initially optimized at UB3LYP/6-

31++G(d,p) and further refined by CBS-QB3. 

B.1 Stable Species 

 

A1-1 / A2-1: β-D-Arabinopyranose 
 

 
 
0 1 
 C                 -2.83914160   -1.36749145    0.00000000 
 C                 -1.32403560   -1.36749145    0.00000000 
 C                 -0.77210460    0.04358655    0.00000000 
 C                 -1.32176760    0.84812355    1.16066100 
 C                 -3.34101689   -0.45420444    1.15897699 
 H                 -0.94874160   -1.91735045   -0.90191000 
 H                 -3.21473860   -2.42171145    0.06350200 
 H                 -0.94574460    1.90226055    1.09866600 
 H                 -3.07501289   -0.95992644    2.12429199 
 H                 -1.04072260    0.54921955   -0.96454600 
 O                 -2.75176739    0.84874741    1.16019947 
 O                 -4.76791464   -0.40947819    1.07613755 
 H                 -5.14704726   -0.89254893    1.81404073 
 O                 -3.31423147   -0.81548094   -1.23063967 
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 H                 -3.56436811   -1.52638524   -1.82532172 
 O                 -0.84912013   -2.06305104    1.15566092 
 H                 -0.21536902   -2.73285960    0.88861034 
 O                  0.65499659    0.00022106    0.08001011 
 H                  1.03090840    0.58920090   -0.57831584 
 H                 -0.96642222    0.43334330    2.08076263 
 
F1-1 / F2-1: α-L-Fucopyranose 
 

 
 
0 1 
 C                 -1.16375849   -0.92681546    0.00712197 
 C                 -0.60933405    0.50998332    0.03713091 
 C                 -1.20329986    1.23896293    1.24500741 
 C                 -2.72768676    1.22171797    1.10661422 
 C                 -3.19934366   -0.24289387    1.03457383 
 H                  0.45739494    0.48679217    0.11745177 
 H                 -0.88567828   -1.43500375    0.90674193 
 H                 -0.91774612    0.73607853    2.14526644 
 H                 -3.01359874    1.73384721    0.21169636 
 H                 -4.26435795   -0.26601996    0.93402655 
 O                 -2.59894262   -0.89575816   -0.09915068 
 O                 -2.81716405   -0.92560981    2.23154404 
 H                 -3.21928031   -0.49355565    2.98866472 
 O                 -3.32279321    1.86962502    2.23398496 
 H                 -3.02165073    2.78022249    2.27552347 
 O                 -0.72894890    2.58733519    1.28723784 
 H                  0.22778954    2.58765498    1.36630405 
 O                 -0.97922493    1.19027572   -1.16506832 
 H                 -0.61074531    0.72732895   -1.92104653 
 C                 -0.57827363   -1.67156520   -1.20702600 
 H                  0.48851788   -1.69822465   -1.12863504 
 H                 -0.95930416   -2.67115883   -1.23001098 
 H                 -0.85723670   -1.16276811   -2.10602830 
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X1-1 / X2-1: β-D-Xylopyranose 
 

 
 
0 1 
 C                 -2.83914160   -1.36749145    0.00000000 
 C                 -1.32403560   -1.36749145    0.00000000 
 C                 -0.77210460    0.04358655    0.00000000 
 C                 -1.32176760    0.84812355    1.16066100 
 C                 -3.34101689   -0.45420444    1.15897699 
 H                 -1.13573392   -1.64320845    1.07011904 
 H                 -3.02737635   -0.64613383   -0.83707603 
 H                 -0.94574460    1.90226055    1.09866600 
 H                 -3.07501289   -0.95992644    2.12429199 
 H                 -1.04072260    0.54921955   -0.96454600 
 O                 -2.75176739    0.84874741    1.16019947 
 O                 -4.76791464   -0.40947819    1.07613755 
 H                 -5.14704726   -0.89254893    1.81404073 
 O                 -3.50159372   -2.59105856   -0.33006164 
 H                 -4.17115690   -2.42310607   -0.99720264 
 O                 -0.66212781   -2.33719304   -0.81636812 
 H                 -0.34670324   -3.05777246   -0.26602947 
 O                  0.65499659    0.00022106    0.08001011 
 H                  1.03090840    0.58920090   -0.57831584 
 H                 -0.96642222    0.43334330    2.08076263 
  



   

105 

 

A1-2 / A2-2: D-Arabinose 
 

 
 
0 1 
 C                 -2.43825167    1.18050172    1.25740497 
 H                 -1.45353918    0.76188339    1.25752167 
 C                 -2.95182332    0.45470720    2.51480962 
 H                 -2.22920139   -0.33441735    2.51490393 
 C                 -2.43843761    1.18063347    3.77221415 
 H                 -2.79489648    2.18951259    3.77213080 
 C                 -2.95201775    0.45484495    5.02961880 
 H                 -2.59555874   -0.55403412    5.02970119 
 H                 -4.02201773    0.45506514    5.02953611 
 C                 -2.95159388    0.45454545    0.00000000 
 H                 -3.56678811   -0.41515518    0.10028402 
 O                 -2.65003668    0.88065781   -1.14501619 
 O                 -2.34945923    2.60774238    1.25732094 
 H                 -1.47191273    2.87419730    1.54107071 
 O                 -4.26804840   -0.10426646    2.51474149 
 H                 -4.21761350   -1.04280877    2.31930694 
 O                 -1.00843765    1.18033899    3.77232491 
 H                 -0.68800714    1.68832129    4.52124298 
 O                 -2.47530264    1.12891949    6.19720872 
 H                 -2.96700351    0.82729332    6.96457558 
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F1-2 / F2-2: L-Fucose 
 

 
 
0 1 
 C                 -3.07778516   -0.43065123   -0.10328649 
 H                 -4.03736616   -0.35598955   -0.57075833 
 C                 -2.33364759   -1.77878815   -0.08363706 
 H                 -1.71682663   -1.85843543   -0.95431967 
 C                 -3.35676345   -2.92974677   -0.07231482 
 H                 -3.96783936   -2.87239353   -0.94878321 
 C                 -2.61262588   -4.27788370   -0.05266539 
 H                 -2.00154997   -4.33523694    0.82380300 
 C                 -3.63574174   -5.42884231   -0.04134316 
 H                 -4.25256270   -5.34919504    0.82933946 
 C                 -2.89160417   -6.77697924   -0.02169373 
 H                 -3.60247039   -7.57667127   -0.01382698 
 H                 -2.27478321   -6.85662651   -0.89237634 
 H                 -2.28052827   -6.83433248    0.85477466 
 O                 -2.55731285    0.58316152    0.43043897 
 O                 -1.51697605   -1.85543781    1.08771790 
 H                 -0.87918953   -1.13795712    1.08065988 
 O                 -4.18111296   -2.82330228    1.09130774 
 H                 -4.81889947   -3.54078298    1.09836575 
 O                 -1.78827637   -4.38432818   -1.21628795 
 H                 -1.32439841   -5.22472523   -1.20403896 
 O                 -4.45241328   -5.35219265   -1.21269811 
 H                 -5.09019980   -6.06967335   -1.20564010 
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A1-3 / X1-3: 2,3-Dihydroxy propanal 
 

 
 
0 1 
 C                 -0.98206532    0.30098436   -0.00829194 
 H                 -0.61881047   -0.70545957   -0.00422634 
 C                 -0.49405390    1.02798927    1.25855798 
 H                  0.57578120    1.03500438    1.27598301 
 H                 -0.85730876    2.03443320    1.25449238 
 O                 -0.98520863    0.34862937    2.41706441 
 H                 -0.68099371    0.80182724    3.20678903 
 O                 -2.41184495    0.29160903   -0.03157960 
 H                 -2.71605986   -0.16158884   -0.82130422 
 C                 -0.45312947    1.03260272   -1.25591425 
 H                 -0.28220022    2.08840027   -1.22469368 
 O                 -0.22193890    0.38874258   -2.31211764 
 
ED: Cis-ethenediol 
 

 
 
0 1 
 C                 -0.99273733    0.52342841   -0.06894223 
 H                 -2.05795829    0.54234665    0.03028686 
 C                 -0.29957097    1.68469112   -0.15586946 
 O                 -0.30054983   -0.72721323   -0.10983164 
 H                 -0.78553582   -1.37827973    0.40251687 
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 H                 -0.81750168    2.62048587   -0.12527605 
 O                  1.12404236    1.65940792   -0.28848114 
 H                  1.45669582    2.55819825   -0.34431673 
 
Glyc: Glycolaldehyde 
 

 
 
0 1 
 C                  0.37129111   -0.74484755   -0.19441481 
 H                  0.56897055   -0.16865326   -1.07408689 
 H                 -0.68444683   -0.88281133   -0.08819146 
 C                  0.91869567   -0.00283593    1.03902226 
 H                  1.25737883   -0.55645271    1.88972913 
 O                  1.00973797   -2.01953091   -0.30607475 
 H                  0.66849877   -2.48208362   -1.07497058 
 O                  0.96768667    1.25458830    1.04642167 
 
ED: Trans-ethenediol 
 

 
 
0 1 
 C                 -0.99273733    0.52342841   -0.06894223 
 H                 -2.05795829    0.54234665    0.03028686 
 C                 -0.29957097    1.68469112   -0.15586946 
 H                  0.76565019    1.66577292   -0.25509638 
 O                 -0.99175875    2.93533271   -0.11498294 
 H                 -0.42253703    3.60356372    0.27367366 
 O                 -0.30054983   -0.72721323   -0.10983164 
 H                 -0.78553582   -1.37827973    0.40251687 
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FA: Formaldehyde 
 

 
 
0 1 
 C                  0.67451822    0.55669746   -0.00728757 
 H                  1.20768197   -0.37100746   -0.00728757 
 H                 -0.39548178    0.55669746   -0.00728757 
 O                  1.30155865    1.64774781   -0.00728757 
 
Water 
 

 
 
0 1 
 O                 -0.82726225   -0.11601866    0.00000000 
 H                  0.13273772   -0.11577756    0.00000000 
 H                 -1.14748955    0.78899762    0.00000000 
 
DHA: Dihydroxy acetone 
 

 
 
0 1 
 C                 -0.44130599    0.27343039   -0.21471979 
 H                  0.97858994   -0.91042616   -1.30898326 
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 C                 -1.78146254   -0.40820116    0.11838506 
 H                 -1.77023822   -1.41416902   -0.24603597 
 H                 -1.92451849   -0.41455845    1.17875980 
 O                 -2.84970743    0.31177578   -0.50240964 
 H                 -2.85977785    1.21432638   -0.17545245 
 O                 -0.39929672    1.51536197   -0.41324364 
 H                  2.03335973    0.99380910   -0.51954334 
 C                  0.84744062   -0.56478441   -0.30487588 
 H                  0.77379411   -1.40422107    0.35453468 
 O                  1.96728436    0.24066967    0.07207734 

 
F1-3: 2,3-Dihydroxybutanal 
 

 
 
0 1 
 C                  0.25669702    0.59706992   -0.12404811 
 H                 -0.02823841    1.37883050    0.54867933 
 C                 -0.81707020   -0.50678332   -0.11256061 
 H                 -0.90991732   -0.90376186    0.87672573 
 C                  1.60692779    0.00442016    0.32007253 
 H                  1.87565201    0.00259358    1.35577710 
 O                  2.39421944   -0.47771117   -0.53508348 
 O                 -0.43626864   -1.55156614   -1.01162625 
 H                  0.40543365   -1.92101015   -0.73477183 
 C                 -2.16730096    0.08586644   -0.55668124 
 H                 -2.07445384    0.48284498   -1.54596758 
 H                 -2.91336001   -0.68109653   -0.54869967 
 H                 -2.45223639    0.86762701    0.11604620 
 O                  0.38078243    1.12761133   -1.44617844 
 H                 -0.46091986    1.49705534   -1.72303286 
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F1-4c: 1,3-Dihydroxy butanone 
 

 
 
0 1 
 C                 -1.53728323    0.34282164   -0.18873065 
 H                 -1.31445652    0.99708950   -1.00554264 
 H                 -2.56732916    0.05639698   -0.23193137 
 C                 -1.26184375    1.06940774    1.14085790 
 C                 -0.82414343    0.26721461    2.38041613 
 H                  0.24348239    0.19957135    2.40276567 
 C                 -1.32023183    0.97798531    3.65332670 
 H                 -1.01611537    0.42061736    4.51457819 
 H                 -0.90140726    1.96155719    3.69884961 
 H                 -2.38785764    1.04562857    3.63097716 
 O                 -1.39443404    2.31863878    1.21442554 
 O                 -0.71424147   -0.82346898   -0.27398583 
 H                 -0.88594400   -1.27640577   -1.10282025 
 O                 -1.38388094   -1.04727866    2.31957710 
 H                 -1.11102879   -1.54734710    3.09228873 
 
AA: Acetaldehyde 
 

 
 
0 1 
 C                  1.55548116    1.96858583    0.14748624 
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 H                  0.97302425    2.34130331    0.96401893 
 O                  2.25570603    0.93345002    0.29496353 
 C                  1.53686508    2.69892591   -1.20818953 
 H                  0.58792626    3.17421254   -1.34426947 
 H                  2.31132207    3.43702244   -1.22635209 
 H                  1.69841235    1.99298684   -1.99587761 
 
A2-3: (3R,4R)-1,3,4,5-tetrahydroxypentan-2-one 
 

 
 
0 1 
 C                 -1.76364241    0.12806105    0.05698421 
 H                 -1.16160026   -1.76126095   -0.76947871 
 C                 -3.12927377    0.66851409   -0.40622364 
 H                 -3.11013440    0.82628811   -1.46435456 
 C                 -4.22956637   -0.35152573   -0.05912863 
 H                 -4.24870575   -0.50929976    0.99900229 
 C                 -5.59519773    0.18892730   -0.52233648 
 H                 -5.57605836    0.34670132   -1.58046740 
 H                 -5.79869585    1.11539181   -0.02720820 
 C                 -0.91089225   -0.72889063   -0.89698171 
 H                 -1.10456793   -0.43705997   -1.90803294 
 O                  0.47484316   -0.53493829   -0.60199041 
 O                 -1.34454521    0.38668567    1.21501763 
 H                  0.64860826   -0.79676767    0.30512098 
 O                 -3.40123855    1.90668629    0.25548986 
 H                 -2.71534186    2.54255527    0.03911894 
 O                 -3.95760160   -1.58969794   -0.72084213 
 H                 -4.64349829   -2.22556692   -0.50447121 
 O                 -6.61689801   -0.75825254   -0.20003397 
 H                 -7.46820067   -0.42134675   -0.48878691 
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F2-3: (3R,4R,5S)-1,3,4,5-tetrahydroxyhexan-2-one 
 

 
 
0 1 
 C                  2.94749445   -0.30405981   -0.13655989 
 H                  2.92218801   -1.37325229   -0.10358972 
 C                  1.63586418    0.25854581    0.44197357 
 H                  3.05752838    0.01900016   -1.15067269 
 C                  0.32980690   -0.54738379    0.31433404 
 H                  0.36188007   -1.13987316   -0.57607467 
 C                 -0.86590284    0.42057155    0.24404408 
 H                 -0.89797602    1.01306092    1.13445279 
 C                 -2.17196013   -0.38535804    0.11640455 
 H                 -2.28070335   -1.02537315    0.96696647 
 C                 -3.36766987    0.58259730    0.04611460 
 H                 -4.27512525    0.02263323   -0.04257001 
 H                 -3.39974304    1.17508667    0.93652330 
 H                 -3.25892664    1.22261240   -0.80444732 
 O                  4.05220289    0.17068841    0.63747718 
 O                  1.63131026    1.37683459    1.01901778 
 H                  4.07490773    1.12996391    0.60789646 
 O                  0.18447717   -1.40273107    1.45106632 
 H                 -0.62968841   -1.90512875    1.37149882 
 O                 -0.72057312    1.27591884   -0.89268820 
 H                 -1.46595061    1.87931957   -0.93650532 
 O                 -2.12909598   -1.17718963   -1.07358091 
 H                 -2.94326156   -1.67958730   -1.15314841 
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(3S,4R)-1,3,4,5-tetrahydroxypentan-2-one 
 

 
 
 
(E)-prop-1-ene-1,2,3-triol 
 

 
 
0 1 
 C                 -1.64351409    1.11593469   -0.02009318 
 H                 -3.49078765    1.96000072   -0.72021192 
 C                 -0.67641971    1.99898915    0.32849014 
 H                  0.01545910    1.75486574    1.10734024 
 C                 -2.63930235    1.46728992   -1.14105493 
 H                 -2.16575260    2.11541947   -1.84857081 
 O                 -3.05887143    0.26887385   -1.79882443 
 O                 -1.73932653   -0.14211820    0.65297657 
 H                 -3.48373849   -0.31262556   -1.16404383 
 O                 -0.58060720    3.25704200   -0.34457968 
 H                 -1.45325411    3.53145663   -0.63575657 
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 H                 -0.86667960   -0.41653283    0.94415339 
 
(Z)-prop-1-ene-1,2,3-triol 
 

 
 
0 1 
 C                 -2.17182504   -0.60298825    0.00000000 
 H                 -1.81515220   -0.09859006   -0.87365150 
 H                 -3.24182504   -0.60297507    0.00000000 
 C                 -1.65848282    0.12296802    1.25740497 
 C                 -1.98303719    1.42037296    1.47642991 
 H                 -2.59771841    1.94736230    0.77689489 
 O                 -1.69517473   -1.95121096    0.00000000 
 H                 -1.16737275   -2.10450395    0.78709994 
 O                 -0.83651863   -0.57433800    2.19710661 
 H                 -0.42147432    0.05652684    2.78985257 
 O                 -1.50236566    2.08738309    2.64645228 
 H                 -1.82544759    2.99133884    2.65551083 
 
2-Hydroxy propanal 
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0 1 
 C                  2.38760603   -0.77476301   -0.15673517 
 H                  1.77435377   -1.03527620    0.68049511 
 C                  3.70215634   -0.00299795    0.06220809 
 H                  3.61044086    0.61938130    0.92773240 
 C                  4.85578684   -1.00212898    0.26829997 
 H                  5.76914322   -0.46590261    0.42042288 
 H                  4.65226343   -1.61017754    1.12489508 
 H                  4.94750231   -1.62450824   -0.59722434 
 O                  2.03466113   -1.09902234   -1.32028850 
 O                  3.97415492    0.80962769   -1.08258724 
 H                  4.79361486    1.29072799   -0.94610313 
 
Acol: Acetol 
 

 
 
0 1 
 C                 -2.26613416   -0.03767385   -0.00891458 
 H                 -2.29789139   -1.09752346    0.13464824 
 H                 -1.87246217    0.42959669    0.86948203 
 C                  0.14229876    0.53284192   -1.00328002 
 H                  0.66833876   -0.39487525   -1.09001396 
 H                  0.50019097    1.21644798   -1.74455995 
 H                  0.30492357    0.94538141   -0.02949137 
 C                 -1.36396087    0.29043099   -1.21308674 
 O                 -3.58754696    0.44960884   -0.25655098 
 H                 -3.94074799    0.03037546   -1.04464514 
 O                 -1.85758571    0.36045515   -2.36850947 
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B.2 Transition States 

 
A1_TS1 / A2_TS1 
 

 
 
0,1 
C 0.8060405896 -1.1036838106 -0.1131163114 
C -0.7189447768 -0.9896656755 -0.1547691209 
C -1.2197439096 0.2143035253 0.651606923 
C -0.7403225501 1.537587889 0.0584049581 
C 1.5339337745 0.1396222417 -0.6549472517 
H -1.1268905897 -1.8988037009 0.3116988794 
H 1.1090264139 -1.946539974 -0.7519621896 
H -0.8802056032 2.3593206429 0.7617733224 
H 1.6150728839 0.1908014973 -1.7435055396 
H -0.8769464983 0.1065646619 1.6843751826 
O 0.6512085726 1.5042527574 -0.3066818725 
O 2.5425780527 0.560989803 0.0887568088 
H 1.624237635 1.4920672029 0.337133192 
O 1.1868682682 -1.3173006261 1.2283484493 
H 2.0057218155 -0.7942385518 1.3244076207 
O -1.1214593533 -0.8955909639 -1.512715057 
H -2.0648351046 -0.69172855 -1.5044344015 
O -2.6504044603 0.284563052 0.5787506326 
H -3.0160910705 -0.3418722275 1.2110276419 
H -1.3111550897 1.7491878069 -0.8467078665 
 
Version=ES64L-G16RevA.03
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A1_TS2 / A2_TS2 
 

 
 
0,1 

C 1.537719 1.0081 0.349069 
H 1.27988 1.614436 1.212107 
C 0.151197 -0.698767 0.49703 
H 0.150014 -0.803332 1.589743 
C -1.044625 0.029569 -0.089521 
H -0.860607 0.137475 -1.164467 
C -2.306805 -0.810151 0.105455 
H -2.436281 -1.03986 1.17088 
H -2.213265 -1.742632 -0.459974 
C 2.517109 0.032443 0.494556 
H 2.897846 -0.121785 1.513368 
O 2.808147 -0.818795 -0.41876 
O 1.213787 1.517476 -0.871666 
H 0.38733 2.004935 -0.747547 
O 0.620055 -1.654624 -0.232647 
H 1.76027 -1.398167 -0.512674 
O -1.223366 1.308405 0.520835 
H -2.145863 1.545074 0.350084 
O -3.384852 0.001103 -0.372265 
H -4.217055 -0.391823 -0.095022 
 
Version=ES64L-G16RevA.03 
 



   

119 

 

A1_TS3a/X1_TS3a/F1_TS3a 

 

 
 
0,1 
C -1.0089481497 0.8437000356 0.0239529832 
H -1.6212268452 1.7132342078 -0.2114469609 
C 0.3761816565 0.946384822 0.1359754618 
O -1.4834816553 -0.461397357 -0.255149362 
H -1.3773221369 0.2564271411 0.9636396414 
H 0.9481863991 1.8413360314 0.3434629178 
O 1.0519495563 -0.1802090189 0.0404328155 
H 0.3359752051 -0.835076782 -0.1922825168 
 
Version=ES64L-G16RevA.03 
 
 
 
A1_TS3b / X1_TS3b 
 

 
 
0,1 
 
C -0.1837425461 1.1285294795 -0.2557177144 
H -0.6091027021 1.561202686 -1.1675102443 
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C -0.8825334606 0.1193770445 0.3919218042 
H -0.6645781306 -0.0884458391 1.433464859 
C 0.5486518593 -1.2691611754 -0.2477063582 
H 0.0404386437 -2.0471271782 0.335880485 
H 0.3017377909 -1.2872640786 -1.3190746739 
O 1.0279655706 1.4336053304 0.0728514013 
O 1.6816072393 -0.8389943523 0.1534314964 
H 1.5574846764 0.4395178581 0.1877280412 
O -2.1351649564 -0.2054217414 -0.0842820449 
H -2.5705189846 -0.7882480335 0.5424859486 
 
Version=ES64L-G16RevA.03 
 
 
A1_TS4 / X1_TS4 / F1_TS4 
 

 
 
0,1 
C 0.6474252002 0.5086388638 0.1184501132 
H 0.7006888131 1.5891827254 0.2643615208 
C -0.4657446584 -0.3772972975 0.1536784001 
H -0.3905956272 -1.0313141069 1.0278356171 
O -1.7851871467 0.0372794924 -0.044552423 
H -1.9192320511 0.1504616912 -0.9892193221 
O 1.7026295046 -0.1581463972 -0.1528047405 
H 0.7920779656 -1.0579579713 -0.3699931657 
 
Version=EM64W-G16RevA.03 
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A1_TS3c / X1_TS3c 
 

 
 
0 1 
 C                 -1.67014611    0.79331940    0.00000000 
 H                 -2.17762111    0.07193840    1.30366300 
 C                 -0.29084111    0.27109540   -0.22201700 
 H                 -0.26626311   -0.80240660   -0.02606600 
 H                 -0.06058611    0.42414040   -1.28795800 
 O                  0.67874589    0.87181540    0.61572600 
 H                  0.61494689    1.82660140    0.50016700 
 O                 -1.87734311    2.07584340    0.00680600 
 H                 -2.92460511    2.05489240    0.09789400 
 C                 -2.91297111    0.08094240    0.26091900 
 H                 -2.96488411   -0.99475060    0.04571400 
 O                 -3.94161811    0.84248240    0.30899900 
 
Version=ES64L-G16RevA.03 
 
 
A2_TS2 
 

 
 
0 1 
 C                  1.58306979    0.12670817    0.05983297 
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 H                  2.09016824   -0.56551600   -1.25968261 
 C                  0.13853900    0.55945900   -0.31901100 
 H                  0.01809700    0.93856900   -1.34593400 
 C                 -1.16399600   -0.09479900    0.14652000 
 H                 -1.10565800   -0.16742100    1.23928800 
 C                 -2.39696800    0.71424300   -0.21887400 
 H                 -2.43889400    0.84317900   -1.30886200 
 H                 -2.34962600    1.69568700    0.26405400 
 C                  2.85321137    0.27960574   -0.67070171 
 H                  2.90449578    0.84122659   -1.53440845 
 O                  3.92599806    0.11035228    0.03973376 
 O                  1.80125079   -0.36434858    1.24266982 
 H                  2.98204814   -0.56257616    1.21388275 
 O                  0.34510000    1.63287400    0.59383000 
 H                  1.08082700    2.17463700    0.29379000 
 O                 -1.24854700   -1.40031100   -0.42742800 
 H                 -2.15728500   -1.69120100   -0.27664700 
 O                 -3.51209300   -0.05566800    0.24198200 
 H                 -4.32309900    0.34513100   -0.08185500 
 
Version=ES64L-G16RevA.03 
 
 
A2_TS3 
 

 
 
0 1 
 C                  1.28133365    0.38195232   -0.06582818 
 H                  2.29717776    2.24923068   -0.12510455 
 C                 -0.02676800    0.69472100   -0.49207300 
 H                 -0.09052900    0.48528400   -1.56985900 
 C                 -1.32073677   -0.36917969    0.35749809 
 H                 -1.17363777   -0.31402569    1.44678709 
 C                 -2.73130777    0.11759731    0.04668609 
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 H                 -2.86870677    0.15859831   -1.04185591 
 H                 -2.88885877    1.11228431    0.47047209 
 C                  2.17276941    1.41747526    0.57773641 
 H                  1.63567519    1.83046092    1.44440065 
 O                  3.41050981    0.87577541    0.96235942 
 O                  1.71457010   -0.85841085   -0.21686335 
 H                  3.37994975   -0.06225591    0.72521689 
 O                 -0.28968400    2.05548600   -0.24412200 
 H                  0.49306100    2.39496300    0.21917200 
 O                 -1.17568501   -1.58463560   -0.06086524 
 H                  0.35439140   -1.64966516   -0.25115667 
 O                 -3.59967977   -0.85848669    0.63405509 
 H                 -4.49754277   -0.69518469    0.33357209 
 
Version=ES64L-G16RevA.03 
 
 
A2_TS4 / F2_TS4 
 

 
 
0 1 
 C                 -0.05543100    0.43498200    0.13887600 
 H                  1.30876500   -0.46439700    1.49014000 
 C                 -1.48389716    0.36376199   -0.13057031 
 H                 -2.20086056    0.93315263    0.45235618 
 C                  0.85437100   -0.69296900    0.51474900 
 H                  0.30359000   -1.62939100    0.62944500 
 O                  1.86170000   -0.93378600   -0.46334000 
 O                  0.44236044    1.61335153    0.01379593 
 H                  2.27313200   -0.08063700   -0.64036800 
 O                 -2.28196116   -0.75148101   -0.12208131 
 H                 -1.73341516   -1.54072701   -0.06393231 
 H                 -0.96862631    1.56866431   -0.42075505 
 
Version=ES64L-G16RevA.03 
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X1_TS1 / X2_TS2 
 

 
 
0 1 
 C                  0.71950600    0.77269200   -0.21484900 
 C                 -0.74536700    0.74878000    0.19492300 
 C                 -1.41876400   -0.53067300   -0.28773400 
 C                 -0.61102300   -1.74261900    0.17762700 
 C                  1.53025622   -0.38914611    0.35376674 
 H                 -0.79799400    0.77099100    1.29406200 
 H                  0.79461700    0.79984500   -1.30996200 
 H                 -1.01589300   -2.66036800   -0.24661900 
 H                  1.51540822   -0.43388111    1.45728674 
 H                 -1.43794200   -0.51495700   -1.38663200 
 O                  0.69903687   -1.82497060   -0.37032337 
 O                  2.66235407   -0.58054875   -0.21473385 
 H                  1.94002010   -1.73946841   -0.71776162 
 O                  1.29966900    1.93505900    0.36554600 
 H                  2.22682100    1.95173800    0.10363500 
 O                 -1.47187800    1.84648700   -0.34568200 
 H                 -1.00628300    2.64837400   -0.08235400 
 O                 -2.73130800   -0.65198200    0.23572700 
 H                 -3.17706500    0.18277000    0.05078700 
 H                 -0.66292900   -1.81398100    1.27375300 
 
Version=ES64L-G16RevA.03 
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X1_TS2 / X2_TS2 
 

 
 
 0 1  
 C                     1.54137   0.28958  -0.79594  
 H                     1.49729   0.38314  -1.89386  
 C                     0.09768  -0.67828  -0.2431  
 H                     0.02804  -1.56734  -0.88085  
 C                    -1.20119   0.14379  -0.355  
 H                    -1.23095   0.67659  -1.31407  
 C                    -2.46172  -0.7038   -0.22551  
 H                    -2.39973  -1.29324   0.69905  
 H                    -2.53231  -1.39598  -1.06834  
 C                     2.73366  -0.39954  -0.4718  
 H                     3.45438  -0.55531  -1.29518  
 O                     2.97623  -0.81517   0.76035  
 O                     1.56283   1.57902  -0.20818  
 H                     2.42816   1.65537   0.22869  
 O                     0.26035  -1.09316   0.96908  
 H                     1.66232  -1.14759   1.16467  
 O                    -1.24906   1.08115   0.7297  
 H                    -0.49683   1.68002   0.60746  
 O                    -3.62265   0.10605  -0.25649  
 H                    -3.47298   0.8071    0.38914 
 
Version=ES64L-G16RevA.03 
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X2_TS3 
 

 
 

 0 1 
 C                     1.32759   0.34354  -0.51182  
 H                     2.74361   0.15879  -1.6965  
 C                     0.14925  -0.61706  -0.2102  
 H                     0.21844  -1.49754  -0.86003  
 C                    -1.20607   0.04724  -0.49303  
 H                    -1.30336   0.17832  -1.58158  
 C                    -2.37824  -0.78573   0.00496  
 H                    -2.23281  -0.99844   1.06733  
 H                    -2.43519  -1.73107  -0.54931  
 C                     2.6236   -0.44823  -0.60051  
 H                     2.40901  -1.52587  -0.79039  
 O                     3.59882  -0.13573   0.20338  
 O                     1.43081   1.22909   0.414  
 H                     2.78074   0.93345   0.82658  
 O                     0.26384  -1.07774   1.12505  
 H                     0.63884  -0.33932   1.62742  
 O                    -1.24107   1.33001   0.1403  
 H                    -2.17108   1.59271   0.16066  
 O                    -3.54633   0.01541  -0.21584  
 H                    -4.26154  -0.32682   0.32689 
 
Version=ES64L-G16RevA.03 
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X2_TS4 
 

 
 
0 1 
 C                 -1.35004680   -0.19844215   -0.44795894 
 H                 -1.03195150   -2.16411518   -1.22163263 
 C                 -0.11503184    0.40287403   -0.78930045 
 H                  0.00084716    0.25335803   -1.86848345 
 C                  1.26532484   -0.43611403    0.08802145 
 H                  1.09612884   -1.51819203    0.06715945 
 C                  2.62213584   -0.11318003   -0.52675855 
 H                  2.70887384    0.97020697   -0.66599555 
 H                  2.71945984   -0.61146003   -1.49943955 
 C                 -1.82108192   -1.40192795   -1.23554248 
 H                 -1.92525906   -1.08416072   -2.28460702 
 O                 -3.02763351   -1.90640707   -0.72944587 
 O                 -2.04324530    0.26739503    0.55485414 
 H                 -3.29263263   -1.29439570   -0.02563638 
 O                 -0.09256984    1.79649603   -0.54559345 
 H                  0.19243516    1.88926403    0.37553255 
 O                  1.21853864    0.00760787    1.30223844 
 H                 -0.24695604    0.07428326    1.52997555 
 O                  3.59721384   -0.59495103    0.40261945 
 H                  4.44978684   -0.20578503    0.19039445 
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F1_TS1 / F2_TS1 
 

 
 

0 1 
 C                  1.49003500   -0.39692600    0.40644900 
 C                  0.84801100    0.99541100    0.41806500 
 C                 -0.66927000    0.86842700    0.56332500 
 C                 -1.22859500   -0.05295300   -0.51997800 
 C                 -0.69453754   -1.48691757   -0.46710605 
 H                  1.24239200    1.54074300    1.28918800 
 H                  1.33494100   -0.83111900    1.40219500 
 H                 -0.90331400    0.44430900    1.54889700 
 H                 -1.04173700    0.40280900   -1.49303800 
 H                 -0.97815054   -2.09497557   -1.33095905 
 O                  1.04932988   -1.29878287   -0.63508613 
 O                 -0.81544778   -2.06672387    0.68294018 
 H                  0.61265807   -2.17074039    0.70077969 
 O                 -2.64115600   -0.18380100   -0.39321100 
 H                 -2.78730500   -0.81197000    0.32632300 
 O                 -1.22663400    2.17489000    0.43980900 
 H                 -2.16604800    2.05300300    0.25319800 
 O                  1.16725800    1.68601200   -0.78035800 
 H                  0.56007300    2.43645800   -0.81570400 
 C                  2.97159500   -0.36903900    0.07331600 
 H                  3.51828500    0.21546800    0.81773400 
 H                  3.37051900   -1.38503300    0.06399800 
 H                  3.12275700    0.08374600   -0.90643800 
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F1_TS2 / F2_TS2 
 

 
 
0 1 
 C                  1.89614900    0.91535300    0.44211500 
 H                  1.67366100    1.45700000    1.35813100 
 C                  0.33128800   -0.67024700    0.38020800 
 H                  0.28750700   -0.88605300    1.45489900 
 C                 -0.76782600    0.23168100   -0.17688000 
 H                 -0.48895300    0.46980200   -1.20720900 
 C                 -2.11172700   -0.52914100   -0.19598200 
 H                 -1.91969800   -1.54469500   -0.56396800 
 C                  2.75834600   -0.17423600    0.51339200 
 H                  3.06618600   -0.47828400    1.52386400 
 O                  3.00905200   -0.95729100   -0.47889300 
 O                  1.67791000    1.58381000   -0.72680800 
 H                  0.95341600    2.20927000   -0.57482500 
 O                  0.74107500   -1.59458700   -0.43269000 
 H                  1.91072100   -1.43982400   -0.64841800 
 O                 -0.90723000    1.46461800    0.52621600 
 H                 -1.47988600    1.29516800    1.29134200 
 O                 -2.51504500   -0.57757300    1.18696100 
 H                 -3.40233000   -0.95204900    1.25284900 
 C                 -3.16473200    0.15351100   -1.06542400 
 H                 -2.85294200    0.14889200   -2.11514200 
 H                 -4.11981900   -0.38167300   -1.00332200 
 H                 -3.32295400    1.18911400   -0.75106400 
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F1_TS3b 
 

 
 
0 1 
 C                 -1.07928500   -0.08199000    0.43564300 
 H                 -1.01374700   -0.33892700    1.48840200 
 C                  0.91936600    0.65491800    0.47508800 
 H                  0.64888500    1.21878100    1.37804500 
 C                 -0.76371000   -1.03144700   -0.53157200 
 H                 -1.15337500   -0.90190300   -1.54887800 
 O                  0.13547800   -1.93703200   -0.32280700 
 O                  1.64278400   -0.40176800    0.64754400 
 H                  1.01617500   -1.36562400    0.19706300 
 C                  1.07523300    1.49446800   -0.77062800 
 H                  0.19245900    2.11700300   -0.94302300 
 H                  1.93924700    2.15753400   -0.62788500 
 H                  1.27355000    0.86774200   -1.64357200 
 O                 -1.93527800    0.95154800    0.08153800 
 H                 -2.55669100    1.12771800    0.79846700 
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F1_TS3c 
 

 
 

0 1 
 C                  1.30759000    0.76699700   -0.25028500 
 H                  0.98795400    1.68324800   -0.75337700 
 C                  0.30872300   -0.18121000    0.21239300 
 H                  0.93331900    1.04221200    0.95181500 
 C                 -1.17107000   -0.01234300    0.37162300 
 H                 -1.44252900   -0.33257100    1.38728200 
 O                  2.47619700    0.24913700   -0.37003800 
 O                  0.86355400   -1.32085100    0.49546900 
 H                  1.83888800   -1.08151200    0.16082700 
 O                 -1.44360600    1.37134100    0.18915000 
 H                 -2.39140300    1.50626500    0.27721700 
 C                 -1.91142800   -0.89063900   -0.64421600 
 H                 -1.64027800   -1.94024400   -0.51790600 
 H                 -2.99096300   -0.79399500   -0.49825900 
 H                 -1.66703800   -0.57724300   -1.66134700 
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F2_TS2 
 

 
 
0,1 
C 2.294380776 0.8837111498 0.6455025203 
H 2.4412544645 -0.1175815277 1.026386711 
C 1.3176481901 1.2995248182 -0.3418163948 
H 2.1937819851 0.6132366817 -0.9238263814 
C 0.0313620949 0.5103816606 -0.5457982043 
H -0.1934404765 0.4743813079 -1.6154380194 
C -1.1344595538 1.2934981724 0.1069890161 
H -0.8462319122 1.5742915626 1.1333988603 
C -2.3909506814 0.4131382806 0.2271561708 
H -2.2724584528 -0.187672763 1.1380728792 
C -3.6727734297 1.2281892086 0.3142974106 
H -4.5382772643 0.5675213913 0.4336208481 
H -3.6453890199 1.902420276 1.1740218794 
H -3.793555843 1.8292106158 -0.5863768747 
O 3.1052082942 1.8330591729 0.9816397854 
O 1.3570615271 2.5727495086 -0.5947189635 
H 2.6639984064 2.6202655411 0.493010635 
O 0.2134190195 -0.7937441555 -0.0128853504 
H -0.5332035323 -1.3079228028 -0.3487532068 
O -1.4028763995 2.4444560395 -0.6658580931 
H -0.5380644489 2.8810869517 -0.7817308839 
O -2.4143117325 -0.485930458 -0.9030835318 
H -3.2797061011 -0.9044934225 -0.934157902 
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F2_TS3 
 

 
 
0 1 
 C                 -2.61235700    0.47945100    0.49944800 
 H                 -2.24101500    1.11180600    1.30694400 
 C                 -1.50670300    0.19389800   -0.48462600 
 H                 -3.39179400    1.05161300   -0.03156800 
 C                 -0.34327600    0.94678700   -0.57682700 
 H                  0.26261700    0.86490700   -1.46967000 
 C                  0.70932200   -0.65662300    0.24049400 
 H                  0.14146800   -0.83239500    1.17042800 
 C                  2.02644000    0.07613600    0.53984300 
 H                  1.86927000    0.64189200    1.46699100 
 C                  3.13558100   -0.95491600    0.73910200 
 H                  4.07847700   -0.45948600    0.99403200 
 H                  2.89072600   -1.64259000    1.55206800 
 H                  3.25961600   -1.53364400   -0.17749800 
 O                 -3.12939600   -0.71163600    1.05738900 
 O                 -1.61156500   -0.91445900   -1.17003000 
 H                 -3.11093600   -1.36792500    0.34822100 
 O                 -0.21067500    2.10731500    0.14897600 
 H                  0.70470200    2.38819000    0.01895400 
 O                  0.64358100   -1.53651700   -0.68660400 
 H                 -0.59640100   -1.38869500   -1.11704300 
 O                  2.35475500    0.99504600   -0.51294400 
 H                  3.30561900    1.13994000   -0.50075100 
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F2_TS4a 
 

 
 
0 1 
 C                 -0.95068200   -0.56245700    0.22505100 
 H                 -1.01389208   -1.64987641   -0.01453537 
 C                  0.42510100    0.05590100    0.41308200 
 H                 -0.95849733   -0.45358703    1.49326260 
 C                  1.48760400   -0.81301500   -0.27480100 
 H                  2.48824300   -0.42402000   -0.06717100 
 H                  1.45493900   -1.84730900    0.07920700 
 H                  1.33102500   -0.80345600   -1.35589700 
 O                 -1.93680811    0.05208094   -0.34354321 
 O                  0.40234744    1.25597257   -0.03500721 
 H                 -0.99104411    1.29400358   -0.46660687 
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