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Abstract 12 

The conversion of inedible biomass by fast pyrolysis is a promising route for sustainable production of 13 

renewable fuels and value-added chemicals, but low selectivity towards desired products hampers its 14 

economic viability. Understanding the molecular-level reaction pathways of biomass fast pyrolysis could 15 

be the key to overcome this challenge. However, the effects of intramolecular and interchain hydrogen 16 

bonds near the reaction center have not been thoroughly explored. In this work, reaction pathways and 17 

kinetics of fast pyrolysis of cellulose, the major component of biomass, were investigated using density 18 

functional theory. A new intramolecular hydroxyl-activated mechanism is presented for cellulose activation. 19 

Our calculations incorporating noncovalent interactions accurately captured the activation energy of 50.8 20 

kcal mol-1, agreeable with the apparent activation energy measured experimentally. The findings of cellulose 21 

pyrolysis provide insights into the investigation of interactions during real-life biomass pyrolysis. 22 

 23 
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1. Introduction 26 

Rapid consumption of fossil-derived fuels has caused increased concerns over sustainability and climate 27 

change.1 Using renewable energy is a viable option to meet the ever-increasing energy demands.2 Among 28 

the available renewable energy sources, lignocellulosic (non-edible) biomass is an abundant and widely 29 

available carbon-neutral feedstock that can be converted into biofuels for feasible energy storage. As a 30 

result, biomass conversion methods have attracted significant attention over the last decade.3 31 

Currently, both thermochemical and biochemical methods are being explored for the conversion of 32 

lignocellulosic biomass.4 Thermochemical methods such as gasification, pyrolysis, and hydrothermal 33 

liquefaction have the benefits of simplicity and similarity to the existing petrochemical operations. In 34 

particular, biomass fast pyrolysis, which transforms the feedstocks into biofuels or value-added chemicals 35 

in the absence of oxygen at elevated temperatures (400–1000 °C),5 has drawn extensive interest.6 Since 36 

biomass fast pyrolysis occurs at a very short timescale, approximately a few seconds,5 obtaining the 37 

molecular-level kinetic information via experiments is typically challenging.7 Consequently, in-depth 38 

understanding of biomass pyrolysis chemistry using quantum chemistry (QC) plays a key role to the 39 

advancement of the biomass fast pyrolysis technologies.8 40 

Cellulose is the most abundant constituent of lignocellulosic biomass and is widely distributed in nature. 41 

The major pyrolytic products from cellulose pyrolysis includes various anhydrosugars as well as smaller C1 42 

to C5 low-molecular-weight products.9-11 Levoglucosan (LG, 1,6-anhydro--D-glucopyranose) is the most 43 

abundant product from cellulose fast pyrolysis.12 Many theoretical studies over the last decade have been 44 

dedicated to the revelation of molecular-level reaction pathways of LG formation from cellulose pyrolysis.13 45 

Since cellulose bears long linear chains of homopolymer of -D-glucopyranose monomers linked by -1,4 46 

glycosidic bonds, the scission of the glycosidic bonds is the key reaction during fast pyrolysis. Three 47 

different mechanisms of glycosidic bond cleavage have been proposed, namely homolysis, heterolysis, and 48 

concerted mechanism. It was reported that the concerted mechanism14-16 has the lowest activation barrier in 49 

the range of 46–60 kcal mol-1 in comparison to homolysis17-19 and heterolysis.18-20 This concerted mechanism 50 
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involves simultaneous cleavage of the glycosidic C-O bond and formation of a bicyclic ring via connecting 51 

the electrophile carbon and oxygen atoms of the hydroxymethyl group, which converts a cellulose polymer 52 

chain into shorter anhydro-oligosaccharides terminated with LG, called “active cellulose”.21, 22 Experimental 53 

studies reported the presence of “active cellulose” with degrees of polymerization in the range of 2–10.23 54 

These anhydro-oligosaccharides can then undergo successive concerted cleavage of the end-unit glycosidic 55 

bonds to produce LG. 56 

The elementary reaction pathways of cellulose pyrolysis have been widely investigated experimentally24-26 57 

and theoretically.27-29 Although concerted glycosidic bond cleavage is generally accepted as the most likely 58 

mechanism,14, 30 the molecular picture describing the effects of the vicinity of the reaction center during 59 

cellulose pyrolysis is less studied. Seshadri and Westmoreland31 performed density functional theory (DFT) 60 

calculations on -D-glucose to show that glycosidic bond cleavage could be catalyzed via vicinal hydroxyl 61 

groups from nearby cellulose polymers or pyrolysis products such as water and other hydroxylated solvents. 62 

Maliekkal et al.29 suggest that the glycosidic bond could be catalytically activated by hydroxyl groups from 63 

neighboring cellulose sheets at low temperatures (< 467 °C). Hosoya and Sakaki15 used two- and three-64 

chain oligomers to demonstrate that interchain hydrogen bonds increase the activation energy of glycosidic 65 

bond cleavage, although their conclusions were drawn based on the less favorable anti conformation without 66 

allowing the pyranose rings of the chains to freely rotate and performing frequency calculations on the 67 

largest (multi-chain) model. 68 

While the above theoretical studies suggest that hydroxyl groups near the reaction center have the potential 69 

to alter the reaction barrier of glycosidic bond cleavage, the effects of intramolecular and interchain 70 

hydrogen bonds caused by ring puckering and different orientations of ring substituents need to be further 71 

elucidated. In this work, DFT calculations were performed to elucidate the role of intramolecular hydroxyl 72 

groups near the reaction center of cellulose activation and subsequent LG formation via concerted glycosidic 73 

bond cleavage during cellulose pyrolysis. A new intramolecular hydroxyl-activated mechanism to facilitate 74 

concerted glycosidic bond cleavage is presented. Possible conformational pathways of glycosidic bond 75 
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cleavage are explored. The effects of intramolecular and interchain hydrogen bonds within the cellulose 76 

pyrolysis framework are determined. 77 

2. Computational Methods 78 

DFT calculations were performed by the Gaussian 16 package.32 The structure optimization and frequency 79 

calculations were carried out at the meta hybrid density-functional M06-2X33 coupled with the 6-80 

31+G(2df,p) level of theory. The method M06-2X has been widely used for carbohydrate systems and has 81 

been reported to accurately predict reaction barriers of unimolecular reactions.22, 34, 35 All calculations were 82 

carried out in the gas phase. Explicit or implicit solvent models were not considered in this study. The 83 

electronic effects of the environment of the reaction centers were considered by employing models of 84 

different chain lengths. Partial charges were evaluated with the CHelpG scheme.36 85 

Frequency calculations were performed to verify that all saddle points have exactly one negative frequency 86 

and all minima have zero imaginary frequency. The transition state structures (TSs) were searched by the 87 

Berny algorithm37 and synchronous transit-guided quasi-Newton method.38 Intrinsic reaction coordinate 88 

(IRC) calculations were employed using the Hessian-based predictor-corrector integration algorithm,39-41 89 

and the optimization calculations on the final points of the IRC calculations were conducted to confirm that 90 

TSs connect the reactants and the products of interest. The coordinates and absolute energies of the stable 91 

structures and TSs are reported in the Supporting Information (SI). 92 

It is well known that contributions from the vibrational motions at low frequency modes are hampered by 93 

the harmonic oscillator approximation.42-45 In our work, the overestimation of the vibrational entropies was 94 

treated by quasi-rigid-rotor-harmonic-oscillator approach proposed by Grimme,46 which interpolates 95 

between the harmonic vibrational and free rotor entropy. The cut-off frequency was set to 150 cm-1 (within 96 

the usual limits 50–150 cm-1). The exponent of the Head-Gordon damping function47 was chosen as 4 (same 97 

value used by Grimme). 98 
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For each reaction studied, the Gibbs free energy of activation, Δ‡G0, was determined from the difference 99 

between the Gibbs free energy of the TS and that of the most stable reactant. The rate constants were 100 

calculated using the transition state theory based on the Eyring-Polanyi equation48, 49 over a temperature 101 

range of 300–1500 K with an interval of 100 K. The reported activation energy and pre-exponential factor 102 

values were obtained from the Arrhenius plot. 103 

The structure of native cellulose has a complex hydrogen bond network with crystalline and amorphous 104 

regions. The degree of polymerization can be as high as 7,000–15,000 in native cellulose.50 This level of 105 

complexity makes modeling the entire cellulose framework using QC impractical.7 Consequently, small 106 

molecules such as -D-glucose,31 methyl -D-glucoside,30 cellobiose,18 methyl-cellobiose,14 and 107 

cellotriose22 have been commonly used as model compounds of cellulose for studying cellulose pyrolysis 108 

with QC. In this study, three different cellulose models were constructed to investigate concerted glycosidic 109 

bond cleavage during cellulose fast pyrolysis. Methyl-cellobiose, which is cellobiose with the addition of a 110 

methyl group attached to the glycosidic oxygen of the non-reducing end, was used as the smallest structure 111 

containing a -1,4 glycosidic bond. The non-reducing end of cellobiose was terminated with a methyl group 112 

instead of a hydrogen atom to represent the bonding environment of the glycosidic oxygen atom connecting 113 

to a neighboring unit in a cellulose chain. As recommended by Mayes and Broadbelt,14 this treatment inhibits 114 

an unrealistic hydrogen bond at this location when a hydrogen atom is used. The methyl-cellobiose model 115 

also has the main characteristics of cellulose such as glycosidic linkage, intramolecular hydrogen bonds, 116 

and intrinsic units of both non-reducing and reducing ends. Cellotetraose was selected as the model 117 

compound to mimic a single cellulose chain. Two cellotetraose chains orientated in the same direction were 118 

used as a two-chain model to evaluate the effects of noncovalent interactions between the two chains in the 119 

same cellulose sheet during cellulose pyrolysis. 120 

Unless otherwise noted, all calculations in the one-chain and two-chain models, including geometry 121 

optimizations and frequency calculations, were performed using a 2-layer ONIOM (Our own N-layered 122 

Integrated molecular Orbital and molecular Mechanics) method51-53 at the M06-2X/6-31+G(2df,p):M06-123 
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2X/6-31G(d,p) level of theory. The 2-layer ONIOM method was utilized to overcome the practical limit of 124 

computing resources. Noncovalent interactions can play an important role in calculating accurate 125 

intermolecular interaction energies of large systems.54 Consequently, the evaluation of noncovalent 126 

interactions was mediated by the D3 version55, 56 of dispersion-correction damping parameters in the two-127 

chain model in our work. 128 

The conformations of the pyranose rings in this study are described according to the IUPAC nomenclature.57 129 

The shapes of the six-membered rings are described by a capital letter, including chair (C), twisted-boat (S), 130 

boat (B), half-chair (H), and envelope (E).58 Superscript and subscript before and after the capital letters 131 

denote the atoms above and below the reference plane, respectively. 132 

The relative position of the hydroxymethyl groups defines the syn and anti conformations between the two 133 

neighboring rings along a cellulose chain, where the syn conformation indicates that the hydroxymethyl 134 

groups of the two adjacent -D-glucopyranose units are on the opposite side and the anti conformation 135 

indicates that the hydroxymethyl groups are poised on the same side. 136 

The crystalline structure of cellulose has a complex network consisting of intra- and inter- molecular 137 

hydrogen bonds.59, 60 In this study, the classifications of hydrogen bonds is based on the spatial distance 138 

between a hydrogen atom and an acceptor (D-H‧‧‧A) and the hydrogen bond angle between the donor, 139 

hydrogen, and the acceptor (< DHA), respectively.61 A hydrogen bond is defined to exist if D-H‧‧‧A is less 140 

than 3 Å and < DHA is greater than 90°. In addition, the strong, moderate, and weak hydrogen bonds are 141 

defined as a D-H‧‧‧A of 1.2–1.5 Å, 1.5–2.2 Å, and 2.2–3.0 Å and a < DHA of 175–180°, 130–180°, and 142 

90–150°, respectively. 143 
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3. Results and discussion 144 

3.1. Conformational Search of Methyl-Cellobiose  145 

Obtaining the lowest-energy structure of the reactant as well as the transition state is critical to accurately 146 

predict the energy barrier of a reaction using QC. Methyl-cellobiose was first used to probe the molecular 147 

mechanism of cellulose pyrolysis leading to “active cellulose”. In the absence of crystallographic data, the 148 

starting structure for the methyl-cellobiose geometry optimization calculation was based on the crystal 149 

structure of -cellobiose reported by Kimuara and co-workers,62 with a methyl group attached to its non-150 

reducing end. 151 

The pseudorotation of the pyranose rings as well as the orientations of the ring substituents can produce 152 

numerous conformations, resulting in significant energetic differences in the Gibbs free energy (by several 153 

kcal mol-1) between the different conformers of the same ring puckering.34 In this study, the conformers of 154 

methyl-cellobiose were discovered by a conformational structure search using glycosidic torsion angles. 155 

The details of the conformational search can be found in Section S1 of SI. The scan unraveled five stable 156 

ring conformers; in particular, the 4C1 (chair), BO,3 (boat), 3S1 (twisted-boat), B1,4 (boat), and 1C4 (inverted 157 

chair) conformations. Of the five ring puckering conformations, 4C1 is the most stable, consistent with the 158 

observed experimental structures of native cellulose59 and -cellobiose.62 Figure 1 shows the lowest-energy 159 

syn-4C1 methyl-cellobiose conformers with hydroxymethyl groups of the non-reducing end poised in the 160 

gauche-gauche (GG), trans-gauche (TG), and gauche-trans (GT) orientations. 161 

162 

Figure 1. The calculated lowest-energy syn 4C1 methyl-cellobiose conformers in the GG (S1), TG (S2), and 163 

GT (S3) orientations. Blue dotted lines represent hydrogen bonds. 164 
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In native cellulose, various local hydrogen bonding patterns may interchange and coexist in different 165 

positions.59 As illustrated in Figure 1, the orientations of the hydroxymethyl groups change the pattern of 166 

hydrogen bonds at different locations. In each hydroxymethyl group orientation, the hydroxyl group at 167 

oxygen atom O3’ donates a bifurcated hydrogen bond to oxygen atom O5 and glycosidic oxygen atom O1. 168 

In addition, the TG orientation (S2) allows a hydrogen bond between the O2 hydroxyl group and the O6’ 169 

hydroxymethyl group, while no such hydrogen bond exists in the other two orientations, where the ring 170 

oxygen O5 accepts hydrogen bonds from the O6 hydroxymethyl group. 171 

Of the above methyl-cellobiose rotamers found in the syn conformation, S1 is the lowest-energy structure 172 

at the typical pyrolysis temperature of 773.15 K, suggesting that the hydroxymethyl group prefers the GG 173 

orientation at this temperature. This is agreeable with the molecular dynamics calculations by Matthews et 174 

al. that the hydroxymethyl groups of native cellulose can access to the GG orientation at higher temperatures 175 

(> 500 K).63 Our calculations show that the lowest-energy structures in the TG (S2) and GT (S3) orientations 176 

have the Gibbs free energy 2.4 kcal mol-1 and 1.0 kcal mol-1 higher than that of S1, respectively. The 177 

structural and energetic information of several lowest-energy conformers is listed in Section S1 of SI. The 178 

energies of other local minima and TSs are given relative to S1. 179 

3.2. Methyl-Cellobiose Pre-Activation via Ring Puckering 180 

Previous theoretical studies31, 34 showed that the carbohydrate pyranose rings undergo puckering before 181 

glycosidic bond cleavage. A ring puckering isomerization from syn-4C1 conformation to anti-1C4 182 

conformation was suggested in the cellobiose model by Hosoya et al.15, 30 However, they did not consider 183 

ring puckering from syn-4C1 conformation to syn-1C4 conformation. In this study, isomerization pathways 184 

between 4C1, BO,3, and 1C4 conformations were studied using the methyl-cellobiose model. Pseudorotational 185 

ring puckering in the syn conformation taking place under cellulose pyrolysis conditions was examined. 186 

The energy barrier for the interconversion from 4C1 to BO,3 was calculated as 8.5 kcal mol-1. The lowest-187 

energy conformer in BO,3 has a Gibbs free energy of 4.6 kcal mol-1 higher than S1 in 4C1. The interconversion 188 

between BO,3 and 1C4 was calculated to have an activation energy of 14.0 kcal mol-1. The lowest-energy 189 
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conformer in 1C4 has a Gibbs free energy 5.3 kcal mol-1 higher than S1 in 4C1. The calculated activation 190 

energy of both ring puckering reactions are unequivocally lower than the reported range of activation energy 191 

values of the concerted glycosidic bond cleavage (46–60 kcal mol-1),14-16 suggesting that ring puckering 192 

reactions are more rapid than glycosidic bond cleavage under pyrolysis conditions. 193 

Section S2 of SI contains the structures of the lowest-energy ring conformers as well as TSs, rate parameters, 194 

energetics, itineraries of the isomerization reaction pathways. All ring conformations studied in this work 195 

are classified into two groups dependent on their likelihood to undergo glycosidic bond cleavage. It was 196 

determined in our calculations that only BO,3 and 1C4 are capable of subsequent activation via glycosidic 197 

bond cleavage and they are thus classified as “preactivated”. Other stable preactivated conformations may 198 

exist, although our immense conformational search (Table S1 of SI) found no other conformations leading 199 

to cellulose activation. The 4C1, 3S1, and B1,4 conformations were not found to lead to glycosidic bond 200 

activation in our calculations and are thus classified as “inactivated”. 201 

The structural properties of the five lowest-energy ring pucker conformations (preactivated BO,3 and 1C4 and 202 

inactivated 4C1, 3S1, and B1,4) were analyzed to reveal the characteristics of cellulose pre-activation. The 203 

inactivated conformations are only considered as benchmarks for comparison. The mechanism of concerted 204 

glycosidic bond cleavage during cellulose pyrolysis includes the formation of an oxocarbenium ion-like 205 

TS,15, 30 which has a double-bond character between the anomeric carbon atom C1 and ring oxygen atom 206 

O5. As a result, the elongated C1-O1 bond and the shortened C1-O5 bond are considered as indicators of 207 

an oxocarbenium ion-like structure that favors glycosidic bond cleavage.34, 64 Figures 2a and 2b demonstrate 208 

the calculated distances of the C1-O1 and C1-O5 bonds of each lowest-energy conformation. The C1-O1 209 

bonds of the preactivated BO,3 and 1C4 conformations are longer than that of the undistorted 4C1 conformation 210 

by 0.024 and 0.033 Å, respectively. The C1-O1 bonds of the inactivated 4C1, 3S1, and B1,4 conformations all 211 

remain below 1.40 Å. The C1-O5 bonds of preactivated BO,3 and 1C4 are shorter than that of 4C1 by 0.012 212 

and 0.018 Å, respectively. On the other hand, the C1-O5 bonds of inactivated 3S1 and B1,4 are slightly 213 

elongated by approximately 0.002 Å. Our calculations reveal that the preactivated BO,3 and 1C4 214 
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conformations are structurally resemblant of the oxocarbenium ion-like TS, making them the energetically 215 

and structurally favorable conformations to undergo subsequent cellulose activation via glycosidic bond 216 

cleavage. 217 

Another common characteristic of the preactivated BO,3 and 1C4 conformations is that the C1-O1 bond is 218 

poised in the axial orientation, enabling a new intramolecular hydrogen bond between the O6 219 

hydroxymethyl group and glycosidic oxygen atom O1. Figure 2c shows the distances of O6-H6‧‧‧O1 of 220 

each lowest-energy methyl-cellobiose conformation considered. To illustrate the distance below which is 221 

considered a hydrogen bond, the region below 3.2 Å is shaded with light blue. The BO,3 conformation has 222 

the shortest O6-H6‧‧‧O1 distance of 1.97 Å, indicating a moderate intramolecular hydrogen bond. The 1C4 223 

conformation has the second shortest O6-H6‧‧‧O1 distance of 2.46 Å, indicating a weak intramolecular 224 

hydrogen bond. On the other hand, the O6-H6‧‧‧O1 distances are greater than 3.2 Å for all three inactivated 225 

conformations (4C1, 3S1, and B1,4), in which the equatorial C1-O1 alignment impedes the O6 hydroxymethyl 226 

group to carry out nucleophilic attack on the anomeric carbon atom C1 for glycosidic bond activation. 227 

 228 

Figure 2. The distances of a) C1-O1 bond, b) C1-O5 bond, and c) O6-H6‧‧‧O1 of the five lowest-energy 229 

methyl-cellobiose conformations. Purple shaded region highlights the values for the conformations that are 230 

structurally favorable to undergo subsequent concerted glycosidic bond cleavage. The hydrogen bond region 231 

in c) is shaded in light blue. 232 
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3.3. Cellulose Activation via Glycosidic Bond Cleavage 233 

3.3.1. Methyl-Cellobiose Activation 234 

Starting from the two preactivated conformations (BO,3 and 1C4), two possible itineraries were identified by 235 

our IRC calculations for cellulose activation via concerted glycosidic bond cleavage: BO,3 → 2SO
‡ → 236 

Products and 1C4 → 5H4
‡ → Products.  237 

For both itineraries, two mechanisms of concerted glycosidic bond cleavage are examined. The first 238 

mechanism, designated as Mechanism I, considers proton transfer from the hydroxymethyl group and 239 

intramolecular nucleophilic attack by the same hydroxymethyl group at the same time, as described by 240 

Mayes et al.14 The second mechanism, designated as Mechanism II, is a new concerted mechanism proposed 241 

in this work that considers the effects caused by the intramolecular hydrogen bonds between the adjacent 242 

hydroxyl and hydroxymethyl groups in addition to the elementary events in Mechanism I. Detailed 243 

discussions of both mechanisms for both itineraries are provided in this section. 244 

3.3.1.1. Concerted Mechanism I 245 

Figure 3 shows the TSs via Mechanism I following the two itineraries and the corresponding local minima 246 

identified by the IRC calculations. In Mechanism I, the proton H6 from the O6 hydroxymethyl group is 247 

transferred to the glycosidic oxygen atom O1 while the oxygen atom O6 involves in a nucleophilic attack 248 

to the electrophile carbon atom C1, leading to the formation of the C1-O6 bond between the nucleophile 249 

and the carbocation and a bicyclic ring. TS1 in 2SO
‡ is the same transition state structure reported by Mayes 250 

et al.14 The reactant S4 leading to TS1 is poised in the BO,3 conformation (Figure 3a). TS2 in 5H4
‡ is identified 251 

as the transition state linked to the reactant S5 in the 1C4 conformation (Figure 3b). Both TSs and their 252 

corresponding reactants have the hydroxymethyl group of the non-reducing end in the GG orientation. 253 
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 254 

Figure 3. TSs of methyl-cellobiose activation via Mechanism I in the syn conformation. a) TS1 in 2SO
‡ and 255 

its corresponding local minimum S4 in BO,3 and b) TS2 in 5H4
‡ and its corresponding local minimum S5 in 256 

1C4. Blue dotted lines represent hydrogen bonds. 257 

The rate parameters of methyl-cellobiose activation via Mechanism I are listed in Table 1. The syn-1C4 258 

itinerary through TS2 has an energy barrier of 51.3 kcal mol-1, 4.1 kcal mol-1 lower than the syn-BO,3 259 

itinerary through TS1. To discern the main difference between the two preactivated BO,3 and 1C4 260 

conformations, the O3-H3‧‧‧O6 distance is examined as a possibility of forming another intramolecular 261 

hydrogen bond. The equatorial C3-O3 alignment in BO,3 (Figure 3a) prohibits an intramolecular hydrogen 262 

bond between the O3 hydroxyl and O6 hydroxymethyl groups, while a moderate intramolecular O3-H3‧‧‧263 

O6 hydrogen bond with a length of 1.8 Å is observed in the 1C4 conformation (Figure 3b) because of the 264 

C3-O3 bond poised in the axial orientation. This intramolecular O3-H3‧‧‧O6 hydrogen bond present in the 265 

1C4 conformation makes the O6 hydroxymethyl group more susceptible for initiating a nucleophilic attack 266 

on C1, the main reason responsible for the lower activation energy of the syn-1C4 itinerary. 267 

Although the low activation energy of the syn-1C4 itinerary for cellulose activation during pyrolysis has not 268 

been reported in the literature, DFT studies on other carbohydrate compounds have shown similar behaviors. 269 
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Seshadri et al.31 reported that in -D-glucose pyrolysis, the 1C4 itinerary is approximately 7 kcal mol-1 more 270 

energetically favorable than the BO,3 itinerary. Hosoya et al.15 reported that the activation energy of 271 

cellobiose pyrolysis from the 1C4 itinerary is approximately 13 kcal mol-1 lower than that from the syn-BO,3 272 

itinerary, although the 1C4 structure studied in their work is in the anti conformation. Since native cellulose 273 

is experimentally observed in the syn conformation,59, 60 and cellulose has a highly packed structure 274 

consisting of stacked parallel sheets, the syn-to-anti isomerization of -D-glucopyranose rings is 275 

unfavorable.14, 35 The syn-1C4 itinerary discovered in our work thus represents a more realistic mechanism 276 

as opposed to the anti-1C4 itinerary. Detailed discussions of methyl-cellobiose pyrolysis in the anti 277 

conformation can be found in Section S3 of SI. 278 

Table 1. Arrhenius parameters and rate constant for concerted glycosidic bond cleavage of methyl-279 

cellobiose at the M06-2X/6-31+G(2df,p) level of theory. 280 

Index Itinerary 

Mechanism 

type A (s-1) 

Ea (kcal 

mol-1) 

k at 773.15 

K (s-1) 

TS1 syn-BO,3 I 5.4 x 1012 55.4 1.2 x 10-3 

TS2  syn-1C4 I 2.0 x 1012 51.3 6.2 x 10-3 

TS3 syn-BO,3 II 7.2 x 1012 56.0 1.0 x 10-3 

TS4 syn-1C4 II 2.1 x 1012 47.4 8.0 x 10-2 

It is important to compare the structures of methyl-levoglucosan (MLG), the product of methyl-cellobiose 281 

activation that represents “active cellulose”. In this work, two distinct MLG conformations were found, one 282 

for each itinerary. MLG from the BO,3 itinerary has the BO,3 conformation with two hydrogen bonds between 283 

the equatorial hydroxyl groups, while MLG from the 1C4 itinerary is poised in the 1C4 conformation with 284 

three hydrogen bonds between the axial hydroxyl groups. Thus, the most stable MLG structure at 773.15 K 285 

has the 1C4 conformation, where the Gibbs free energy of MLG in the BO,3 conformation is 2.1 kcal mol-1 286 

higher than that of the most stable structure in 1C4. This finding is supported by the theoretical65 and neutron 287 

diffraction66 studies, where the most stable structure of LG adapts the 1C4 conformation. Section S4 of SI 288 
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contains a list of low-energy structures of the products from methyl-cellobiose activation via glycosidic 289 

bond cleavage. 290 

3.3.1.2. Concerted Mechanism II 291 

The potential energy surface was searched for cellulose activation via Mechanism II for both BO,3 and 1C4 292 

itineraries. Figure 4 demonstrates the TSs of the syn-BO,3 and the syn-1C4 itineraries via Mechanism II and 293 

the corresponding local minima identified by the IRC calculations. TS3 in 2SO
‡ corresponds to S6 in BO,3 294 

(Figure 4a), and TS4 in 5H4
‡ corresponds to S7 in 1C4 (Figure 4b). Both TSs and corresponding local minima 295 

have the hydroxymethyl group of the non-reducing end unit in the GG orientation. 296 

Mechanism II involves the same events of Mechanism I with additional breaking and formation of 297 

intramolecular hydrogen bonds between the O6 hydroxymethyl group and the O3’ hydroxyl group. As 298 

illustrated in Figure 4, the O6 hydroxymethyl group of the non-reducing end of both S6 in BO,3 and S7 in 299 

1C4 donates a hydrogen bond (red dotted lines in Figure 4) to the O3’ hydroxyl group of the reducing end, 300 

leading to a local bifurcated hydrogen bond. In the TSs, this local bifurcated hydrogen bond is broken, and 301 

the O3’ hydroxyl group is allowed to subsequently rotates and donates a hydrogen bond to the O6 302 

hydroxymethyl group (green dotted lines in Figure 4), while the hydrogen atom H6 from O6 is 303 

simultaneously transferred to O1. In contrast with S6 and S7, the O3’ hydroxyl group of S4 and S5 donates 304 

a hydrogen bond to the ring oxygen atom O5 in Mechanism I (Figure 3), impeding the formation of a 305 

hydrogen bond with the O6 hydroxymethyl group. 306 
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 307 

Figure 4. TSs of methyl-cellobiose activation via Mechanism II in the syn conformation. a) TS3 in 2SO
‡ and 308 

its corresponding local minimum S6 in BO,3 and b) TS4 in 5H4
‡ and its corresponding local minimum S7 in 309 

1C4. Blue, red, and green dotted lines represent intact, broken, and new hydrogen bonds, respectively. 310 

The rate parameters of methyl-cellobiose activation via Mechanism II are compared to those via Mechanism 311 

I in Table 1. The O3’ hydroxyl group near the reaction center stabilizes the O6 hydroxymethyl group in the 312 

TSs (TS3 and TS4 in Figure 4). Notable difference in the energetics due to this stabilizing effect caused by 313 

the presence of intramolecular O3’-H3’‧‧‧O6 hydrogen bond was observed for the syn-1C4 itinerary, 314 

leading to a 3.9 kcal mol-1 reduction in the activation energy for TS4 via Mechanism II compared to TS2 315 

via Mechanism I. Overall, an order of magnitude increase in the rate constant for the syn-1C4 itinerary was 316 

estimated at this reaction temperature (773.15 K). 317 
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 318 

Figure 5. Gibbs free energy surface of methyl-cellobiose pseudorotational ring puckering (black dash lines) 319 

from the most stable 4C1 conformation to the preactivated conformations and activation from the syn-BO,3 320 

and syn-1C4 itineraries, calculated at the M06-2X/6-31+G(2df,p) level of theory. Black double daggers 321 

correspond to the TSs of ring puckering interconversions. Methyl-cellobiose activation via Mechanism I 322 

(dotted line) and Mechanism II (solid line) discussed in this work are both illustrated. 2H3
‡ and 5E‡ are the 323 

conformations of the TSs for 4C1 → BO,3 and BO,3 → 1C4 isomerization, respectively. The combined Gibbs 324 

free energy values of MLG and glucose is used to represent the total Gibbs free energy level of the products. 325 

The Gibbs free energy surface along the reaction coordinate of methyl-cellobiose isomerization and 326 

activation is summarized in Figure 5. For cellulose activation, the syn-1C4 itinerary via Mechanism II (blue 327 

solid line) is the most favorable route. The calculated activation barrier for intermediate isomerization (i.e., 328 

pre-activation) steps from 4C1 to 1C4 in the methyl-cellobiose model was found to be significantly lower 329 

than that for methyl-cellobiose activation via concerted glycosidic bond cleavage (by 33 kcal mol-1). Even 330 

considering the possible local environmental effects induced by interchain hydrogen bonds, which could 331 

reduce its activation energy by 1–12 kcal mol-1, the glycosidic bond cleavage reaction is still the rate-limiting 332 

step during cellulose fast pyrolysis compared to pre-activation ring puckering. 333 



Page 17 of 41 

Our calculations reveal that cellulose undergoes pseudorotation during its pyrolysis to reach a favorable 334 

conformation (i.e., syn-1C4) before activation. In Mechanism II, the transition state of concerted glycosidic 335 

bond cleavage is stabilized by intramolecular hydrogen bonds connected to the adjacent O3’ hydroxyl group, 336 

lowering its reaction barrier and allowing it to become the more favorable cellulose activation pathway. 337 

Stabilization by external hydrogen bonds to accelerate carbohydrate pyrolysis have been reported in the 338 

literature. For example, Seshadri et al.31 suggest that explicit hydroxylated molecules, such as water, 339 

facilitate the concerted mechanism of -D-glucose pyrolysis, lowering the reaction barrier by 6.6 kcal mol-340 

1. Maliekkal et al.29 suggest that transglycosylation of cellulose could be catalyzed by hydroxyl groups of a 341 

neighboring sheet at low temperatures (< 467 °C), where this inter-sheet hydroxyl-catalyzed pathway leads 342 

to a low activation barrier of 29.5 kcal mol-1 as opposed to 51–59 kcal mol-1 at temperatures > 467 °C. 343 

Similar effect caused by intramolecular hydrogen bond in the vicinity of the reaction center, however, has 344 

never been explored. The methyl-cellobiose activation via Mechanism II discovered in this work shows for 345 

the first time that the stabilization of the transition state by an intramolecular hydrogen bond with the 346 

adjacent pyranose ring within the same cellulose chain is possible during cellulose activation via glycosidic 347 

bond cleavage. Note that the hydroxyl-activated mechanism discussed in our work, driven by 348 

intramolecular hydrogen bonds, is envisioned as non-catalytic and drastically different from the catalytic 349 

acceleration mechanism discussed in Maliekkal et al.,29 where a neighboring cellulose sheet is required as 350 

an external hydrogen donor to catalyze the reaction. Consequently, the Maliekkal et al. mechanism is 351 

expected to be dominant at temperatures lower than 467 °C, where cellulose sheets are more intact before 352 

phase transition and a neighboring cellulose sheet is more accessible. On the other hand, our mechanism 353 

focuses on intrachain effects at high temperatures (> 467 °C) and therefore steric hindrance caused by a 354 

neighboring cellulose sheet is expected to play a lesser role. 355 

3.3.2. One-Chain Activation 356 

To further examine the effects of model size on the accuracy of activation energy predictions, cellulose 357 

activation was studied using a one-chain model. Cellotetraose containing a reducing end, a non-reducing 358 
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end, and two interior units was employed to mimic a single cellulose chain. A thorough analysis of selecting 359 

this one-chain structure is presented in Section S5 of SI. A 2-layer ONIOM method with the M06-2X/6-360 

31+G(2df,p):M06-2X/6-31G(d,p) level of theory was employed in this section. A rigorous discussion of the 361 

validity of selecting the 2-layer ONIOM method used in this study is given in Section S6 of SI. The CHelpG 362 

partial charges were calculated at the M06-2X/6-31+G(2df,p) level of theory. Section S7 of SI contains the 363 

structural and energetic information of the low-energy stable conformers and TSs examined by the one-364 

chain model. 365 

Since the glycosidic bond cleavage reaction is expected to be the rate-limiting step during cellulose fast 366 

pyrolysis, having activation energy 21–32 kcal mol-1 higher than pre-activation ring puckering, we did not 367 

attempt to study pre-activation ring puckering from 4C1 to 1C4 via the larger one-chain and two-chain models, 368 

whose main objective was to quantitatively obtain more accurate kinetic parameters rather than to identify 369 

molecular-level reaction pathways (which was achieved by the smaller methyl-cellobiose model). 370 

To identify the lowest-energy conformer of the one-chain model, cellotetraose structures starting with three 371 

different orientations of the hydroxymethyl groups (TG, GG, and GT) were explored. Different hydrogen 372 

bonding patterns were also considered by performing the dihedral scans around the hydroxymethyl torsion 373 

angles. Figure 6a shows the lowest-energy structure (C1-S1) of the one-chain model in the TG orientation. 374 

Native cellulose is experimentally known to have two hydrogen bond networks, namely Network A and 375 

Network B, based on the alternative hydrogen positions of the O2 and O6 functional groups.59, 60 Both 376 

networks have the intramolecular hydrogen bond between the O3 hydroxyl group and O5 ring oxygen atom 377 

(e.g., O3’-H3’‧‧‧O5, the purple dotted line in Figure 6a). In Network A, the O6 hydroxymethyl group 378 

accepts a hydrogen bond from the O2 hydroxyl group (e.g., O2’-H2’‧‧‧O6’’’, the orange dotted line in 379 

Figure 6c), whereas, in Network B, the O6 hydroxymethyl groups donates a hydrogen bond to the O2 380 

hydroxyl groups (e.g., O6’-H6’‧‧‧O2, the green dotted line in Figure 6a). 381 
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The scission of cellotetraose can take place at three possible sites: between the non-reducing end and its 382 

neighboring interior unit, designated as Sc1; between two interior units, designated as Sc2; and between the 383 

reducing end and its neighboring interior unit, designated as Sc3. In the one-chain model, cellulose 384 

activation was investigated following the syn-1C4 itinerary via Mechanism II, the most favorable route 385 

discovered for methyl-cellobiose activation. Initial transition state guesses were constructed by replacing 386 

any two neighboring -D-glucopyranose units in the one-chain model with the structure of TS4 (Figure 4). 387 

Figure 6b-d shows the lowest-energy TSs at three different scission sites. All TSs have the most stable 4C1 388 

conformation except the unit carrying out the nucleophilic attack, which has the 5H4
‡ conformation in the 389 

GG orientation, the same as the corresponding unit of TS4 for methyl-cellobiose activation. 390 
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 391 

Figure 6. a) The lowest-energy one-chain structure (C1-S1) in the TG-Network B orientation and the syn 392 

conformation. Each unit is poised in 4C1. TSs represent cellulose activation via Mechanism II at the scission 393 

sites of b) Sc1 (TS5), c) Sc2 (TS6), and d) Sc3 (TS7) in the syn conformation. Units are numbered starting 394 

from the non-reducing end. Dotted lines represent hydrogen bonds. 395 

The rate parameters for the one-chain activation reaction via Mechanism II at three scission sites are 396 

summarized in Table 2. The activation energies were determined to be between 49.3 kcal mol-1 and 53.5 397 

kcal mol-1. To understand the effects of the different scission sites, the intramolecular hydrogen bonding of 398 
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the three TSs were further examined. As illustrated in Figure 6b-d, the high activation energy of TS7 can 399 

be attributed to three fewer hydrogen bonds and more distorted structure compared to TS5 and TS6. Even 400 

though TS5 and TS6 have the same number of intramolecular hydrogen bonds, cellotetraose activation at 401 

Sc2 (TS6) is 3.3 kcal mol-1 more favorable than Sc1 (TS5). The main difference is that the O2 hydroxyl 402 

group donates a hydrogen bond solely in Sc2, where the intramolecular O2-H2‧‧‧O5’’ hydrogen bond 403 

stabilizes the transition state (the black dotted line in Figure 6c), resulting in the lowest-energy barrier at 404 

49.3 kcal mol-1. These calculation results suggest that cellulose activation is more favorable to take place 405 

between the interior units. 406 

Table 2. Arrhenius parameters and rate constant for cellotetraose activation via Mechanism II glycosidic 407 

bond cleavage at ONIOM(M06-2X/6-31+G(2df,p):M06-2X/6-31G(d,p)) level of theory. 408 

Index 

Chain 

scission site Conformation  A (s-1) 

Ea (kcal 

mol-1) 

k at 773.15 K 

(s-1) 

TS5 Sc1 TG – Network B 9.1 x 1012 52.6 1.2 x 10-2 

TS6 Sc2 TG – Network A 8.7 x 1012 49.3 9.8 x 10-2 

TS7 Sc3 GG 3.5 x 1013 53.5 2.7 x 10-2 

Interestingly, the conformational changes are not limited to the reaction center, but also observed in adjacent 409 

units of the reaction center. The hydroxymethyl group of the reducing end in TS6 rotates to accept a 410 

hydrogen bond from the O2’ group of Unit 3 (O2’-H2’‧‧‧O6’’’, the orange dotted line in Figure 6c), while 411 

the hydroxymethyl groups of Units 1 and 2 in TS7 rotates out-of-plane to reside in the GG orientation, 412 

preventing hydrogen bonds from connecting to these hydroxymethyl groups (Figure 6d). On the other hand, 413 

the hydroxymethyl groups of Units 3 and 4 in TS5 (Figure 6b) remain in the TG orientation, allowing the 414 

same intramolecular hydrogen bonding (Network B), as seen in the lowest-energy structure (C1-S1 in Figure 415 

6a). 416 

To distinguish the effects of adjacent units on cellulose activation, the structures of the TSs from the methyl-417 

cellobiose and cellotetraose models were further compared. In the absence of a neighboring unit in the 418 
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methyl-cellobiose model (TS4 in Figure 4b), the O2 group donates a hydrogen bond to the O1’’ glycosidic 419 

oxygen atom, while the reducing end unit in TS6 inhibits this hydrogen bond and allows the intramolecular 420 

O2-H2‧‧‧O5’’ hydrogen bond (the black dotted line in Figure 6c). This steric hindrance caused by the 421 

adjacent unit in the one-chain model results in an increase of 1.9 kcal mol-1 in the activation energy compared 422 

to the methyl-cellobiose model. 423 

3.3.3. Two-Chain Activation 424 

Our QC calculations in this section focus on the effects of interchain hydrogen bonds between two cellulose 425 

chains in the same sheet during cellulose pyrolysis. A two-chain model consisting of two cellotetraose 426 

directed in the same orientation was employed. In this model, the top chain is considered as the reactive 427 

chain, where glycosidic bond cleavage occurs. The bottom chain serves as the assisting chain, where no 428 

reaction takes place. Section S8 of SI contains the structural and energetic information of low-energy stable 429 

conformers and TSs considered in the two-chain model. All calculations were performed using the 2-layer 430 

ONIOM approach at the ONIOM(M06-2X-D3/6-31+G(2df,p):M06-2X-D3/6-31G(d,p)) level of theory in 431 

this section. The CHelpG partial charges were calculated at the M06-2X/6-31+G(2df,p) level of theory. The 432 

comparison of dispersion-corrected and uncorrected results can be found in Section S9 of SI. 433 

Figure 7a shows the lowest-energy structure (C2-S1) in the TG orientation in Network A. Cellulose 434 

activation in the two-chain model was investigated between the interior units of the top chain following the 435 

syn-1C4 itinerary via Mechanism II discovered in the methyl-cellobiose model. An initial guess was 436 

constructed by replacing the two interior units of the top chain of C2-S1 with the structure of TS4 (Figure 437 

4b). Figure 7b demonstrates TS8 for cellulose activation in the two-chain model. All units of TS8 have the 438 

4C1 conformation except the unit carrying out the nucleophilic attack (i.e., Unit 2 of the top chain in Figure 439 

7b), which has the 5H4
‡ conformation in the GG orientation. 440 

Using this two-chain model, the pre-exponential factor and the rate constant at 773.15 K were determined 441 

to be 4.3 x 1012 s-1 and 1.9 x 10-2 s-1, respectively. The activation energy was calculated as 50.8 kcal mol-1. 442 
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The cellulose activation in the two-chain model follows the same mechanism in the one-chain and methyl-443 

cellobiose models. Both two-chain and one-chain models include the intramolecular O2-H2‧‧‧O5’’ 444 

hydrogen bond (the black dotted line in Figure 7b), which stabilizes the transition state. Compared to the 445 

one-chain model, introducing the interchain hydrogen bonds in the two-chain model leads to an increase in 446 

the activation energy of cellulose activation by approximately 1.5 kcal mol-1. This suggests that the assisting 447 

(bottom) chain acts an inhibitor in cellulose activation. 448 

To explain the effects of the assisting (bottom) chain on cellulose activation, the interchain hydrogen bonds 449 

were further examined. In the absence of the interchain hydrogen bonds in the methyl-cellobiose and one-450 

chain models, the O6’ hydroxymethyl group has the freedom to rotate out-of-plane and resides in the GG 451 

orientation in the transition states (reducing end of TS4 in Figure 4b and Unit 3 of TS6 in Figure 6c). Our 452 

calculations show that in the two-chain model, the rotation of the hydroxymethyl group of Unit 3 of the top 453 

chain is impeded due to the presence of an interchain O6’-H6’‧‧‧O3b’ hydrogen bond (the purple dotted 454 

line in Figure 7b). The stabilization provided by the intramolecular O6’-H6’‧‧‧O5’ hydrogen bond in the 455 

one-chain model (Figure 6c) is not present in the two-chain model. This finding is consistent with the 456 

simulations performed by Agarwal et al., 67 which suggests that intrachain hydrogen bonds at the O6 location 457 

are converted into weaker interchain hydrogen bonds between 400 and 450 K during phase transition. The 458 

steric hindrance caused by the O6’-H6’‧‧‧O3b’ interchain hydrogen bond destabilizes the transition state 459 

of the two-chain model, increasing the activation energy for the mid-chain cellulose activation reaction by 460 

1.5 kcal mol-1, from 49.3 kcal mol-1 to 50.8 kcal mol-1. This increase, however, is small compared to the 461 

magnitude of the activation energy and thus the steric hindrance due to phase transition is not expected to 462 

play a significant role for the mid-chain cellulose activation reaction considered in this work. 463 
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 464 

Figure 7. The lowest-energy structures of a) the two-chain cellotetraose (C2-S1) and b) the transition state 465 

(TS8) for cellulose activation via Mechanism II in the syn conformation. Units are numbered starting from 466 

the non-reducing end. Dotted lines represent hydrogen bonds. 467 
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3.4. LG Formation from Active Cellulose 468 

3.4.1. LG Formation Studied by Methyl-Cellobiosan 469 

Once a cellulose chain is activated via glycosidic bond cleavage, the “active cellulose” can subsequently 470 

undergo successive glycosidic bond cleavage to form LG molecules. To study the mechanism of LG 471 

formation, methyl-cellobiosan, which is cellobiosan with a methyl group added to its non-reducing end, was 472 

used as a model “active cellulose” compound in our calculations. Methyl-cellobiosan with the LG-end in 473 

both BO,3 and 1C4 conformations was studied. The possible rotation of the LG end from the syn to anti 474 

conformations was also considered when searching for the lowest-energy methyl-cellobiosan conformer. 475 

The dihedral angle scan on the potential energy surface reveal that the LG end of methyl-cellobiosan is most 476 

stable in the syn-1C4 conformation, shown as S8 in Figure 8a. The non-reducing end of methyl-cellobiosan 477 

was found to be in the 4C1 conformation and the GG orientation. Structures and relative energies of several 478 

other low-energy methyl-cellobiosan conformers are included in Section S10 of SI. 479 

Figure 8b shows the transition state of LG formation from methyl-cellobiosan decomposition via concerted 480 

glycosidic bond cleavage, along with the corresponding reactant (S9) identified by the IRC calculations. 481 

Our calculations show that the reaction follows the same itinerary defined by 1C4 → 5H4
‡ → Products as 482 

methyl-cellobiose activation. S9 is poised in the 1C4 conformation with the hydroxymethyl group of the non-483 

reducing end in the GG orientation. Section S11 of SI contains several low-energy structures of LG. 484 

Our findings also suggest that concerted glycosidic bond cleavage of methyl-cellobiosan follows the same 485 

elementary events of Mechanism I. The pre-exponential factor and the rate constant at 773.15 K were 486 

determined to be 2.3 x 1012 s-1 and 1.5 x 10-2 s-1 using the transition state theory, respectively. The activation 487 

energy was calculated to be 50.2 kcal mol-1. 488 
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 489 

Figure 8. a) The lowest-energy structure of methyl-cellobiosan in the syn conformation (S8). The non-490 

reducing and the LG ends are poised in the 4C1 and 1C4 conformations, respectively. b) Structures of the 491 

transition state (TS9) in 5H4
‡ and its corresponding local minimum (S9) in 1C4 for LG formation from 492 

methyl-cellobiosan decomposition via concerted glycosidic bond cleavage in the syn conformation. Blue 493 

dotted lines represent hydrogen bonds. 494 

3.4.2. LG Formation Studied by One-Chain Model 495 

The depolymerization of “active cellulose” was investigated using cellotetrasan, which resembles 496 

cellotetraose but with the reducing end replaced with an LG end. For the search of the lowest-energy 497 

structure of cellotetrasan, the initial guesses were constructed using the lowest-energy cellotetraose 498 

conformations, with the reducing end replaced with the LG-end unit of S8 (Figure 8a). The potential energy 499 

surface was explored starting from various hydrogen bond networks following the same conformational 500 

search procedure of cellotetraose. Figure 9a shows the lowest-energy cellotetrasan (C1-S2), where all units 501 

have the TG-4C1 conformation in Network B, except the LG-end unit, which has the 1C4 conformation. 502 

The search of the TS started with replacing the Units 3 and 4 of C1-S2 with the structure of TS9 (Figure 503 

8b). Figure 9b displays TS10 for the LG formation in the one-chain model. The pre-exponential factor and 504 
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rate constant at 773.15 K were determined to be 7.7 x 1012 s-1 and 6.9 x 10-3 s-1 using the transition state 505 

theory, respectively. The activation energy was calculated as 53.2 kcal mol-1. 506 

Glycosidic bond cleavage is not affected by the steric effects in LG formation in contrast to cellulose 507 

activation. Since the end unit has more freedom to rotate compared to the interior units, the reactive units 508 

of TS10 (Units 3 and 4 in Figure 9b) are more distorted compared to those of TS6 (Units 2 and 3 in Figure 509 

6c), enabling an intramolecular O2-H2‧‧‧O1’’ hydrogen bond. Increasing the chain length from two to four 510 

units results in an increase in the activation energy by 3.0 kcal mol-1, even though the concerted mechanism 511 

for LG formation in the one-chain model is the same as that in the methyl-cellobiosan model. The adjacent 512 

units in the one-chain model perturb the electronic structure of the reactive units, where a notable difference 513 

in the CHelpG partial charge on the O5 ring oxygen atom of the reactive units was observed. Comparing 514 

non-reducing end of S8 (Figure 8a) and Unit 3 of C1-S2 (Figure 9a) shows that 0.36 au more negative 515 

charge is distributed to the O5 atom (partial charge of −0.71 au) in the presence of the adjacent units. As a 516 

result, S8 is more susceptible to nucleophilic attack than C1-S2. It is also evident that S8 is more favorable 517 

to nucleophilic attack because of its elongated C1-O1 bond and the shortened C1-O5 bond compared to C1-518 

S2. 519 
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 520 

Figure 9. The lowest-energy structures of a) cellotetrasan (C1-S2) and b) transition state (TS10) used in 521 

the one-chain model for studying LG formation from concerted glycosidic bond cleavage of active cellulose 522 

in the syn conformation. Units are numbered starting from the non-reducing end. Blue dotted lines represent 523 

hydrogen bonds. 524 

3.4.3. LG Formation Studied by Two-Chain Model 525 

The formation of LG was further studied using the two-chain model with cellotetrasan as the top (reactive) 526 

chain and cellotetraose as the bottom (assisting) chain. The top chain represents anhydrosugar intermediate 527 

with LG end chain, which undergoes successive glycosidic bond cleavage in the depolymerization step. 528 

C2-S1 (Figure 7a) was used to construct the initial guesses, where the reducing end unit of the top chain 529 

was replaced with the LG-end of S8 (Figure 8a). Figure 10a displays the lowest-energy structure (C2-S2) 530 
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of the two-chain model representing “active cellulose”. All units have the 4C1 conformation in the TG 531 

orientation except the LG-end of the top chain, which has the 1C4 conformation. 532 

The initial guesses for the TS were built by replacing the interior Unit 3 and the LG-end Unit 4 of the top 533 

chain of C2-S2 with the structure of TS9 (Figure 8b). Figure 10b shows TS11 of the two-chain active 534 

cellulose model for LG formation. The activation energies calculated from the two-chain model indicates 535 

that cellulose activation (Ea = 50.8 kcal mol-1) is energetically more challenging than the subsequent LG 536 

formation via cellulose depolymerization (Ea = 40.9 kcal mol-1). The pre-exponential factor and the rate 537 

constant at 773.15 K were determined to be 1.9 x 1012 s-1 and 5.2 s-1, respectively. Furthermore, the activation 538 

energy of LG formation in the two-chain model decreased by 12.3 kcal mol-1 compared to that in the one-539 

chain model. As a result, the assisting (bottom) chain serves as a catalyst for LG formation, as opposed to 540 

an inhibitor in cellulose activation. 541 

Further examination of TS11 (Units 3 and 4 of the top chain in Figure 10b) illustrates how the top and 542 

bottom chains are rigidly held in a conformation that does not allow the end unit to have the freedom to 543 

rotate out-of-plane as opposed to TS10 (Units 3 and 4 in Figure 9b). Structural tightening occurs in the 544 

transition state via two additional hydrogen bonds in the two-chain model. First, the LG-end (Unit 4) of the 545 

top chain is bound to the bottom chain via the interchain O6b’-H6b’‧‧‧O3’ hydrogen bond (the purple 546 

dotted line in Figure 10b). Second, Unit 3 is connected via the intramolecular O2-H2‧‧‧O5’’ hydrogen 547 

bond (the black dotted line in Figure 10b) in the top chain due to the restriction of the out-of-plane motion 548 

caused by the interchain hydrogen bonds. It is evident from the comparison to TS6 (Figure 6c) that this O2-549 

H2‧‧‧O5’’ hydrogen bond stabilizes the transition state, and thus lowers the activation energy. 550 

Noncovalent interactions between the top and bottom chains perturb the atomic and electronic structures of 551 

the TSs in favor of glycosidic bond cleavage. Comparing the unit carrying out the nucleophilic attack of the 552 

TSs between TS11 (Unit 3 of the top chain in Figure 10b) and TS10 (Unit 3 in Figure 9b) shows a 0.19 au 553 

more negative charge distributed to the O6 atom (partial charge of −0.89 au) in the presence of the assisting 554 
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(bottom) chain. This shortened C1-O5 bond of TS11 allows for more positive partial charge by 0.18 au on 555 

the C1 atom (partial charge of 0.40 au) as opposed to TS10. Our calculation results suggest that noncovalent 556 

interactions caused by the assisting chain makes the reactive (top) chain more susceptible to nucleophilic 557 

attack for LG formation. 558 

 559 

Figure 10. The lowest-energy structure of a) LG-end reactant (C2-S2) and b) the transition state (TS11) of 560 

the two-chain model representing cellulose depolymerization in the syn conformation. Units are numbered 561 

starting from the non-reducing end. Dotted lines represent hydrogen bonds. 562 
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3.5. Implications of Cellulose Pyrolysis Kinetics 563 

Kinetic parameters of cellulose pyrolysis have been typically obtained using thermogravimetric analysis 564 

(TGA) by monitoring the mass change as a function of time or temperature, However, the apparent 565 

activation energies measured by TGA resulted in a wide range from 11 kcal mol-1 to 67 kcal mol-1.23 It is 566 

important to understand the apparent activation energies in the context of mechanistic modeling. Burnham 567 

et al.68 reported the apparent activation energy of cellulose pyrolysis to be approximately 47 kcal mol-1 using 568 

a sigmoidal reaction model in a comprehensive review of mechanistic calculations. Agarwal et al.69 pointed 569 

out that the apparent activation energies must fall in the range of 45–48 kcal mol-1, corresponding to the 570 

plausible pre-exponentials in the range from 10-13 to 10-14 s-1. Our two-chain model gives a slightly higher 571 

activation energy (Ea = 50.8 kcal mol-1) than the experimental 45–48 kcal mol-1 range. However, this 572 

increase in the activation energy is compensated by over an order of magnitude higher in the pre-exponential 573 

factor caused by the entropic contributions (A = 4.3 x 10-12 s-1). 574 

Dauenhauer et al.70, 71 have identified two distinct regimes for cellulose fast pyrolysis based on millisecond 575 

scale kinetic experiments. Their later work29, 72 postulated that the mechanisms for the two kinetic regimes 576 

are different: the high-temperature (> 467 °C) regime follows a mid-chain activation pathway whereas the 577 

low-temperature (< 467 °C) regime follows an end-chain scission mechanism catalyzed by intersheet 578 

hydrogen bonds connecting to a neighboring sheet, giving a transition state of a lower activation energy of 579 

29.5 kcal mol-1. Since cellulose sheets are in a higher density state and a lower entropic state at lower 580 

temperatures before phase transition,67, 73 intersheet hydrogen bonds are stronger under these conditions, 581 

further supporting the validity of the intersheet catalytic mechanism. 582 

Our study, however, focuses on the high-temperature cellulose pyrolysis mechanism at 500 °C after phase 583 

transition. The mechanism is expected to be drastically different from the low-temperature (< 467 °C) 584 

catalytic mechanism reported by Dauenhauer et al. Under high temperature (> 467 °C) conditions, cellulose 585 

sheets take a lower density state, and the intersheet hydrogen bonds are weaken and not expected to play a 586 

significant role.  Our temperature range of interest also falls into the low-temperature (< 900 K) cellulose 587 
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pyrolysis regime studied by Padmanathan and Mushrif73, where the enthalpic contribution is expected to 588 

dominate. However, the gradual disruption of the hydrogen bonding network and gain of conformational 589 

flexibility in hydroxymethyl group orientation suggested in their work are consistent with our DFT findings, 590 

where intramolecular hydrogen bonds are found to be weaken in our two-chain model and the flexibility of 591 

hydroxymethyl group leads to ring puckering and more energetically favorable conformations prior to 592 

cellulose activation. 593 

The unique contribution of our work is the discovery of a transition state enabled by intrachain hydrogen 594 

bonds for the high-temperature mid-chain scission mechanism. This new transition state gives a lower 595 

activation barrier (50.8 kcal mol-1) than the ones obtained by other DFT studies in the literature (e.g., 58.0 596 

kcal mol-1 15 and 59.1 kcal mol-1 29) by more than 7.2 kcal mol-1 and is closer to the reported experimental 597 

range (45–48 kcal mol-1)69. 598 

4. Conclusions 599 

Cellulose activation and subsequent LG formation via concerted glycosidic bond cleavage was studied using 600 

DFT. The roles of local environment near the reaction center and noncovalent interactions between cellulose 601 

chains are illuminated. The following conclusions can be drawn from our study: 602 

1. Cellulose assumes ring puckering before its activation. Our calculations suggest that syn-1C4 is the most 603 

stable preactivated cellulose conformation to undergo subsequent activation via glycosidic bond 604 

cleavage.   605 

2. A new cellulose activation mechanism incorporating intramolecular hydroxyl-activated glycosidic bond 606 

cleavage is discovered. The activation energy is predicted as 50.8 kcal mol-1 based on the two-chain 607 

model accounting for interchain hydrogen bonds. This value presents a closer agreement with the 608 

experimentally measured apparent activation energies of 45–48 kcal mol-1 range compared to existing 609 

predictions in the literature. Cellulose activation primarily takes place between the interior units of the 610 
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top (reactive) chain and is more energetically challenging than LG formation, which is predicted to have 611 

an activation energy of 40.9 kcal mol-1. 612 

3. The presence of intramolecular and interchain hydrogen bonds achieves very tight binding between 613 

cellulose chains and significantly alters the atomic and electronic structure of the chains, resulting in 614 

both steric inhibition during cellulose activation and catalytic acceleration during LG formation by the 615 

adjoining chain during cellulose pyrolysis. 616 

The molecular-level understanding of cellulose pyrolysis behavior presented in this work not only provides 617 

updated parameters for constructing kinetic models for cellulose pyrolysis but also establishes a framework 618 

for studying noncovalent interactions between major biomass constituents, such as cellulose and lignin, 619 

during the pyrolysis of actual biomass or biomass mixtures.  620 
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