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Abstract 

The thermal activation of cellulose by initial glycosidic bond cleavage determines the overall rate of 

conversion to organic products for energy applications. Here, the kinetics of polymeric linkage scission 

by transglycosylation of β-1,4-glycosidic bonds was measured using the ‘pulse-heated analysis of solid 

reactions’ (PHASR) method from 380-430 °C in combination with isotopic labeling techniques to reveal 

an apparent activation energy of 26.9 ± 1.9 kcal mol-1. The very low activation barrier for levoglucosan 

formation via activation at lower temperature is indicative of a promotional effect of the environment on 

C-O thus resulting in an apparent rather than an intrinsic barrier for C-O bond activation. We show herein 

that the vicinal hydroxyl groups in cellulose promote transglycosidic C-O bond activation. The calculated 

barrier for this promoted path is in very good agreement with the measured experimental apparent 

activation energy (26.9 ± 1.9 kcal mol-1) thus suggesting that the low temperature path proceeds via vicinal 

hydroxyl-catalyzed transglycosylation 
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Introduction

Pyrolysis offers a promising thermochemical route to 

convert renewable feedstocks such as lignocellulosic 

biomass into fuels and platform chemicals (Bridgwater, 

2003). The kinetics of activating the polymeric linkages or 

glycosidic bonds (C-O ether bonds) significantly influences 

subsequent product diversification and thus has garnered 

considerable attention. However, a fundamental 

understanding of the molecular mechanisms for cellulose 

chain breaking chemistry is still lacking.  

 

In recent studies, Dauenhauer and coworkers used the 

pulse-heated analysis of solid reactions (PHASR) method 
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(Krumm et al., 2016) to measure intrinsic cellulose 

breakdown kinetics using α-cyclodextrin as a surrogate and 

found two distinct kinetic regimes – A) a high activation 

energy (53.7+1.1 kcal mol-1) and high kinetic pre-factor 

(~1016 s-1) regime at T > 467 °C B) a low activation energy 

(23.2+1.9 kcal mol-1) and low kinetic pre-factor (~107 s-1) 

regime at T < 467 °C (Zhu et al., 2017). While the high 

temperature activation kinetics is typical of thermal C-O 

bond cleavage mechanisms such as concerted 

transglycosylation (Mayes et al., 2012), the low temperature 

kinetics cannot be explained by any thermal cleavage 

mechanism. It instead appears to be more consistent with a 



  

 

 

heterogeneous catalyzed reaction where the rate involves 

apparent rather than an intrinsic activation barrier that 

results from the influence of the environment near the C-O 

bond. Herein, we used experiments together with theory to 

examine both the high temperature and low temperature 

transglycosylation.  We find that the local environment in 

the low temperature system can significantly alter the C-O 

bond activation.  More generally, this work emphasizes the 

need for consideration of local reaction environment in 

complex condensed phase systems such as biomass 

pyrolysis 

Results and Discussion  

As mentioned earlier, the relevance of 

transglycosylation as an important activating mechanism at 

higher temperatures motivated the need for further 

experimental studies to explicitly measure the rates of 

transglycosylation at even lower temperatures. A simpler 

kinetic surrogate is needed to perform such experiments. 

Accordingly, cellobiosan, the simplest anhydrosugar, was 

identified as a surrogate for active cellulose which agrees 

with the observation that anhydro-polysaccharides are 

widely believed to constitute what is called as activated 

cellulose. These studies, aimed at identifying a suitable 

surrogate, also revealed that the glucose moiety in such 

species are the chemically relevant moiety and therefore 

products formed from the glucose monomer would need to 

be explicitly tracked. 

 

To track levoglucosan that is formed because of 

transglycosylation, 13C1 labeled cellobiosan was 

synthesized and used. The use of such a labeled species 

allows the explicit tracking of levoglucosan that is formed 

only from the glucose monomer. An Arrhenius plot of the 

rates derived from such tracking experiments in the 

temperature range 380-430 °C reveals an activation energy 

of 26.9 ± 1.9 kcal mol-1 and a kinetic pre-factor of 4.2 x 107 

s-1. These kinetic parameters are similarly low as reported 

for the cellulose breakdown studies mentioned earlier thus 

suggesting that the activation barrier that is measured is an 

apparent barrier that results from promoted cleavage of C-

O bonds. 

 

Ab initio density functional theory calculations were 

carried out on cluster models of model compounds with 

varying sizes to examine the influence of local hydroxyl 

groups on the kinetics for transglycosidic activation of 

cellulose. A significant lowering of barriers in the presence 

of hydroxyl groups vs in the absence of hydroxyl groups 

revealed that hydroxyl groups near the glycosidic bonds can 

significantly stabilize the transition state and facilitate C-O 

bond cleavage. The calculated barriers are also in good 

agreement with barriers reported by the labeled studies done 

on cellobiosan. Both, theory and experiments therefore 

support a hydroxyl promoted activation mechanism. 

Figure 1. A) Reaction of 13C1-labeled 

cellobiosan to labeled and unlabeled 

levoglucosan (LGA). B) Arrhenius plot for 

formation of labelled levoglucosan from 

cellobiosan. 

Conclusion 

The experimental and computational studies done in 

this work show that the local environment within cellulose 

can strongly influence the reaction and, in some cases, can 

significantly promote C-O activation.  These unique 

environments present at low temperature can thus account 

for the observed experimental kinetics at low temperature 

(< 467 °C). 
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