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Depolymerization and self-disassembly of plant polymers 

Alexander V. Ponomarev 

 
Biopolymers can be radiolytically degraded mainly in two ways. The first way, depolymerization, 

occurs at not so high temperatures and consists in random cleavage of bridges between monomer 
units. The second process, self-disassembly, is realized at higher temperatures by consecutive 
shortening the polymer chain from its end and is accompanied by the elimination of monocyclic 
products. Instructions for self-disassembly are encoded in the structural features of the primary 
macroradicals. 
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Introduction 

At present, the radiation treatment of plant 
polymers is used for a variety of purposes: to produce 
nano-substrates and gels, to fabricate packaging 
materials and dressings, to receive advanced sorbents, 
to modify and preserve the cultural heritage, to create 
advanced composites and copolymers, to synthesize 
biofuels and reagents, to obtain monomers and 
oligomers, and so on. These applications are based on 
radiolytic generation of short-lived ions and radicals 
in feedstock and their subsequent participation in the 
cross-linking or fragmentation processes. 

Nature continuously reproduces a variety of 
biopolymers. Such like polysaccharides and 
polyphenols are generated in huge quantities. 
Undoubtedly, the ability to disassemble 
macromolecules into parts would be a very useful skill 
to obtain building blocks for subsequent organic 
synthesis [1]. Moreover, it would be desirable to 
disassemble polymers simply, cheaply and in a direct 
way.  

The variety of radiolytic transformations 

The result of radiolysis of a biopolymer under 
moderate heating and low dose rate is 
depolymerization. For example, in cellulose the ratio 
of C : O : H atoms in the initial sample and the 
resulting oligomers differs insignificantly. Among the 
minority products cellobiose, glucose, arabinose, 
glyoxal, 2-ketogluconic acid and some others are 
found. Products of deeper conversion of pyranose 
units are observed only at very high doses. 
Undoubtedly, the preparation of oligomers is very 
important. However, the productive formation of 

monocyclic products is no less important. How to do 
it? 

Typically, the polymer is formed by a self-
sustaining chain process that successively adds 
identical or similar structural units to the end of the 
growing macromolecule. Apparently, the opposite 
process can propagate under the influence of a self-
reproducible defect which provokes the cleavage of 
bonds between monomer units. Such a self-sustaining 
process can be referred to as self-disassembly. 

What conditions favor the self-disassembly of the 
polymer molecule? First, a suitable defect must be 
generated on the terminal monomer unit. The role of a 
defect can be realized by a radical. For example, in 
cellulose, ionizing radiation creates radical centers on 
C(1) or C(4) atoms [2 – 4]: 
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Such intermediates are unstable due to the 
discrepancy between the electron configurations of the 
radical center (sp2-hybridization, planar configuration) 
and the original molecular unit (sp3-hybridization, 
tetrahedral configuration). Splitting the connecting 
bridge between the defect unit and the neighboring 
intact unit is the initial step to stabilization. Such a 
cleavage occurs even at room temperature, creating 
one of the terminal radicals: 
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The next step is to transfer the radical center to the 
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opposite end of the defect unit, for example, from 
C(1) to C(4) position. In the case of lignin, whose 
monolignols contain conjugated aromatic bonds, a 
delocalized electron can directly provoke the cleavage 
of any connecting bridge. As a rule, the weakest bond 
in the -position relative to the aromatic ring 
undergoes cleavage. In turn, the original units of 
cellulose do not have double bonds. However, 
cellulose, like other polysaccharides, tends to 
thermally stimulated dehydration and, thus, to the 
formation of double bonds [5, 6]. As shown in the 
EPR study [2 – 4], heating stimulates the rapid 
conversion of the terminal radicals Rt(1) and Rt(4) to 
allyl type radicals: 
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and the dehydration of the radicals requires a lower 
temperature than the dehydration of the molecules. 
Conversion of Rt(1) and Rt(4) into allyl radicals is 
already observed at 100 °C, whereas pyrolytic 
dehydration of cellulose macromolecules begins after 
reaching a temperature above 200 °C [2 – 6]. 
Accordingly, heating makes it possible to control the 
transfer of the radical center within the defective unit. 
The transfer of the radical center to the next 
connecting bridge creates a configurational tension 
and, thereby, provokes the cleavage of the bridge. 
Accordingly, the partially dehydrated defective link is 
removed and a new radical center appears on the 
terminal unit of the truncated macromolecule. 

The removed unit, such as 
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are unstable and, therefore, easily undergo 
thermostimulated elimination of the most mobile 
fragments. As a rule, CO, CO2 or H2C=O are 
eliminated. Accordingly, stable molecules of 
furanmethanol or furfural are formed 

OHOH2C O CHO

, . 

The formation of furans, which are very valuable 
and demanded products [1], attaches great importance 
to the above-described self-disassembly, since no 
other method produces furans directly from cellulose 
[7, 8]. Under conditions of a similar thermo-
radiolysis, lignin is converted into benzenediols and 

methoxyphenols, and chitin is converted into pyrroles 
and pyridines [9]. 

Thus, the radiation damage of one monomeric unit 
causes a subsequent chain thermochemical self-
disassembly of the rest of the macromolecule. Proper 
heating is a very important condition for self-
disassembly. Heating performs several functions, in 
particular, stimulates the local dehydration of the 
radical center and the transfer of the unpaired electron 
to the next connecting bridge; stimulates the removal 
of the defective unit from the macromolecule; 
provokes the conversion of the removed fragment into 
a stable compound; provides evaporation of this 
compound from the reaction area. 

If the temperature is above the pyrolysis threshold, 
the cellulose undergoes total dehydration and 
decarboxylation with the formation of predominantly 
water, carbon dioxide, and charcoal [5, 6]. If the 
heating is weak, the dehydration of the radical centers 
and their conversion to allyl radicals are not carried 
out. As a consequence, there is no transfer of a defect 
from one connecting bridge to another. At least, the 
appropriate temperature should be above the 
evaporation point of the target product (furans), but 
below the threshold for the beginning of polymer 
pyrolysis. 

At relatively low temperatures, the structure of the 
biopolymer is fixed by a system of intermolecular and 
intramolecular hydrogen bonds (dissociation energy   
8 – 40 kJ/mol). Hydrogen bonds are involved in the 
scattering of excess energy to surrounding molecules, 
as well as in the cage effect that repairs radiation 
defects. As a consequence, in the interval of low 
temperatures, the cleavages of skeletal bonds lead 
only to a partial depolymerization [2, 10] - the 
formation of similar molecules with a lower degree of 
polymerization, but with an almost unchanged ratio of 
atoms. Cleavages of the molecular chain occur 
randomly, and liquid products are practically not 
formed. For example, 480 kGy absorbed dose reduces 
the cellulose polymerization degree by almost 80 
times without producing furans [2]. 

The self-disassembly of cellulose to furans is 
realized in the temperature range prior to the onset of 
pyrogenic degradation, i.e. below 550 K (Fig. 1).  

Pre-pyrolysis temperatures destroy the system of 
hydrogen bonds, make molecules more flexible and 
weaken the cage effect. At the same time, up to the 
beginning of pyrolysis, the initial macromolecules and 
the final molecular product remain intact, and the 
radiolytic cation-radicals and radicals, being unstable, 
undergo thermally stimulated rearrangements and 
fragmentation. Thus, the self-disassembly process is 



 

 “Е+Е”, vol. 53, 7-8, 2018 179

based on the lower thermal stability of cation-radicals 
and radicals compared to molecules. 

 
Fig. 1. Temperature dependence of cellulose degradation in 

the process of radiation-stimulated dry distillation 
(combined heating with 8 MeV electron irradiation at 0.2 
kGy/s). The dotted line shows the thermogravimetric curve 

for unirradiated cellulose. 

Radiolysis may seem like a non-selective process, 
since ionizing radiation can damage any bonds in the 
molecule. However, in fact the subsequent transfer of 
excitation and charge leads to localization of the 
defect on the weakest bond [11, 12]. Thus, the 
resulting defects produced by radiation in different 
parts of the macromolecule are often of the same type.  

In case of cellulose self-disassembly, the radical 
center, as a rule, remains on the polymer fragment, 
whereas the damaged unit is removed in the molecular 
form. In polysaccharides and polyphenols, self-
disassembly is facilitated by the lower strength of the 
ether bridges between the units. Of course, the final 
products must be immediately removed from the 
irradiation area in order to avoid secondary 
decomposition. In particular, rapid removal is feasible 
in a mode similar to dry distillation, when the 
products of radiolytic and thermal fragmentation are 
continuously distilled-off, but provided that the 
temperature does not exceed the biopolymer pyrolysis 
threshold [7]. 

Ideal self-disassembly leads to a rather narrow 
molecular-mass distribution of products, since 
identical or similar elementary polymer units 
participate in successive transformations in a uniform 
way. Unique “instructions” how to disassemble the 
biopolymer are “encoded” in the structural features of 
the cation-radicals and radicals generated by the 
radiation-thermal pathway. 

The above-described self-disassembly 
fundamentally differs from the known radiation-
induced depolymerization. Self-disassembly in 

cellulose is carried out via a consecutive cleavage of 
connecting bridges and gives monocyclic products of 
furan nature. Accordingly, the translational shortening 
of the polymer chain takes place during the self-
disassembly of the macromolecule. In turn, 
depolymerization consists in random cleavage of the 
connecting bridges and leads to oligomeric 
polysaccharides. 

The mechanism of self-disassembly is not inherent 
in pyrolysis or low-temperature radiolytic 
decomposition of cellulose, since pyrolysis does not 
create the necessary radicals, and low-temperature 
radiolysis does not ensure dehydration of the defective 
glucopyranose unit. 

Various reasons common to chemistry can 
suppress self-disassembly. High dose rate creates a 
high concentration of radicals and, thereby, increases 
the probability of radicals decay via their 
recombination. Intersections and contacts of 
macromolecules facilitate the transfer of the unpaired 
electron to another chain. Branching in the 
macromolecule contributes to the appearance of 
defects of an irreproducible type. Steric factors 
prevent the products migration from the cage. In 
particular, branching in lignin macromolecule leads to 
a multi-type cleavage of the bonds and, thereby, 
extends the assortment of products [12]. However, not 
only the mono-product, but also a mixture of related 
products, can be of practical value, for example as a 
polymerization retarder, a fuel mixture, and the like. 

Dense packing of surrounding molecules can 
prevent the migration of radical and molecular 
fragments. For example, allylic radicals can be 
converted to polyene-type radicals, which are more 
stable and play the role of charcoal precursors: 
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Cellulose is the best example of a polymer suitable 
for self-disassembly. Unlike cellulose, the chitin 
monomer unit contains a large and easily cleavable 
side group, acetamide, which partially carries out the 
protection of the pyranose ring [9]. In turn, lignin 
contains units connected by more than two bridges to 
other units. As a consequence, the self-disassembly 
process in lignin can acquire an undesirable direction 
[12]. Nevertheless, under conditions of balanced 
irradiation and heating, all three biopolymers undergo 
chain self-disassembly, yielding several times more 
monocyclic products (at least 4 kg/kWh) than 
conventional dry distillation (Fig. 2) [7, 9]. 
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Fig. 2. The yields of the monocyclic products formation 
under radiation-induced self-disassembly of cellulose, 

lignin and chitin. 

Conclusions 

Thus, self-disassembly of plant biopolymers looks 
like an environmentally friendly way to receive 
building blocks for chemical synthesis. Self-
disassembly is based on a lower thermal stability of 
macroradicals compared to macromolecules. The 
process begins with the radiolytic cleavage of the 
macromolecule and is propagated as successive 
thermal shortening of the resulting macroradical via 
the stepwise elimination of monocyclic molecules. 
The revealed mechanism of self-disassembly is 
productive and provides a unique set of products, not 
characteristic of either low-temperature radiolysis or 
pyrolysis. 

Acknowledgements 

The author is grateful to the CKP FMI IPCE RAS 
for the assistance and equipment provided. 

REFERENCES 

[1] Bozell, J. J., G. R. Petersen. Technology develop-
ment for the production of biobased products from 
biorefinery carbohydrates—the US Department of Energy’s 
“Top 10” revisited. Green Chem, Vol. 12, 2010, pp.539–
554. 

[2] Ershov, B. G. Radiation-chemical degradation of 
cellulose and other polysaccharides. Russ. Chem. Rev. Vol. 
67, 1998, pp.315–334.  

[3] Kuzina, S. I., A. I. Mikhailov. Formation of free 
radicals during the photolysis and radiolysis of cellulose. 
Russ. J. Phys. Chem. A, Vol. 79, 2005, pp.973–980. 

[4] Kuzina, S. I., A. I. Mikhailov. The oxidation and 
thermal transformations of macrooradicals in gamma 
irradiated cellulose. Russ. J. Phys. Chem., Vol. 80, 2006, 
pp.1666–1670. 

[5] Golova, O. P. Chemical Effects of Heat on 
Cellulose. Russ. Chem. Rev., Vol. 44, 1975, pp.687–697. 

[6] Fengel, D., G. Wegener. Wood (Chemistry, 
Ultrastructure, Reactions). Walter de Gruyter: NY, USA, 
1984. 

[7] Ponomarev, A. V. Electron-beam decomposition 
of phytogenous substances: Solid-to-liquid conversion. 
Radiat. Phys. Chem., Vol. 78, 2009, pp.345–350. 

[8] Ponomarev, A., B. Ershov. Radiation-Induced 
High-Temperature Conversion of Cellulose. Molecules, 
Vol. 19, 2014, pp.16877–16908. 

[9] Ponomarev, A. V., I. E. Makarov, B. G. Ershov. 
Electron-beam distillation of natural polymers. Radiat. 
Phys. Chem., Vol. 94/1, 2014, pp.221-225. 

[10] Driscoll, M. S., A. J. Stipanovic, K. Cheng, V. A. 
Barber, M. Manning, J. L. Smith, S. Sundar. Ionizing 
radiation and a wood-based biorefinery. Radiat. Phys. 
Chem., Vol. 94, 2014, pp.217–220. 

[11] Woods, R. J., A. K. Pikaev. Applied Radiation 
Chemistry: Radiation Processing, Wiley-Interscience: NY, 
USA, 1994. 

[12] Ponomarev, A. V. Radiolysis of lignin: prospective 
mechanism of high temperature decomposition. Radiat. 
Phys. Chem., Vol. 141, 2017, pp.160-167.    

 

Prof. ScD Alexander V. Ponomarev - was born in 
1957; graduated from the Mendeleev Moscow Chemical-
Technological Institute (now Russian Chemical-
Technological University). Head of Laboratory of electron-
beam conversion of energy-carriers. Author of more than 
200 scientific papers, 25 patents. The field of interest - 
radiation chemistry and technology, high energy chemistry. 
Frumkin Institute of Physical Chemistry and 
Electrochemistry, Russian Academy of Sciences, Moscow. 

Tel.: +7 495 335-20-08;  

e-mail: ponomarev@ipc.rssi.ru  

address: Leninsky Prospect, 31, Moscow 119071, 
Russia  

 


