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Lignin in plant cell walls is a potential renewable source of biofuels and chemicals. It consists of various 
aryl ethers, irregularly connected by a variety of linkages creating a complex structural network–thus it 
is difficult to identify selective bond-breaking events. In this work, we predict dissociation tendencies of 
a diverse set of lignin linkages using the density functional theoretical (DFT) approach. The chosen 65 
lignin model compounds represent the most prevalent carbon-oxygen (ether) and carbon-carbon (C–C) 
bond linkages. Results from our study identify the weakest and strongest linkages connecting arene 
rings in different classes of lignin compounds. Also, the dissociating linkages can have different adjacent 
substituents, such as the methoxy group on the arene ring and hydrocarbon, methyl, and hydroxyl 
group substitutions on aliphatic carbon atoms. These substituents affect the ease of dissociation of 
lignin linkages and can be used to develop predictive models for delignification.

Plant cell walls consist of cellulose, hemicellulose, and lignin, all of 
which provide shape, elasticity, and rigidity, as well as protection, 

to plants. Lignin is one of the most abundant naturally occurring 
aromatic biopolymers and acts as the essential glue that gives plants 

their structural integrity and fortification. The 
potential of lignin is yet to be fully realized 
and depends on the development of selective 
transformations of the complicated lignin 
network. Lignin results from the polymerization 
of three different cinnamyl alcohols: p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol. 
The formulation of lignin and the ratio of the 
three alcohol units change across the different 
types of cells and plants. Lignin compounds 
can be classified into two broad groups, namely, 
ether (C–O) linked lignins and carbon-carbon 
(C–C) bonded lignins, which contain β-O-4, 
5−5, β-5, 4-O-5, β-1, dibenzodioxocin, and 
β−β linkages, of which the β-O-4 linkage is 
predominant. Ether and C–C linkage patterns 
vary with different types of substitutions among 
plant species [1,2].

During the past three decades, several studies 
have been carried out on lignin degradation 
using mechanical, thermal, extractive, chemical, 

enzymatic, and microbial approaches [1,2]. In our previous study [3], 
results from density functional theoretical (DFT) calculations on lignin 
model compounds not only were successful in predicting the bond 
dissociation energies (BDE) and reactivity trend of experimentally 
observed product selectivities, but also emphasized the roles of electron 
delocalization and methoxy-group effects on radical cation formation.

Here, we calculate the BDEs of the ether and C–C bond linkages in 65 
unique lignin model compounds with different substituents on the arene 
rings and aliphatic carbons connecting the rings for which no measured 
bond strengths exist. DFT calculations were carried out using the 
M06-2X hybrid exchange-correlation functional and the 6-311++G(d,p) 
basis set in the gas phase. We have chosen 33 ether-linked lignin 
model compounds from β-O-4, α-O-4, and 4-O-5 subtypes (Fig. 1). To 
study representative C–C bonds (Fig. 2), we have selected 32 model 
compounds containing the subtypes of β-1, α-1, β-5, and 5-5 C–C 
linkages. 

Figure 3 illustrates the ranking of the calculated BDE ranges at 
298 K (corrected for zero-point energies) averaged over the respective 
subgroup for lignin model compounds with ether and C–C linkages 
considered in this work. To avoid confusion, Cα-Cβ double-bond 
linkages were grouped separately from the single Cα-Cβ bond linkage 
of β-1 model compounds. Overall, except for the 4-O-5 type, the β-O-4 
and α-O-4 are found to be weaker than the C–C linkages. Ether bonds in 
4-O-5 type linkages are the strongest and also exhibit the shortest bond 
lengths, as expected. In the Cα-Cβ linkage category, β-1 type bonds are 

Fig. 1. Lignin model compounds 
(β-O-4, α-O-4, and 4-O-5 with ether 
linkages). β-O-4 contains both ether 
and carbon-carbon linkages.
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the different ether lignin linkages studied in this investigation. The 
C–C bond of β-1 linkages has the lowest bonding strength among the 
lignin model compounds with C–C bond linkages. The ether linkage is 
substantially weakened when substituted by electron-donating methoxy 
groups on the adjacent arene ring. The strength of the C−C linkage is 
influenced by hydrocarbon, methyl, and hydroxyl group substitutions 
at the aliphatic carbon positions in the linkage. The reported results 
provide strategic avenues for delignification experimental protocols. 
They also offer details that could be useful in the selection and genetic 
design of plants having types of lignin structures that lead to optimal 
efficiencies for feedstock and biofuel production. Results were recently 
published [4].

 Fig. 3. 
Comparison 
of averaged 
BDEs for the 
lignin model 
compounds with 
ether and C–C 
linkage groups. 
Standard 
deviations are 
also shown.

the weakest, followed by the β-O-4 linkage types. It 
is quite likely that the fragmentation in these β-O-4 
linkage types is facilitated by the weaker ether 
linkages instead of the Cα-Cβ cleavage. α-1 types 
show higher C–C BDEs compared to the β-O-4 and 
β-1 linkage types. Our calculations reveal that it 
will be difficult to cleave the β-5 and 5-5 C–C bonds 
as they exhibit BDEs of 110 kcal/mol or more. 
Therefore, fragmentation of these linkages probably 
requires catalysts or ring deformation reactions.

Within the α-O-4 linkages category, methoxy group 
substitutions at the di-ortho position in the arene 
ring adjacent to the ether bond give rise to the 
lowest BDEs, single methoxy substitutions at ortho 
positions result in higher BDEs, and even higher 
BDEs are seen in α-O-4 linked compounds when 
there are no substitutions in the ortho position. 
The weakening of ether linkages can be attributed 
to steric hindrance induced by the ortho-methoxy 
groups. In the C–C linkage category, the lowest 
BDEs are seen in the β-1 Cα-Cβ bond types. An 

interesting observation is that in β-1 model compounds, substitution 
of a hydroxymethyl group (CH2OH) at the Cβ position results in higher 
BDEs, whereas substitution at the Cα position with a hydroxyl group or 
substitution at the Cβ position with a methyl, hydrocarbon, or hydroxyl 
group lowers the Cα-Cβ bond strength. Unsurprisingly, β-1 type linkages 
with Cα-Cβ double bonds exhibit the highest BDEs among all model 
compounds containing C–C bond linkages.

In summary, we have calculated BDEs of ether and C−C linkages in 
65 lignin model compounds. The model compounds were selected with 
different linkages containing key substitutions on the arene rings and 
on the linkage aliphatic carbons that might significantly change the 
ether and C–C linkage BDEs and, hence, the homolysis selectivity. In 
general, it is easier to fragment the ether bond than the C–C bond. The 
ether bond in the α-O-4 linkage type is the weakest linkage among 
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Fig. 2. Lignin model compounds (β-1, 
β-1, β-5, and 5-5) with carbon-carbon 
linkages. 


