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SUMMARY

The extraction of higher-value products from lignin degradations under mild con-
ditions is a challenge. Previous research reported efficient two-step oxidation
and reduction strategies for lignin degradation, which has great significance to
lignin degradation. In this paper, the mechanism about the C-O bond cleavage
of lignin with and without Ca oxidations has been studied systematically. Our
calculation results show that the degradation of anionized lignin with Ca oxida-
tions is kinetically and thermodynamically feasible. In addition, the calculations
predict that the anionized lignin compounds without Ca oxidation also could be
degraded under mild conditions. Moreover, we propose special lignin catalytic
degradation systems containing the characteristic structure of “double hydrogen
bonds.” The double hydrogen bonds structure could further decrease the energy
barriers of the C-O bond cleavage reaction. This provides a versatile strategy to
design novel lignin degradation.

INTRODUCTION

The conversion of biomass into biofuels and biochemicals via environmentally friendly methods has provoked
extensive attention due to the exhaustion of fossil fuel resources, the increasing worldwide energy demands,
and the resultant negative environmental effects from fossil-fuel-based processes (Antonio Melero et al.,
2012; Gallezot, 2012; Huber et al.,, 2006; Tuck et al., 2012). Compared with other renewable resources (solar,
hydro, and wind power), only biomass is the organic carbon resource. Among biomass, lignin accounts for nearly
30% of the organic carbon sequestered in the biosphere, but it has not been utilized well nowadays (Wen et al.,
2013). Lignin is a complex of phenolic polymers and rich in aromatic carbon (Chakar and Ragauskas, 2004; Hu
etal., 2011; Ragauskas et al., 2006; Yue et al., 2012). Therefore, it can be used to produce liquid fuels and valuable
chemicals such as low-molecular-weight aromatics. However, owing to its complex structure and stable bonds,
ligninis resistant toward chemical degradation (Sergeev and Hartwig, 2011). The extraction of higher-value prod-
ucts from lignin is challenging. With the development of scientific understanding of lignin and the application of
new catalysts, many new strategies of lignin degradation have been proposed. These current technologies can
be generalized into acid/base catalyzed depolymerization (Dabral et al., 2018; Lindsay et al., 2019; Liu et al.,
2019a; Nagel and Zhang, 2019; Zhu et al., 2018)/hydrolysis (Deuss et al., 2015; Nichols et al., 2010; Sedai et al.,
2011; Sergeev et al., 2012), pyrolysis (Boerjan et al., 2003; Das et al., 2018; Kim et al., 2019; Li et al., 2018; Luo
et al,, 2019; Moon et al., 2018; Rinesch and Bolm, 2018; Zhang et al., 2018)/metal-catalyzed bond cleavage
(Diaz-Urrutiaetal., 2016; Gazietal., 2015; Hanson et al., 2012; Jiang et al., 2016; Sedai et al., 2013)/photochemical
lignin degradation (Ahmad et al., 2010; Bosque et al., 2017; Cao et al., 2018; Chen et al., 2017, 2020; Enright et al.,
2019; Hao et al., 2018; Karkas et al., 2016; Li et al., 20193, 2019b, 2020; Liu et al., 2019b; Luo et al., 2017a, 2017b;
Nguyen et al., 2014, 2019; Srisasiwimon et al., 2018; Wu et al., 2018; Zhang, 2018; Zhou et al., 2018), and even
biodegradation (Dabral et al., 2017; Ragauskas et al., 2014). Lignin degradation under acidic conditions is one
of the most classical technologies. However, this method typically requires a temperature of at least 80°C. More-
over, the functional groups are not well tolerated and related environmental problems cannot be ignored. In
2014, Nguyen et al. reported efficient two-step oxidation and reduction strategies for lignin degradation
(Nguyen et al., 2014). The first step is Ca oxidation and the second one is visible-light-induced anionization.
The C-O bond cleavage could occur under mild conditions, obtaining an excellent yield. Most of the subsequent
researches (Bosque et al., 2017; Wang et al., 2016; Zhang et al., 2017) extended the “two-step” cleavage strategy
developed by Nguyen et al.

Taking the current energy shortages and environmental exacerbation into account, utilizing solar energy
photocatalysis to obtain valuable products from lignin has been considered as a clean and energy-saving
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Scheme 1. The C-O cleavage of B-O-4 linkage in the lignin model compounds with Ca oxidations

method. However, the reaction mechanisms of the photocatalytic degradation of lignin are unclear. To the
best of our knowledge, detailed computational studies on the classical two-step light-induced lignin
degradation strategy have not been reported in the literature. Herein we attempt to elucidate the detailed
mechanisms of the reactions of the photocatalytic lignin degradation. Our calculation results show that the
two-step anionized lignin degradation strategy reported by Nguyen et al. is kinetically and thermodynam-
ically feasible. Moreover, the results also predict that anionized lignin without Ce. oxidations could also be
degraded under mild conditions and that a characteristic structure of a double hydrogen bond (between
the OH group on the Ca site and the carbonyl oxygen of the acrylic acid and between O atom of C-O bond
of the B-O-4 linkage and the proton from acrylic acid) has significant effects on the C-O bond cleavage re-
action. Our investigations can result in a clear process of degradation of lignin and provide important in-
formation for further designing novel lignin degradation strategy.

RESULTS AND DISCUSSION

The four molecules 1Ra-4Ra (Scheme 1) were selected as model molecules of the lignin with Ca oxidation
(the OH group of the a carbon is oxidized to C=0 group). These four molecules have been used as lignin
model compounds in experiment to explore a photochemical strategy for lignin degradation at room tem-
perature, showing different degradation properties. Considering the reaction system includes formic acid
in experiment (Nguyen et al., 2014), we calculated various possible lignin degradation processes with and
without formic acid. For the convenience of description, we defined the C and O atoms from the C-O bond
of the B-O-4 linkage and carbonyl oxygen in 1Ra-4Ra as the C1, O1, and O2 atoms, respectively, and the
hydroxy oxygen, carbonyl oxygen, hydroxy hydrogen, and hydrogen atom attached to carbonyl carbon in
formic acid as the O3, O4, H1, and H2 atoms (Scheme 1).

The mechanism of C-O bond cleavage reaction for B-O-4 linkage

First, we calculated the reaction mechanism of the C-O bond cleavage of the B-O-4 linkage for the model
molecule 1Ra and its anionic radical 1Ra”". The free energy diagram with stretching of the C-O bond and
the optimized structures of the key stationary points along the reaction pathways are shown in Figure 1.
The C-O cleavage processes of the B-O-4 linkage for both 1Ra’™ and 1Ra consist of the two reaction steps:
the formation of the intermediate (1IM1 and 1IM¥*) via the transition state (1TS1 and 1TS*) and the genera-
tion of the products (1P and 1P*). The free energy barrier for the radical anion 1Ra" is predicted to be
8.4 kcal/mol, being 49.5 kcal/mol lower than that for the neutral state 1Ra. Apparently, the radical anion
is much more susceptible to degradation. By comparing the optimized structures of 1Ra""and 1Ra, we found
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Figure 1. Schematic diagram of the free energy profile along the reaction pathways of the C-O cleavages of 1Ra
and 1Ra ", with enthalpies given in parentheses and optimized geometries of the key stationary points

that the distance between the C1 and O1 atoms (1.421 A) in the former is significantly longer than that
(1.397 A) in the latter, indicating that the C1-O1 bond of the B-O-4 linkage is weakened in the radical anion
(Figure 1). Itis noted that the C1-O1 distance in 1IM1 is predicted to be 2.501 A (Figure 1), implying that 11M1
could separate into two fragments (o-methoxy phenol and methoxy acetophenone). In order to predict the
charge and spin states for the two fragments, the charges and spin densities on the two moieties of 11M1
were calculated and the results are shown in Table S1. It can be seen from Table S1 that the charge and
spin density of the o-methoxy phenol are —0.74 and 0.22 ¢, respectively, which imply that the dissociation
of 1IM1 should produce o-methoxy phenol anion and corresponding methoxy acetophenone radical.
Furthermore, we performed the geometry optimization calculations for both the fragments and found
that their geometry parameters are similar to those of 1IM1 (Figure S7). Therefore, the C-O cleavage of
the B-O-4 linkage for 1Ra’™ generates o-methoxy phenol anion and the corresponding methoxy acetophe-
none radical. The sum of free energy for the o-methoxy phenol anion and methoxy acetophenone radical
relative to 1Ra " is —8.2 kcal/mol. The lower free energy barrier and reaction free energy indicate that the
C-O cleavage reaction of 1Ra " is favorable both kinetically and thermodynamically in mild conditions.

The C-O bond cleavage of the neutral molecule 1Ra leads to the formation of the o-methoxy phenol and
methoxy acetophenone radicals by similar calculations to those for 1Ra™. The calculated free energy of the
sum of the two radicals (1P*) relative to 1Ra is 38.4 kcal/mol. Comparing the free energy barriers and the
reaction free energies of both the reactions, we conclude that, in the case of the lignin model molecule 1Ra,
the C-O cleavage in the radical anion is more favorable than that in the neutral molecule both kinetically
and thermodynamically. Therefore, we only investigated the mechanism of the C-O cleavage for the radical
anion of lignin model molecules in the following.

The calculated reaction pathways of the C-O bond cleavage for the radical anion of the model molecules
2Ra and 4Ra are similar to that of 1Ra and the results are shown in Figure S1. Our calculations indicate that
the overall free energy barriers (also corresponding to the barrier of the rate-determining step in the pre-
sent work) of the 2Ra™” and 4Ra " dissociations are 7.6 and 8.8 kcal/mol, respectively, which means that the
two reactions are favorable kinetically. The calculated reaction free energies for the two reactions are —7.6
and 3.8 kcal/mol, respectively. It is worth noting that the optimized configuration structure of 3Ra " is similar
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Figure 2. Schematic diagram of the free energy profile along the reaction pathways of PA1 (blue line) and PA2 (red line), with enthalpies given in

parentheses and optimized structures of the key stationary points

to 1M1, 2IM1, and 4IM1. The C1-O1 bond length in 3Ra"™ (3.213 A)is significantly longer than that in
neutral lignin molecule 3Ra (1.409 A). These results indicate that anionization could significantly weaken
the C-O bond of the B-O-4 linkage, which allows this C-O bond cleavage under mild experimental condi-
tions. Our calculation results that the C-O cleavage of lignin radical anion is kinetically and thermodynam-
ically feasible support the experimental conclusions (Nguyen et al., 2014).

It is worth mentioning that, to generate the final product obtained experimentally, the o-methoxy phenol
radical anion fragment needs to obtain a proton and the methoxy acetophenone radical fragment needs to
further merge an H atom. Considering the degradation reaction was experimentally carried out in the pres-
ence of formic acid, we focus on the radical anion of lignin model molecules degradation process induced
by formic acid in the following sections.

The mechanism of the C-O cleavage reaction for -O-4 linkage induced by formic acid

The C-O bond cleavage reaction mechanisms of the anionic radical of lignin model molecules (1Ra-4Ra ")
in the presence of formic acid have been calculated. For 1Ra™, the two reaction pathways (PA1 and PA2)
were considered. Figure 2 shows the free energy diagram with stretching of the C-O bond, together with
the optimized structures of the key stationary points along the two reaction pathways.

In the PA1 pathway, lignin radical anions undergo the elongation of the C1-O1 bond first, generating the inter-
mediate (1IM1), as described above. Subsequently, the alkoxy moiety of 1IM1 combines with a formic
acid, forming 1IM1a. The free energy barrier of the reaction along the PA1 pathway is predicted to be
8.4 kcal/mol. In the PA2 pathway, the 1Ra”™ combines with a formic acid first, producing the pre-complex
(1PCa). The free energy of the system decreases by 5.8 kcal/mol in this process. This is attributed to the
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formation of hydrogen bond between the H1 and O2 atoms, which is reflected in the O2-H1 and O3-H1 dis-
tances being 1.285 and 1.134 A, respectively, and the O2-H1-O3 angle being almost 180° in 1PCa. Owing to
excessive formic acid in the experiment, the 1PCa is expected to be a more reasonable existence. After that,
the C1-O1 bond stretches and the H1 atom migrates to the O1 atom of the B-O-4 linkage, forming the interme-
diate 1IM1a through the transition state 1TS1a. In 1TS1a, the distances of O1-H1 and O2-H1 are 2.581 and
1.848 A respectively, which indicates that the O2 atom would compete with the O1 atom for the H1 atom.
The free energy barrier of this reaction step is 13.7 kcal/mol. Comparing the PA1 and PA2 pathways, the forma-
tion of 1IM1a is more possible in the PA2 pathway. As shown in Figure 2, the O2-H1 distance increases to
4.166 A in 1IM1a, while the distance between the O1 and H1 atoms reduces to 1.050 A indicating that the
H1 atom transfers from O2 to O1. Subsequently, the intermediate 1IM2a is generated through the transition
state 1TS2a. The free energy barrier of this step is only 5.1 kcal/mol, which is significantly lower than that of
the first reaction step. This suggests that the step from 1PCa to 1IM1a is the rate-determining step. Besides,
the free energy of 1IM2a is 9.8 kcal/mol lower than that of 1IM1a. All these indicate that this reaction pathway
is easy to carry out both kinetically and thermodynamically. It can be seen from Figure 2 that 1IM2a consists of
CO,-containing o-methoxyphenol and p-methoxyacetophenone moieties and the shortest distance between
the two moieties is predicted to be 2.182 A. The charge and spin density of the CO,-containing o-methoxyphe-
nol moiety are calculated as —0.964 and 0.998 e, respectively (Table S1), indicating that the dissociation prod-
ucts of 1IM2a should be the CO,-containing o-methoxyphenol radical anion in the doublet state and p-methox-
yacetophenone in the singlet state. These results are confirmed by the geometry optimization calculations for
the two products (Figure S7). In order to ascertain the possibility of the CO,-containing o-methoxyphenol radical
anion transferring a single electron to 1Ra to generate the final neutral product, we calculated the free energy
changes (AG) of the following electron transfer reaction:

(CO; — containing o — methoxyphenol)”™ + 1Ra—1Ra’™ + CO, + o — methoxyphenol

The calculation results show that the change of free energies is —17.4 kcal/mol (see Table S2), which indi-
cates that the reaction is thermodynamically feasible. Thus, CO,, neutral o-methoxyphenol can be gener-
ated and a new 1Ra” can be formed, realizing a cycle of electron transfer.

In summary, formic acid, as a hydrogen source, participates in the C-O bond cleavage reaction of the
radical anion 1Ra’" by forming a relatively stable pre-complex (1PCa) with 1Ra"". The hydrogen bonding
interaction between the carbonyl oxygen in 1Ra™ and the hydroxyl of formic acid is the main reason for
the formation of 1PCa. Subsequently, the hydroxy hydrogen of formic acid migrates from the carbonyl ox-
ygen to the O atom of the C-O bond, and then the oxyacetophenone radical extracts H2 atom from formic
acid to form 1IM2a. At last, 1IM2a dissociates into the CO,-containing o-methoxyphenol radical anion and
p-methoxyacetophenone. The former (CO,-containing o-methoxyphenol radical anion) further gives an
electron to the neutral lignin model molecule 1Ra, producing 1Ra ", neutral o-methoxyphenol, and carbon
dioxide. The feasibility of electron transfer from the CO,-containing o-methoxyphenol radical anion to the
neutral reactant achieves an electron transfer cycle.

We also studied the formic-acid-induced C-O bond cleavage process of B-O-4 linkages for the lignin model
molecule radical anions 2Ra"-4Ra~ and got a similar cleavage reaction mechanism. The detailed results
can be seen in Figures S2-54.

It is worth mentioning that the formic-acid-induced C-O cleavage reaction for 3Ra "~ is somewhat different from
the others. As shown in Figure 3, in the neutral lignin model molecule 3Ra, the C1-O1 bond length is predicted
to be 1.409 A, whereas in its radical anion 3Ra™ to be 3.213 A, indicating that the C1-O1 bond in 3Ra-" is obvi-
ously weakened. However, when 3Ra"~ forms the pre-complex 3PCa with formic acid, the activated C1-O1 bond
in 3Ra " is shortened to 1.432 A. The structural characteristics of the C-O bond show significant differences in the
stability for the C1-O1 bond: 3Ra > 3PCa > 3Ra ", which indicates that the hydrogen bond interaction between
formic acid and carbonyl of 3Ra™™ could be detrimental to the activation of the C1-O1 bond.

According to our calculations, the cleavage of the B-O-4 linkage in radical anion of lignin model molecules
induced by formic acid includes two reaction steps. The first step is the hydrogen migration from hydroxyl
hydrogen of the formic acid to alkoxy in lignin radical anions. The second step is Ca-radical abstracting
another H atom of formic acid. The calculation result shows that the first step is the rate-determining
step. In the first step, the carbonyl group, as an electron-withdrawing group, would compete with the
O1 atom for interacting with the H1 atom and the hydrogen bond interaction between the O2 and H1
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atoms might be unfavorable for the activation of the C1-O1 bond. It is reasonable to conclude that this
interaction has negative effects on B-O-4 linkage cleavage.

The mechanism of the C-O cleavage reaction for the lignin model compounds without Cu
oxidation

According to the above investigation, the selectively oxidized lignin has a negative effect on the reaction since its
carboxyl oxygen is prone to interacting with the hydroxyl hydrogen of formic acid. We wondered whether the
original lignin (without Ca. oxidation) can also be degraded in the radical anion state. In order to gain insights
into this query, we studied the degradation mechanism of four original lignin model molecules 1Rb-4Rb (Scheme
2), which are the unselectively oxidized model molecules of 1Ra-4Ra mentioned above, respectively.

The lignin model molecule radical anion 1Rb ™ can also form a pre-complex 1PCb with formic acid first. The
free energy of 1PCb is 3.4 kcal/mol lower than that of 1Rb™™ and formic acid. The calculated free energy
diagram along the C-O bond cleavage reaction path from 1PCb can be seen in Figure 4. In contrast to
the case of 1Ra™, the H1 atom is close to the O1 atom in the B-O-4 linkage (see notations in Scheme 2),
and the distance between them is only 1.606 A in 1PCb.

With the splitting of the C1-O1 bond in 1PCb, the intermediate 1IM1b is formed via the transition state
1TS1b with a free energy barrier of 10.2 kcal/mol. As shown in Figure 4, the O1-H1 distance is shortened
to 1.031 A and the C1-O1 distance increases to 3.420 A in 1IM1b. This indicates that the C1-O1 bond
has greatly weakened. In addition, the O3 atom forms hydrogen bond with the H3 and H1 atoms (the angles
of £03-H1-O1 and £02-H3-O3 are 168.0 and 167.3°, respectively, and the O3-H1 and O3-H3 distances
are 1.510 and 1.673 A, respectively). Owing to this hydrogen bond interaction, the free energy of 1IM1b is
greatly reduced. The free energy of 1IM1b relative to 1PCb is calculated to be —29.6 kcal/mol. These re-
sults fully demonstrate that the reaction step is favorable both kinetically and thermodynamically.

Subsequently, the H2 atom is transferred to the C1 atom, forming the intermediate 1IM2b through the transition
state 1TS2b with a free energy barrier of 11.7 kcal/mol. In 1IM2b, the C1-O1 distance is 5.064 A, indicating that the
C1-O1bondhas ruptured. As shown in Figure 4, 1IM2b consists of two moieties: o-methoxyphenoland CO,-con-
taining p-methoxyphenylethanol. By calculating and analyzing the charge and spin density distributions of
1IM2b, we conclude that the dissociation products (1Pb) from 1IM2b should be the o-methoxyphenol neutral
molecule, CO,-containing p-methoxyphenylethanol radical anion (see Figure 4). The overall free energy barrier
of the reaction from 1PCb to 1Pb is 10.2 kcal/mol, and the reaction free energy is —43.9 kcal/mol, indicating that
the cleavage ofthe B-O-4 linkage of the original lignin model molecule radical anion 1Rb ~is favorable both kinet-
ically and thermodynamically. Although 1Pb™ could not transfer a single electron to 1Rb to complete its neutral-
ization, the application of a constant positive potential or adding other electron acceptors could be a feasible
alternative to neutralize 1Pb~, generating the final neutral product.

Itis noted that the reaction free energy and the free energy barrier for the reaction from the precursor (1PCb) to
the product (1Pb) are predicated to be 3.5 and 26.6 kcal/mol lower than those for the reaction from 1PCato 1Pa,
respectively. Therefore, the dissociation reaction of the C-O bond of the original lignin radical anion is more
favorable than that of oxidized lignin radical anion and should be also feasible under mild conditions.
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The C-O bond cleavage mechanisms of 2Rb™~ and 3Rb "~ induced by formic acid are shown in Figure 54,
which are similar to that of 1Rb™". However, the structure of 2PCb is significantly different from those of
1PCb and 3PCb. This difference is due to the existence of another carbonyl group in 2Rb™". The calculated
free energy barrier of the first step for 2PCb is 14.6 kcal/mol, which is 4.4 and 8.4 kcal/mol higher than that
for 1PCb and 3PCb, respectively. These results indicate that the presence of carbonyl group in the lignin
could obstruct the breakage of the B-O-4 linkage.

For the lignin model molecule radical anion 4Rb ™, we found different reaction processes. In the pre-com-
plex 4PCb (Figure 5), the C3-O1 bond is elongated to 3.307 A not the C1-O1 bond discussed above. This
indicates the dissociation products could be the CO,-containing ethylene glycol and toluene. It should be
noted thatthe £ O2-H3-O4 and £ O1-H1-O3 angles are predicted to be 170.6 and 176.5°, respectively, and
the O4-H3 and O3-H1 distances are calculated to be 1.769 and 1.631 A (Figure 5), illustrating the formation
of double hydrogen bond between 4Rb ™™ and formic acid. This double hydrogen bond interaction greatly
weakens the C3-O1 bond and also rationalizes that the free energy of 4PCb is much lower than that of the
reactants (4Rb"™ + formic acid). Then, the H2 atom bonds to C3 atom, forming the intermediate 4IM1b via
the transition state 4TS1b. The free energy barrier of this reaction step is 13.2 kcal/mol (Figure 5), indicating
that the reaction is favorable dynamically. In 4IM1b, the C3-O1 distance is 6.127 A, indicating the bond has
ruptured. Thanks to the structure of the double hydrogen bond, the C-O bond cleavage site of lignin
radical anion 4Rb ™~ changes from C1-O1 to C3-O1, which indicates that the existence of double hydrogen
bonds could change the site of the C-O bond cleavage.

Owing to the absence of carbonyl groups in the 1PCb, 3PCb, and 4PCb systems, the hydroxyl hydrogen of
formic acid merely interacts with the O1 atom of the C-O bond, which reduces the free energy barrier of the
first step of the C-O bond cleavage reaction.

The mechanism of the C-O bond cleavage reaction promoted by double hydrogen bonds

According to previous a study, the existence of the intramolecular hydrogen bonding interaction in lignin is
unfavorable to the C-O bond cleavage (Kim et al., 2011), whereas we found that the hydrogen bond inter-
action between the OH group from lignin and the carbonyl oxygen of the carboxylic acid will remove the
intramolecular hydrogen bonding interaction. Therefore, we hold the point that the double hydrogen bond
structure could simultaneously eliminate the negative effects from carbonyl and intramolecular hydrogen
bonds. As a consequence, it could decrease the free energy barrier of lignin degradation and change the
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C-O bond cleavage site. Increasing the electronegativity of the carbonyl oxygen atom (O4 atom) of the car-
boxylic acid could enhance the formation of hydrogen bonds between O4 and H3, which is an indispens-
able condition for the double hydrogen bond structure generation.

Considering the O4 atom in acrylic acid with more electronegativity, we studied the C-O bond cleavage
reaction of 1Rb~ and 3Rb™ lignin radical anions (structures shown in Scheme 2) induced by acrylic acid.
Considering that the combination of the first intermediate and proton is easier in the following reaction
step, we hold the point that the reaction step from the pre-complex to the first intermediate is vital. There-
fore, this step was first considered in the following calculation.

Anionic lignin radical 1Rb "™ could form the pre-complex (1PCc) with acrylic acid (see Figure 6) first. As ex-
pected, double hydrogen bonds are formed between 1Rb™™ and acrylic acid in 1PCec. It is reflected in the
characteristic structure that the angles of Z01-H1-O3 and £ 02-H3-O4 are 176.3° and 156.0°, whereas
the O1-H1 and O4-H3 distances are 1.409 and 1.877 A, respectively. Compared with 1PCb, the H3-O5 dis-
tance in 1PCc increases to 5.353 A from 1.902 A in 1PCb, which shows that the formation of “double
hydrogen bonds” destroys the intramolecular hydrogen bonding interaction as we expected. Moreover,
the C3-O1 and C1-O1 distances in 1PCc are 1.474 and 1.424 A, respectively. The former is 0.07 A longer
than that in 1PCb, whereas the latter is 0.05 A shorter than that in 1PCb. These indicate that the double
hydrogen bonds tend to weaken the C3-O1 bond, not C1-O1 bond. Furthermore, we calculated the charge
distribution of the pre-complexes 1PCb and 1PCc. The charge on the O4 atom in 1PCc is —0.65 e, which is
significantly more negative than that in 1PCb (—0.48 ). This demonstrates that increasing the electroneg-
ativity on the carbonyl oxygen of the carboxylic acid could enhance the double hydrogen bond formation.
With the C3-O1 bond being elongated, the 1PCc passes through the transition state 1TSc to form the in-
termediate 1IMc. The free energy barrier and change of free energy for this reaction step are predicted to
be 4.5 and —16.1 kcal/mol, respectively, indicating that the reaction from 1PCc to 1IMc is feasible both
kinetically and thermodynamically. It is noted that the C3-O1 distance increases to 3.098 A, whereas the
C1-O1 distance is 1.402 A in 1IMc, suggesting that the characteristic structure of double hydrogen bonds
leads to the C-O bond cleavage site change as we expected.

Similar to 1Rb ™, 3Rb "~ can also be combined with acrylic acid, producing the pre-complex (3PCc) with the

double hydrogen bonds structure (Figure S5). The reaction step from 3PCc to 3IMc also has a lower free
energy barrier and the C1-O3 bond is much longer than the C1-O1 bond in 3IMc.
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with enthalpies given in parentheses and optimized structures of the key stationary points

Furthermore, we calculated the C-O bond cleavage reaction of lignin radical anion 1Rb ™~ induced by acetic acid
(Figure Sé). Similar to the acrylic-acid-induced reaction process, the pre-complex (1PCd) with double hydrogen
bonds is also formed between 1Rb ~and acetic acid. The free energy barrier from 1PCd to an intermediate 1IMd
is lower than that of the corresponding step for 1PCb and higher than that for 1PCc. This result is consistent with
the order of negative charge on the O4 atom in the pre-complex: 1PCb < 1PCd < 1PCc. All the above facts just
confirm that increasing the electronegativity on the carbonyl oxygen of the carboxylic acid could enhance the
double hydrogen bond formation and thus promote the lignin degradation.

Considering that lignin models containing Ca-OH and Cy-OH are more realistic model compounds as phenolic
lignins, we took 5Ra with Ca. oxidation and 5Rb without Ca. oxidation (see Figure S8) as examples and calculated
the C-O dissociation of their radical anions in the presence of formic acid. The calculated results are shown in Fig-
ure S8. The free energy barriers of C-O bond cleavage are predicted to be 8.3 kcal/mol for 5Ra~ and 5.5 kcal/mol
for 5Rb". The above results indicate that C-O bond rupture of 5Ra™™ and 5Rb "~ is kinetically feasible under mild
conditions, similar to that of lignin models only containing Ca-OH. It is noted that the free energy barrier for
5Rb " is significantly lower than that for 5Ra"". Our calculation results predicated that, in the absence of Ca oxida-
tion, the anionic lignin compounds 5Rb also could be degraded under mild conditions.

Conclusion

The degradation mechanisms of lignin model molecules with and without Ca oxidation have been inves-
tigated by the DFT M06-2X method. Our calculation results show that the C-O cleavage of lignin radical
anion is feasible both kinetically and thermodynamically, supporting the experimental conclusions. Be-
sides, the calculation results predict that the lignin radical anions without Ca. oxidations could also be
degraded under mild conditions. Moreover, the overall free energy barriers of the lignin radical anions
without Ca oxidation are lower than that with the Ca oxidation.

Both intramolecular hydrogen bonds and carbonyl groups of lignin have negative effects on the cleavage
reaction of the C-O bond for carboxylic-acid-induced lignin molecules. We designed special lignin catalytic
degradation systems containing the characteristic structure with double hydrogen bonds. Furthermore,
increasing the electronegativity on the carbonyl oxygen of the carboxylic acid could enhance the double
hydrogen bond formation and thus promote the lignin degradation. Our work proposes potential lignin
degradation strategy and could provide important ideas for further experimentally designing novel lignin
degradation strategies.
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Limitations of the study

For current simulation of C-O bond cleavage reaction induced by the acrylic acid, the DFT method has its
limitations in predicting the experimental products.
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METHOD DETAILS

The geometries of all the stationary points along the reaction pathways, including the reactants, interme-
diates, transition states, and products, were optimized using the DFT (Stephens et al., 1994) M06-2X (Mar-
enich et al., 2009b) method in conjunction with the 6-31+G(d,p) basis set (Hariharan and Pople, 1973). Har-
monic vibrational frequency analysis calculations at the M06-2X/6-31+G(d,p) level at 298 K were performed
to confirm each stationary point to be either a minimum (no imaginary frequencies) or a transition-state
(only one imaginary frequency) and to obtain its zero-point energies and thermal correction data. The
intrinsic reaction coordinate (IRC) pathways have been traced to confirm whether the transition state con-
nects the reactant, intermediate or product, and to verify the critical reaction steps involved in our pro-
posed mechanisms. Gibbs free energies and enthalpies in gas phase at 298 K and 1 atm were calculated
at the same level. The single-point solvation Gibbs free energies were calculated by using SMD solvation
model (Ho et al., 2010; Marenich et al., 2009a) in acetonitrile solvent (used in experiment) at the M06-2X/6-
311+G(d,p) level. The natural bond orbital (NBO) analyses at the M06-2X/6-31+G(d,p) level were applied to
characterize the electronic structure of some species.

Gibbs free energies and enthalpies in the solvent phase at 298 K and 1 atm are used in the following dis-

cussion, unless otherwise specified, and the enthalpies are also given. All of the quantum chemical calcu-
lations were performed using the Gaussian 09 program (Frisch et al., 2009).
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