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The selective oxidation and degradation of lignin are crucial for realizing its potential as a biofuel or
petroleum substitute. Despite the importance of C—-C bond cleavage for lignin valorization, this process
is significantly challenging. Herein, we present plasmonic gold nanoparticles (Au NPs) as environmentally
friendly and reusable photocatalysts for the chemoselective oxidation of the benzylic hydroxyl groups of
lignin and subsequent lignin degradation. The oxidation process is driven by the generation of
superoxide (O27), leading to proton release and initiating lignin photooxidation through
a mechanism termed plasmon-driven hydrogen atom abstraction and degradation (p-HAADe). Our
results demonstrate the significant suppression of lignin oxidation and degradation in acetonitrile-rich

ions

environments, while aqueous conditions notably enhance these processes. Furthermore, two distinct
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Accepted 23rd April 2025 time-dependent regimes are identified, namely, the “oxidation dominant” regime, where lignin oxidation

is predominant, and the “degradation dominant” regime, favoring C,—Cg bond cleavage. These findings

DOI: 10.1039/d4sc08401b provide crucial insights into optimizing lignin conversion in biofuel applications, highlighting the potential
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Introduction

In conjunction with cellulose and hemicellulose, lignin is
a major component of lignocellulose. In recent years, biomass
derived from lignocellulose has received growing attention as
a renewable energy source with the potential to replace
petroleum-based materials.' Natural lignin is a polymer con-
taining abundant aromatic compounds, and it comprises 15—
30 wt% of the lignocellulosic biomass.** Furthermore, natural
lignin consists of both phenolic and non-phenolic structures.
The conversion of natural lignin to low-molecular-weight
aromatic compounds is of particular interest because of its
potential to yield value-added chemical feedstocks through the
cleavage of lignin C-O or C-C bonds.*” Previous studies have
indicated that the strengths of these bonds in the f-O-4 linkage
weakens following hydroxyl group oxidation, rendering it
susceptible to cleavage.>*™° For example, computational calcu-
lations predicted an approximately 14 kcal mol " decrease in
the C-O bond dissociation enthalpy (BDE) of the B-O-4 linkage

“Department of Chemistry, Yeungnam University, Gyeongsan, Gyeongbuk 38541,
Republic of Korea. E-mail: kimys6553@yu.ac.kr

*Department of Chemistry, Korea University, Seoul 02841, Republic of Korea. E-mail:
orangekwang@gmail.com

T Electronic  supplementary  information available. See DOIL
https://doi.org/10.1039/d4s5c08401b

i These authors contributed equally.

(EST)

© 2025 The Author(s). Published by the Royal Society of Chemistry

of Au NPs for use in sustainable chemical processes.

upon the oxidation of C,~OH to C,=O0, thereby facilitating C-O
bond cleavage.®*" Other studies have revealed that C,-Cg bond
cleavage is possible after the oxidation of the benzylic hydroxyl
group.®'> However, traditional methods for lignin decomposi-
tion, such as pyrolysis, acid-base catalysis, organosolvolysis,
krafting, and enzymatic decomposition, have numerous draw-
backs, including the requirement for high temperatures, low
efficiency, and toxic chemical waste generation.”*** Further-
more, these methods, which generally necessitate harsh
conditions, tend to exhibit low product selectivity, thereby
complicating the extraction of target compounds.'® To address
these challenges, photocatalysis has emerged as a potential
technology for lignin decomposition, offering an eco-friendly,
highly efficient, and cost-effective process that can be con-
ducted under mild conditions.’®” To date, research on the
photocatalytic decomposition of lignin has explored various
types of catalysts, including organic and metal-organic
complexes (homogeneous catalysts), in addition to metal chal-
cogenides and metal oxides (heterogeneous catalysts).*'5°
Plasmonic nanocrystals, particularly single-component Au
nanoparticles (NPs), have attracted considerable attention as
visible-light-driven photocatalysts owing to their strong light
absorption capability in the visible light region and their
excellent catalytic activities at the nanoscale.*** Plasmonic Au
photocatalysts have been demonstrated to exhibit unique
physical behaviors from the perspectives of both kinetics and
thermodynamics.?*® They have also been shown to drive useful
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Fig. 1 Ilustration of the stepwise plasmon-driven hydrogen atom
abstraction and degradation (p-HAADe) process for the photooxida-
tion of normal lignin (NL) to oxidized lignin (OL), and the subsequent
lignin degradation process in a water-rich environment.

chemical reactions such as the CO, reduction reaction,**?° C-C
bond formation,**** bond scission,> and electrochemical
transformations.**** Therefore, the use of plasmonic Au pho-
tocatalysts, which are eco-friendly and reusable and possess an
excellent photostability, is considered to be a potentially effec-
tive strategy for transforming lignin derivatives.

Thus, in this study, the photodegradation of lignin model
compounds (B-O-4 linkages) is investigated using colloidal Au
NPs dispersed in water, as outlined in Fig. 1. Furthermore, non-
phenolic lignin model compounds were chosen because they
require a higher redox potential compared to phenolic lignin,
making them more challenging to degrade. This allows us to
evaluate the effectiveness of our strategy for achieving efficient
lignin degradation. In addition, the effects of the organic
solvent (acetonitrile, MeCN) content of the aqueous system on
the photooxidation and degradation behaviors are examined.
Furthermore, the driving force for the photooxidation of lignin
in a water-rich environment is determined.

Results and discussion

Spherical Au NPs with an average diameter of 13 + 0.9 nm were
employed as plasmonic photocatalysts for the degradation of
the synthesized lignin p-O-4 linkage (Fig. S1 and Scheme S17).
Fig. 2a shows the optical characteristics of the reaction mixture
before and after the photocatalytic reaction. The intensities of
the absorption peaks at 278 and 308 nm increased considerably
after irradiation, whereas the localized surface plasmon reso-
nance (LSPR) peak for Au (522 nm) was preserved. The peaks at
278 and 308 nm were therefore attributed to the oxidized form
of lignin (Fig. 2a and S2-S4t). A comparative analysis of lignin
conversion efficiency was then conducted under various reac-
tion conditions; the results are presented in Table S1.1 In the
presence of Au NPs and light, lignin photooxidation conversion
reached 96.2% after 24 h of light irradiation (Table S1, entry 1
and Fig. S5(a)t). To validate the impact of the Au NPs and light
on lignin photooxidation, control experiments were conducted
in the absence of light and without the Au NPs (Table S1, entries
2 and 3%). Consequently, a yield of 8% was obtained in the
absence of light (Fig. S5(b)f), and no product was detected
without the Au NPs (Fig. S5(c)t), demonstrating that both
components are required for the reaction to proceed. Further-
more, in the absence of O,, the conversion was <2% (Table S1,
entry 4 and Fig. S5(d)t), confirming that O, is required to
facilitate lignin photooxidation.
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Fig. 2 (a) UV-vis spectra of before (black) and after (red) the photo-
catalytic lignin photooxidation reaction. The Au LSPR is indicated as
a vertical dotted line, showing the stability after irradiation. The inset
shows a representative TEM image of the synthesized Au NPs. (b)
Transient UV-vis spectra during the photooxidation in 1% MeCN (left)
and 50% MeCN (right) in water. (c) Initial moments in the lignin elec-
tronic transition as a function of the reaction time (violet: 1% MeCN,
magenta: 50% MeCN). (d) Relative populations of normal lignin (NL,
gray), oxidized lignin (oxi lignin, OL, red), guaiacol (green), and 3,4-
dimethoxybenzaldehyde (3,4-DMBA, light blue) with the corre-
sponding error bars.

As presented in Fig. S6, S7(a), and (b),} four species were
directly quantified in the ultraviolet-visible (UV-vis) spectra,
namely, normal lignin (NL), oxidized lignin (OL), guaiacol, and
3,4-dimethoxybenzaldehyde (3,4-DMBA), wherein the Dbasis
spectra demonstrated doublet features. In addition, Fig. 2b
displays the changes in the line shapes, which represent the
7 — m*and n — 7* transitions of the electronic structures.'®
Notably, the peaks observed at 278 and 308 nm increase
significantly in intensity during photooxidation in a water-rich
environment containing 1% acetonitrile (MeCN, c.f., a 50%
MeCN solution). As shown in Fig. 2¢, the initial time-dependent
changes reveal a convex trend, with red-shifted electronic
transitions of the conjugated bonds being associated with the
oxidation reaction (Fig. S7(c)t). The evaluation of the 308/
278 nm absorbance ratio as a function of time indicates that the
reaction proceeded effectively (Fig. S7(d)t), generating abun-
dant photooxidized and lignin degradation products.

The basis spectra of the four components mentioned above
facilitated the development of a protocol for quantifying their
relative populations (Fig. S8-510 and Tables S2-S47). All basis
spectra exhibit two main peaks; therefore, two Gaussian profiles
were used to determine the reference parameters of these
spectra. As the photocatalytic reaction progressed, the transient
signals of the four components gradually changed. These
spectra were fit to the sum of four sets of two Gaussian profiles
as described by eqn (S1), and ensemble populations were
extracted from the integrated area of each Gaussian function.
Specific details regarding this protocol are provided in the ESL.}
However, it is noted that the fitting algorithm commenced
using reference parameters derived from the basis spectra, and
various criteria being used to apply the fitting constraints. For
instance, considering that the ratio between two Gaussian
peaks can be used as a fixed parameter, the initial values for
fitting the time-dependent spectra were determined from the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fitting results of the previous spectrum. Fitting parameters were
also derived from random amplitudes and peak widths within
each parameter window, performed over 50 independent fits.
The quality of the best fit was verified by comparing the spectra
and fits and second derivatives of the spectra (Fig. S8-5101). The
fitting parameters are presented in Tables S2-S4.7 Fig. 2d shows
the population ensembles as a function of the reaction time
under different solvent conditions, i.e., 1 and 50% MeCN (see
Fig. S111 for 25% MeCN). Two distinct time regimes are
observed. First, the “oxidation dominant” regime exhibits
a steep initial rise in the water-rich environment (left plot
Fig. 2d) in relation to that observed in the 50% MeCN solution
(right plot, Fig. 2d). Second, in the “degradation dominant”
regime, the time-dependent variations in the degradation
product populations vary significantly between the water-rich
and 50% MeCN solutions. This can be accounted for by
considering that a water-rich environment may promote lignin
degradation by enhancing the photooxidation reaction, which
can be inhibited by the presence of MeCN.

To investigate the photocatalytic reaction mechanism, the
increasing levels of the oxidation product were monitored over
time from the onset of irradiation. The time-dependent curve
representing the oxidation reaction is presented in Fig. 3a,
along with the calculated reaction rate. Benzoquinone and
hydroquinone were used as scavengers for O, to confirm the
generation of OL by these species. Notably, the progression of
the photocatalytic reaction led to the gradual formation of OL
until the O,"~ scavengers were introduced, at which point the
production of OL reached a plateau (Fig. 3a). The initial reaction
rate (ky, 5.47 x 107° M s~ ") decreased upon the addition of the
0,"~ scavengers (k,), reaching 4.76 x 107'° M s~ ', which is
approximately 10 times lower. A schematic showing the influ-
ence of the O,"" scavengers is given in Fig. 3b. Based on the
obtained results, it was proposed that upon visible light exci-
tation, excited electrons from the Au NPs were transferred to the
dissolved O, molecules in the reaction mixture, generating
highly reactive O, species. These reactive radicals initially
reacted with NL, causing photooxidation. However, the scav-
engers quickly captured the O, ™ species, thereby hindering the
formation of OL. The results of kinetic analyses support this
proposed mechanism. Subsequently, a range of simple
compounds containing benzylic and aliphatic alcohol moieties
(see Fig. 4a and S127T) were evaluated to validate the chemo-
selective photooxidation reaction. It was found that p-
substituted secondary benzylic alcohol compounds underwent
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Fig. 3 (a) Effect of superoxide ion scavengers on the reaction. (b)
Schematic showing of the role of superoxide ion scavengers.
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Fig. 4 (a) Au-catalyzed chemoselective photooxidation of the

hydroxyl group at the benzylic position. (b) Chemoselective photo-
oxidation yields determined for the compounds shown in panel (a)
under different solvent conditions (left: water-rich, right: MeCN-rich).

oxidation regardless of the presence of electron-donating
groups or electron-withdrawing groups as substituents (Fig. 4a
and S13-S22t1). In contrast, primary alcohols rarely underwent
photooxidation (Fig. S23-S267). Following the photooxidation
reaction of benzylic alcohol, a peak corresponding to the C=0
stretching vibration appeared at ~1700 cm ' in the FT-IR
spectrum, whereas this peak was not observed for aliphatic
alcohols (Fig. S277). This assessment was in good agreement
with the results of lignin photooxidation at the benzylic posi-
tion, indicating that chemoselective photooxidation had pro-
ceeded successfully. This was attributed to the lower
dissociation energy of the benzylic C-H bond than those of
aliphatic hydrocarbons, leading to facile hydrogen atom
abstraction and the formation of relatively stable radical inter-
mediates.****> Thus, photooxidation at the benzylic position is
favorable. Furthermore, the photooxidation yields were exam-
ined relative to the solvent conditions (Fig. 4b). Under water-
rich conditions, the conversion yields ranged from 17 to 100%
(Fig. 4b, left panel). In contrast, model compounds exposed to
MeCN-rich conditions exhibited extremely low conversion
yields, typically below a few percent (Fig. 4b, right panel). It was
therefore proposed that a higher water content leads to the
facile disproportionation of O, ~ with the hydrogen atom at the
benzylic position in the B-O-4 linkage (see below eqn (2)),
producing the hydroperoxide anion (HO, ). This reactive
species promotes deprotonation at the C,-~OH position, gener-
ating OL, as detailed below.

AuNPs + hy — exy + hay* (1)
02 + eAu_ g 02'_ (2)

02.7 + CHCz«,ligﬂiﬂ_’ HO.Z + C‘Ca,hydroxyl (3)
HO; + 0, " —0, + HO,~ (4)

Chem. Sci., 2025, 16, 9447-9453 | 9449
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+ .
hAu + OHCavh)’deyl - OCa‘hydroxyl (5)

HO,” +C, +Og, ,+ H"—=H,0, + lignin,,  (6)

Jhydroxyl ,hydroxyl

Conversely, under relatively high MeCN conditions, the
disproportionation of O, is suppressed. As a result, hydrogen
atom abstraction occurs infrequently, thereby limiting oxida-
tion events.

To establish a structural and energetic basis for interpreting
the photooxidation reaction results, quantum mechanical
calculations were performed using the Hartree-Fock (HF) and
density functional theory (DFT) methods at the HF/6-311+G**,
B3LYP/6-311+G**, and B3LYP/6-311G** levels of the Gaussian
16 package.®*® A total of 36 different conformational isomers
were considered as the initial guesses for the NL and OL species
to determine the optimal geometry of the B-O-4-type lignin
(Fig. S28 and S29t). The relative single-point energy of
a conformational isomer, AE, is defined as the energy difference
between the isomer (E;) and the globally optimized “minimum”
conformation (En,; Fig. S30, Tables S5 and S67). As these
calculations are performed for molecules in the absence of
a solvent, the resulting optimal geometries may not be realistic.
Thus, to address this issue, energies (E;) in isolated and aqueous
environments were refined using the self-consistent reaction
field (SCRF) method.*” The geometries of the five key confor-
mations were denoted as “minimum” NL and OL, “flipped” NL
and OL, and “twisted” NL, as presented in Fig. S27 and S28.f
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Due to the energetic similarities between the two conformers,
the optimal structure of OL can adopt both the “minimum” and
“flipped” conformations (see the Computational details section
and Fig. S30 in the ESI}).

Based on the agreement between the HF and DFT methods
shown in Fig. S31, calculations at the B3LYP/6-311G** level of
theory were performed to investigate the electrostatic potential
and electron density distributions. It was found that, the
molecular electrostatic potentials (MEPs) of NL and OL revealed
negative and positive electrostatic potentials localized on the
oxygen and hydrogen atoms, respectively, because these are
neutral compounds (Fig. $321). The MEP map of NL is consis-
tent with the previously reported DFT results for a similar lignin
compound.®® It was deduced that the solvation effect increased
the overall polarities of NL and OL, suggesting an enhanced
ability for both hydrogen bond donation and acceptance. In
addition, the highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO), and HOMO-
LUMO gaps were calculated to elucidate the chemical stabilities
of NL and OL under different solvation states (Fig. 33, S34 and
Table S71). Interestingly, in both the “minimum” and “flipped”
forms, the electron densities transferred from one aromatic ring
to another when transitioning from the HOMO to LUMO states.
Furthermore, solvation induced a red shift in the OL band gap,
whereas NL exhibited a blue shift, as shown in Table S7.7

The cleavage of lignin can be initiated at the C,~Cg bond or
Cp-O bond.**** Thus, to elucidate the mechanism of selective
C,—Cp bond cleavage, DFT calculations were performed to
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Table 1 Stabilization energies of radicalization and C,-Cg cleavage
for the conformational isomers of lignin at the B3LYP/6-311G** level
of theory. The minimum, flipped, and twisted conformations are
indicated by subscripts "min,” “flip,” and "twist” labels, respectively. The
solvation environment is also indicated

Radicalization (kcal mol ) Water Acetonitrile
AERadical,min (Planaf) 7.5 9.2
AERadical,ﬂip (p]anar) 6.2 7.1
AERadical,min (NON-planar) 72.4 74.2
AERadicalsiip (NON-planar) 75.5 76.4
AERadical,twist (Non-planar) 70.0 71.0

AE¢_¢ (keal mol™) Water Acetonitrile
AEG ¢ .min -6.7 —5.4
AEC*C,ﬂip —5.8 —4.5

determine the energetic gains. As shown in Table S8,} the high
BDEs of the C,-Cg and Cp-O linkages (i.e., 50-90 kcal mol ")
typically present a challenge in initiating cleavage.'** In the
current strategy, the creation of oxygen radicals activates the
O-H bond, which promotes C,-Cg linkage cleavage. As shown
in Fig. 5a, the BDEs of the C,-H and O-H bonds in neutral NL
are relatively high, reaching 83.0 and 91.8 kcal mol ?,
respectively.

Interestingly, the oxygen radical can stabilize the radicali-
zation of lignin when the C,-O bond is oriented in a planar
direction, as shown in Fig. 5b and c. These observations indi-
cate that stabilization could be achieved through conforma-
tional preferences. Moreover, lignin with a radical character can
effectively benefit from energetic advantages of 4-7 kcal mol ™"
(Fig. 5d and Table 1). Thus, based on the stabilization effect, the
mechanistic features of the time-dependent photooxidation
reaction can be described. Consistent with the UV-vis pop-
ulation analysis, two time-dependent regimes were observed,
namely, the “oxidation dominant” regime (early stage, wherein
the “minimum” and “flipped” conformational isomers of OL
remain interchangeable, with a low energy difference of
0.4 keal mol " between the two isomers), and the “degradation
dominant” regime (which indicates energetic advantages for
the C,-Cg linkage, particularly under aqueous conditions).

Conclusions

In conclusion, the photooxidation and degradation of lignin
model compounds was demonstrated using a plasmonic Au
nanocatalyst in an aqueous environment. Based on the time-
dependent spectral changes and structural data, a stepwise
mechanism was proposed for the photo-triggered reactions,
involving electron transfer, hydrogen abstraction, and degra-
dation. More specifically, electrons in the Au NPs are excited by
visible light, and O, "~ is generated through the single-electron
transfer process. In a water-rich environment, these reactive
oxygen species abstract a hydrogen atom from the benzylic
carbon of the NL model compound to form a ketone. The
photooxidized state of lignin is stabilized in bulk water by an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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equilibrium between the “minimum” and “flipped” conforma-
tions. Once photooxidation occurs at the benzylic carbon, the
C,~Cg and C-O bonds in the NL lignin become unstable,
leading to their cleavage and the formation of two distinct
subunits. This photoreaction system is unique because it
employs a single-component catalyst in an aqueous medium,
distinguishing it from previous studies that utilize organic-
based catalysts in organic media.***> Moreover, the chemo-
selective photooxidation of the benzylic hydroxyl group was
achieved in various compounds, contrasting with existing
studies that utilized multicomponent heterogeneous catalysts
or high temperatures.*** Notably, this photooxidation system
opens up new possibilities owing to the use of a single-
component catalyst without toxic chemicals or harsh reaction
conditions. Overall, these findings provide molecular insights
into plasmon-driven chemoselective photooxidation in aqueous
environments, emphasizing the significance of understanding
the molecular basis of selective oxidization. It is anticipated that
these findings will shed light on the impact of the photooxi-
dative reaction solvent on the structure, dynamics, and stability
of biomass.

Lignin, a biomass-derived material abundantly available
from sources such as wood and agricultural residues, has
attracted increasing attention as a promising renewable feed-
stock for the sustainable chemical industry. To enable its
practical utilization, it is essential to address key factors such as
process stability and reproducibility, along with the reusability
and long-term durability of catalytic systems. With continued
advancements in these areas, lignin degradation technologies
hold significant potential for industrial-scale applications in
biorefineries, green chemical synthesis, and energy-related
conversion processes.
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