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Shape resonance spectra of lignin subunits
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We report integral cross sections for elastic electron scattering by the lignin subunits phenol, guaiacol, and
p-coumaryl alcohol. Our calculations employed the Schwinger multichannel method with pseudopotentials
and indicate three to four 7* shape resonances for each of these systems, suggesting that low-energy electrons
could efficiently transfer energy into the lignin matrix. We also discuss dissociation mechanisms based on the
calculated cross sections, available experimental data, virtual orbital analysis, and the knowledge on electron
interactions with biomolecules. Our results point out a physical-chemical basis for electron-driven biomass
delignification. The latter would be an essential step for efficient biofuel production from lignocellulosic materials.
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Replacing fossil fuels for biofuels from renewable sources
is a viable way to reduce greenhouse gas emissions. A success-
ful example is the large-scale use of sugarcane ethanol to power
light vehicles, especially after the development of flex-fuel en-
gines that can run on any mixture of gasoline and ethanol [1]. A
major goal to optimize biofuel production, either ethanol [2] or
butanol [3], would be the development of high-yield methods
to obtain fermentable sugars from lignocellulosic biomass,
e.g., leaves, straw, and bagasse. Even though the cellulose
basic unit is a fermentable sugar (8-D-glucose), lignocellulose
is a composite material resistant to chemical or enzymatic
hydrolysis. A dense hydrogen bonding network stabilizes
the cellulose crystals that pack into fibers (~45% of lignocel-
lulose content), which are tightly embedded within hemicellu-
lose (~30% content) and lignin (~25% content) [4]. Two key
aspects regarding the biofuel industry would thus be biomass
pretreatment technologies, namely bio- or physical-chemical
processes that can improve the efficiency of subsequent hy-
drolysis, and the biorefinery concept, i.e., using the feedstock
to produce high-value chemicals [5-7] along with biofuels.

Several pretreatment strategies have been proposed to
expose cellulose chains, such as steam explosion, alkaline
hydrolysis, and organosolv processes, among others [8]. Alter-
native technologies could be based on low-cost atmospheric-
pressure plasmas [9-11] as the reactive species generated
in discharge environments can increase the surface energy
of cellulose and lignin films [10], and even allow for
the real-time control of biomass delignification [11]. These
promising results also draw attention to electron interactions
with lignocellulose components. Free electrons can reach the
substrate in atmospheric-pressure dielectric barrier discharge
apparatuses [12], and low-pressure plasmas have long been
applied in industrial processes, e.g., polymer surface modi-
fication [13]. Low-energy electrons (<20 eV) are known to
induce dissociative processes that damage biomolecules either
in gas or condensed phase [14,15]. The underlying mechanism
is the formation of transient negative ions (resonances), since
energy can efficiently be transferred into nuclear degrees
of freedom upon electron attachment, leading to significant
vibration excitation and dissociation.
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Much of the current knowledge on electron-driven DNA
damage was gained from studies on subunits, such as bases
and sugars, as the attachment occurs in specific sites of the
chain [14,16-18]. At low energies, the dominant mechanism
for dissociative electron attachment (DEA) would involve
shape resonances, i.e., anion states formed by adding an elec-
tron to the molecule ground state (into virtual orbitals) [19,20],
specifically, the formation of long-lived 7 * anions (attachment
to * virtual orbitals) diabatically coupled to dissociative o*
anions arising from antibonding virtual orbitals localized on
polar bonds. From these facts, lignin would be expected to
play an essential role in electron interactions with ligno-
cellulose. While cellulose and hemicellulose are saturated
polysaccharides, lignin is an aromatic copolymer that can
give rise to long-lived 7* resonances. The lignin monomers
(monolignols), namely, p-coumaryl alcohol, coniferyl alcohol,
and sinapyl alcohol, are derived from phenol and differ in the
degree of methoxylation, such that polar ooy and oco bonds
are also abundant.

This Rapid Communication surveys the low-energy shape
resonance spectra of the lignin components phenol, guaiacol,
and p-coumaryl alcohol (shown in Fig. 1), as obtained from
elastic electron scattering cross sections. Based on well-known
results for biomolecules, these subunits would be expected
to provide essential information on electron-induced damage.
Results for other lignin monomers, to be published elsewhere,
also indicate that relevant aspects of the collision dynamics
can be learned from the systems addressed here. The reported
results provide insight into fundamental electron-transfer
processes that might be of help for biomass delignification, a
key pretreatment step that can yield value-added chemicals [6],
and they will hopefully motivate other groups to further
investigate electron interactions with lignocellulose.

Integral cross sections (ICSs) were obtained with the par-
allel version [21] of the Schwinger multichannel method with
pseudopotentials (SMCPP) [22]. This variational approach to
the T-matrix was discussed in detail elsewhere [21,22] and
relies on a discrete trial set to expand the scattering state.
The present calculations were performed in two approxima-
tions, namely, static-exchange (SE) and static-exchange plus
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FIG. 1. (Color online) Structure of phenol, guaiacol, and p-
coumaryl alcohol. Oxygen, carbon, and hydrogen atoms are shown
in red (gray), black, and white, respectively.

polarization (SEP). In the former, the trial basis comprises
antisymmetric (N + 1)-electron configuration state functions
(CSFs) of the form |®g) ® |¢;), where |®) is the N-electron
target ground state and |¢;) is a scattering orbital. To account
for correlation-polarization effects, the SEP trial basis is
augmented with CSFs given by |®,) ® |¢;), where |®,) is
a singly excited virtual state of the target. In all calculations,
the ground states (®() were described at the Hartree-Fock (HF)
level employing Cartesian Gaussian basis sets given in the Sup-
plemental Material (SM) [23]. For both the scattering orbitals
set {¢;} and the particle orbitals set (excited target states),
we employed modified virtual orbitals (MVOs) obtained from
Fock operators with charge +4. The ground-state structures
shown in Fig. 1 were optimized with density functional theory
employing the Becke three-parameter Lee- Yang-Parr (B3LYP)
functional and the double-zeta valence DZV++(2d,1 p) basis
set as implemented in the GAMESS package [24]. Though the
target molecules are polar, the results were not corrected to
account for the long-ranged dipole potential, since the latter
should not give rise to shape resonances. Based on previous
applications to several biomolecules, the methodology de-
scribed above would be expected to accurately describe narrow
resonances arising from m* orbitals.

Phenol and guaiacol molecules have C; symmetry. To
account for polarization in the A” component, we employed
all symmetry-preserving single excitations out of the valence
orbitals, with both singlet and triplet spin couplings, and the
lowest three MVOs as scattering orbitals. This procedure
would be expected to accurately describe the low-lying 7*
resonances, as discussed in Ref. [25], where the number of
scattering orbitals was based on the three 7* states obtained
in the SE approximation for both molecules (see below).
For the A’ component, with a large background and no
narrow resonances, we employed the lowest 40 MVOs as
both scattering and particle orbitals to compromise between
accuracy and computational effort. In SEP calculations, the
variational space comprised 15 535 (14 484) CSFs in the
A’ (A”) symmetry for phenol, and 20 572 (24 037) for
guaiacol. The SE and SEP results for phenol are shown in
Fig. 2. By inspecting the symmetry decomposition of the
ICS, we assigned three 7* resonances at 2.91, 3.57, and
9.72 eV. Polarization effects shift the peak positions to 0.91,
1.33,and 5.66 eV, respectively (the higher-lying structures are
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FIG. 2. (Color online) Integral cross sections for elastic electron
scattering by lignin components. Results for phenol are shown in
orange (gray), where the SE calculation is the dashed line and the
SEP calculation is the thick solid line. Results for guaiacol are shown
in green (light gray), where the SE calculation is the dotted line and
the SEP calculation is the thin solid line. The SE calculation for p-
coumaryl alcohol is the dotted-dashed line, shown in blue (dark gray).

pseudoresonances that arise because electronic states that
should be open were treated as closed channels). The two low-
est T anion states are expected to have shape resonance char-
acter, while the highest-lying one would be an admixture of
shape and core-excited anion states [26]. As shown in Table I,
for the two shape resonances we find the expected good agree-
ment (0.4 eV error) with experimental assignments obtained
from electron transmission spectroscopy (ETS) [27] and DEA
cross sections [28]. The larger error for the third anion state
is not surprising, since electronic excitation channels were not
accounted for. Though a broad and low-lying resonance with
oy character would in principle be expected, we found no
clear signature of such a state. As discussed elsewhere [21],
this assignment would be difficult in view of the s-wave
contribution, the large background, and even the coupling to
virtual or dipole-supported states. Inspection of the lowest
unoccupied molecular orbitals (LUMOs) obtained with the
compact 6-31G(d) basis set, a procedure routinely employed
in ETS assignments [29], suggests that a ojy resonance
would indeed exist (this is also supported by DEA data [28]).
Figure 3 shows the LUMO (77{") and LUMO+-1 (7) of phenol,

TABLE I. 7* resonance peak positions (in units of eV) obtained
for phenol, guaiacol, and p-coumaryl alcohol in the SE and SEP
approximations.

Phenol Guaiacol p-coumaryl
SE SEP Experiment SE SEP SE
291 0.91 1.012 332 1.13 2.36
3.57 1.33 1.73% (1.5%) 3.66 1.44 2.89
5.57
9.72 5.66 4.92% (5.1°) 9.92 5.84 10.0

“Experimental assignments from Ref. [27].
Experimental assignments from Ref. [28].
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SHAPE RESONANCE SPECTRA OF LIGNIN SUBUNITS
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FIG. 3. (Color online) Virtual orbitals of the lignin components
phenol (Ph), guaiacol (Gu), and p-coumaryl alcohol (p-Cu). The
plots were generated with MACMOLPLT [30].

related to the lowest 7* shape resonances, along with the
LUMO+2 (LUMO in A’ symmetry) having oy character.
The ICS and VO plots suggest a reaction mechanism involving
the 7} resonance and the ofy anion. Electron attachment
to the 77 orbital would favor symmetry-breaking vibrations
(to relieve the antibonding character), and the significant
probability amplitudes around the C—O bond would allow for
oy~ coupling, thus giving rise to vibrational excitation and
dissociation along the polar bond (hydrogen elimination). This
reasoning is in qualitative agreement with DEA data [28], as a
prominent peak arising from the [M—H]~ anion (M denotes the
parent molecule) is observed around 1.3—1.5 eV, along with the
vibrational progression of the vog mode. Though dissociation
following attachment to the ;" orbital would not be expected,
in view of the DEA threshold and the orbital density, significant
vibrational excitation could arise from this anion state. It would
be difficult to infer reaction pathways related to the third 7*
resonance as electronic excitation would be expected to play
arole.

p-coumaryl alcohol is obtained from phenol upon
hydrogen substitution by the hydroxy-propenyl group
(—CH=CH,—CH;,0H) at the para position with respect to
the hydroxyl group, and further methoxylation at the ortho
positions gives rise to the other monolignols, coniferyl alcohol,
and sinapyl alcohol. To survey the influence of the methoxyl
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and hydroxy-propenyl groups, we obtained the resonance
spectra of guaiacol and p-coumaryl alcohol. The ICS of
the former, calculated at the SE and SEP approximations,
is shown in Fig. 2. Methoxylation does not significantly
affect the 7* resonances, as expected. Guaiacol also displays
three anion states in the A” symmetry, lying slightly above
those of phenol (see Table I). As discussed above, clear
signatures of ¢* anion states would not be expected in the
A’ symmetry, and no electron-impact experimental data is
available for guaiacol, to our knowledge. We thus inspected
the A’ LUMOs, also obtained with the 6-31G(d) basis set,
finding that several orbitals would have significant probability
on the hydroxyl and methoxyl moieties. For example, Fig. 3
shows the LUMO+1 orbital in the A" symmetry (LUMO+3
globally). Though we cannot come to a final conclusion only
based on the VO analysis, the guaiacol orbital plots (see also
the SM) suggest mechanisms for OH and CO bonds breakage
arising from electron attachment to 7 * orbitals, most likely
the 7} resonance around 1.44 eV (see Table I). Even if the
anion states could not give rise to DEA, vibrational excitation
would surely take place, where 7|, resonance energies are
similar to the excitation energy of singlet oxygen (1 eV),
one of the main reactive species in atmospheric-pressure
plasmas.

The SE approximation ICS of p-coumaryl alcohol is also
shown in Fig. 2 (SEP calculations for this system would be
very demanding). For phenol and guaiacol, the symmetry
decomposition of SE cross sections indicates three structures
in the A” symmetry, namely, two low-lying 7* states below
4 eV and a higher-lying 7* anion (~9.8 eV), as well as a
broad structure in the A" symmetry (~12 eV). Though this
decomposition is not possible for p-coumaryl alcohol (C,
group), the C=C bond in the propenyl group would be expected
to give rise to an additional 7* state, so we assign three
low-lying m* resonances at 2.36, 2.89, and 5.57 eV, and a
higher-lying one around 10 eV. In the latter case, we assumed
that the lower of the two high-energy broad structures in the
ICS, around 10 and 12 eV, would have a dominant 7 * character.
More interestingly the LUMO, shown in Fig. 3, suggests
that the lowest 7* anion would be stabilized by conjugation.
As inclusion of polarization shifted the lower-lying states of
phenol and guaiacol by ~2 eV, we would expect the lowest
7* resonance to be observed around <0.4 eV, such that
dissociation could be induced at very low collision energies,
as in DNA [19]. Finally, the LUMO+1 of p-coumaryl alcohol
(shown in Fig. 3) is very similar to the LUMO of phenol, in
consistency with the proximity of the corresponding resonance
positions, lying around 2.9 eV in SE calculations.

In conclusion, lignin components have very rich 7* res-
onance spectra, such that low-energy electrons are expected
to efficiently transfer energy into the lignin matrix. Though
the assignment of low-lying ¢* anion states is difficult for
the systems addressed here, the VO analysis (supported by
experimental DEA data for phenol) indicate dissociation
mechanisms similar to those established for DNA and its
subunits. Altogether, the present results point out a physical-
chemical basis for biomass delignification.
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