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ABSTRACT: Studies on the pyrolysis mechanisms of lignin model compounds have largely focused on initial homolytic
cleavage reactions. It has been noted, however, that concerted mechanisms may also account for observed product formation. In
the current work, the latter processes are examined and compared to the former, by the application of density functional theory
calculations to fully substituted lignin models. Results show that activation energies for the concerted reactions are somewhat
lower than the bond dissociation energies of the homolysis reactions. Kinetic analysis revealed that the concerted pathway is the
retro-ene fragmentation mechanism.

■ INTRODUCTION

Political and economic uncertainty along with concerns
regarding environmental and sustainability issues have resulted
in considerable recent interest in the use of renewable materials
for fuels and chemicals currently derived from fossil sources.
Lignocellulosic biomass can be processed for such applications
through biochemical or thermochemical methods or combina-
tions thereof in the biorefinery concept.1,2 An integral part of
the latter is the thermal degradation of lignin.3,4

The lignin polymer is derived from free radicals produced by
the enzymatic dehydrogenation of the cinnamyl alcohols. These
radicals can exist in a number of resonance forms, accounting
for the variety of interunit linkages present in the polymer.
Among these, the most frequent is the β−O−4 bond, which is
responsible for 50−60% of the linkages. Given the preponder-
ance of this bond type, it is of major importance in the
chemistry of lignin in general and pyrolysis in particular.
Information on the fundamental chemistry of these reactions
may be of utility in their control and, therefore, the products
that are generated. To this end, the mechanisms associated with
lignin pyrolysis and especially β−O−4 dimers have been the
topic of both experimental and computational research.
As part of a substantial body of experimental work reported

by Kawamoto and co-workers,5−7 the pyrolysis of guaicyl-based
β−O−4 models was found to be profoundly affected by the
presence of a phenolic group, markedly increasing the
reactivity, resulting in coniferyl alcohol and guaiacol as the
major products.8 Working with similar compounds at relatively
low temperatures and on the basis of the presence of guaiacol
in the reaction mixtures, the first step is proposed to be the
cleavage of the ether bond.9 Under hydrodeoxygenation
conditions, in the presence of ethanol at 380 °C, initial
homolytic cleavage of the β−O bond with subsequent free
radical reactions is proposed, whereas the addition of an α−OH
group results in products indicative of Cα−Cβ cleavage.

10 Two
recent papers have examined the pyrolysis of β−O−4
oligomers using thermogravimetric analysis and pyrolysis gas

chromatography−mass spectrometry (GC−MS), among other
instrumental methods.11,12 As in the previous work, the main
reactions appear to involve the β−O and Cα−Cβ bonds. This is
also consistent with results from thermogravimetric analysis on
dilignols.13 In work on variously substituted phenethyl phenyl
ethers, representing the ubiquitous β−O−4 linkage in lignin,
Britt and co-workers have invoked a free radical chain reaction
initiated by homolytic cleavage to account for the products.14,15

In the former paper, however, it is discussed that styrene and
phenol from the degradation of phenethyl phenyl ether could
also arise from a concerted 1,2 elimination reaction, when
experimental conditions suppress the occurrence of bimolecular
reactions. Deuterium isotope effect experiments reveal a
preference for the homolytic cleavage reaction, but it is
discussed that the concerted reaction could occur at low
pressures. Indeed, in earlier work, kinetics predicted from
concerted mechanisms identified as the Maccoll elimination
and retro-ene fragmentation corresponded most closely with
the experimental results.16 Using photoionization time-of-flight
mass spectrometry to analyze the products from the pyrolysis of
phenethyl phenyl ether in a hyperthermal nozzle in conjunction
with CBS-QB3 calculations, it was reported that the concerted
mechanisms dominate at temperatures below 1000 °C.17

Similar results were found in a computational study at the
B3LYP/6-31G(d) level of theory.18 On the basis of the
proposed homolytic cleavage reactions, there have been several
computational studies examining bond dissociation enthalpies
of lignin models19−28 and kinetic work primarily based on
phenethyl phenyl ether models.29−35 Finally, on the basis of
kinetic analyses, an experimental method is described for
elucidating whether the free radical or concerted mechanism is
occurring in pyrolysis.36
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Given the work of Jarvis et al.17 and Huang et al.18

comparing the homolytic cleavage and concerted reactions of
phenethyl phenyl ether, the objective of the current paper is to
examine these processes for completely substituted β−O−4
lignin models by the application of density functional theory
calculations.

■ EXPERIMENTAL SECTION
The structures and reactions evaluated are as shown in Figure 1, where
eq 1 corresponds to the Maccoll elimination and eqs 2a and 2b are the
retro-ene fragmentation. The reactants represent guaiacyl (G) (R2 and
R6 = H, R and R5 = OCH3, R1 and R3 = OH, and R4 = CH2OH),
syringyl (S) (R, R2, R5, and R6 = OCH3, R1 and R3 = OH, and R4 =
CH2OH), and para-hydroxy (H) (R, R2, R5, and R6 = H, R1 and R3 =
OH, and R4 = CH2OH) models, with phenethyl phenyl ether (PPE)
(R, R1, R2, R3, R4, R5, and R6 = H) included for comparison purposes.
Because of the asymmetric substitution of the guaicyl model, in the
course of the retro-ene fragmentation, the α hydrogen can attack either
the 3′ carbon with a methoxy group or the 5′ carbon, bearing
hydrogen. Both possibilities were evaluated, such that, for G(1), R2
and R6 = H, R and R5 = OCH3, R1 and R3 = OH, and R4 = CH2OH
and for G(2), R2 and R5 = H, R and R6 = OCH3, R1 and R3 = OH, and
R4 = CH2OH. In addition, the energetics of the homolytic cleavage
reactions (Figure 2) were determined, in which the reactants were
modeled as singlets and products were modeled as doublets. While
these have been previously reported in the literature,19−24 they are
repeated here, using consistent computational methods, to ensure
comparability. A crystal structure has been reported for the guaiacyl
reactant,37 which was used as the basis for all of the reactants in the
current work.
All calculations were performed using Gaussian 09, Revision C.01,38

as implemented on the Dense Memory Cluster on the Alabama
Supercomputer Network. Density functional calculations were
performed using the M06-2X method39 and the 6-311++G(d,p)
basis set with full geometry optimization and frequency calculations,
assuming the harmonic oscillator approximation and thermal
corrections at 873 K, using the ultrafine integration grid with 99
radial shells and 590 angular points per shell. Charges were determined
using the natural bond order method. On the basis of energy
calculations on a test set of compounds, the M06-2X method was
found to have a mean unsigned error of 1.3 kcal mol−1.39 Transition

states were confirmed by the identification of a single imaginary
frequency and intrinsic reaction coordinate calculations. The zero-
point-corrected reaction energies for each step are based on the
difference between products and reactants for each step.

Rate constants for each elementary step were calculated as k =
(kBT/h)exp(−ΔG/RT), where kB is Boltzmann’s constant, T is the
temperature in kelvin, h is Planck’s constant, R is the gas constant, and
ΔG is Gibbs free energy of activation at 600 °C. It can be seen that, for
the purposes of the current work, the transmission coefficient (κ),
representing reflection or tunneling of the transition state, is neglected.
This is based on previous literature that addresses the uncertainties
associated with the calculation of this term40,41 and the accuracy of
ΔG, which can result in variability greater than the correction
associated with the inclusion of the transmission coefficient.42 Using
Mathematica, these values were then used in kinetic simulations to
follow product formation and substrate depletion as a function of time.
The simulations assumed an initial substrate concentration of 1 × 10−8

mol L−1 and a temperature of 600 °C, consistent with experimental
conditions reported in the literature, in which the occurrence of
concerted reactions was postulated.14 While the two proposed
concerted mechanisms result in the same products, they were
simulated separately to analyze pathway contributions. In addition,
the validity of using the steady-state approximation for the series of
elementary steps in the retro-ene pathway was evaluated.

Figure 1. Concerted reactions for the lignin models.

Figure 2. Homolytic cleavage reactions for the lignin models.
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■ RESULTS AND DISCUSSION

The geometry for the transition states arising from each
substrate is as shown in Figure 3. The zero-point-corrected
energies in kcal mol−1, relative to the energy of the initial
reactant, for the Maccoll elimination mechanism and retro-ene
fragmentation are as shown in Figure 4. For calibration
purposes, it can be seen that the results for phenethyl phenyl
ether are consistent with those previously reported.18 The
variations observed may be due to the use of a different
functional (M06-2X in the current work and B3LYP in ref 18)
and larger basis set [6-311++G(d,p) in the current work and 6-
31G(d) in ref 18] and/or differences in geometry.
The activation energies for the transition states of the

Maccoll elimination mechanism are all reasonably similar, with
phenethyl phenyl ether exhibiting the lowest barrier. Among
the substituted lignin models, the activation energies are in the
range of ∼65−66 kcal mol−1, with the syringyl structure having
a slightly lower value. The overall reaction to the phenolic and
styrene products is uniformly endothermic from 12.66 to 15.99
kcal mol−1, the highest of which is the syringyl model. The
variability in energies notwithstanding, given the reported

accuracy (1.3 kcal mol−1) of the M06-2X functional,39 are quite
similar and do not represent significant differences.
The first step in the retro-ene fragmentation is found to have

lower activation energies, in agreement with the previous
literature.17,18 For PPE, the difference between the two
mechanisms is found to be 7.36 kcal mol−1, in excellent
agreement with the 7.3 value previously reported.18 Further-
more, this initial barrier is more variable among the substituted
lignin models, the highest of which is the G(1) transition state,
in which the reaction involves the methoxy-substituted
position, while the lowest is the G(2) transition state, reacting
through an unsubstituted aromatic carbon. The para-hydroxy
(H) and syringyl (S) models are intermediate, with syringyl
interestingly being the lower of the two. While steric arguments
could legitimately be made to account for the observed
energetic differences, electronic factors within the reactants may
also be of importance, because a negative charge at the reactive
carbon would facilitate electrophilic attack. In this regard, the
natural bond orbital (NBO) charges at the unsubstituted
aromatic positions are −0.30, −0.27, and −0.23 for PPE, H,
and G, respectively, all of which exhibit low activation energy

Figure 3. Geometry for the transition states for the lignin models.
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barriers. With methoxylation, however, electrons are with-
drawn, and this position for the S and G models has partial
positive charges of 0.31 and 0.29, respectively. This translates
into a high activation energy for the G(1) transition state but a
remarkably low barrier for the syringyl model. The latter may
be rationalized as an effect of the presence of an ortho-methoxy
group that does not participate in the reaction. This is

supported by the results for the G(2) transition state, for which
the activation energy is lower than the H and PPE models,
despite a somewhat increased steric hindrance and a smaller
partial negative charge. The presence of an ortho-methoxy
group has been recently discussed in the context of bond
dissociation enthalpies22 and acid-catalyzed depolymerization
of lignin.43 The results from the latter showed that, because of
its electron-withdrawing nature, an ortho-methoxy group
deactivated the ring toward electrophilic aromatic substitution
and reduced resonance stabilization, while the former showed
changes in aromaticity with substitution. In light of these
interpretations, while regardless of the transition state, the
ortho-methoxy group in the G reactant will deactivate the ring,
the G(2) structure may retain some resonance stabilization, as
evidenced by increased aromaticity, resulting in the lowered
activation energy barrier.
The products resulting from this first transition state are all

endothermic with respect to the initial reactants. The energies
for these structures are consistent with substitution, such that
G(1) involving the reaction at the methoxylated position is
similar to the syringyl products, while G(2), PPE, and H
products that have reacted through an unsubstituted site are
similar. Tautomerization of the quinone intermediates to the
phenolic products proceeds through TS2, with activation
energies ranging from about 50 to 62 kcal mol−1. Within
these, the lowest barriers again occur in the structures that have
been hydrogenated at non-methoxy sites. It is recognized that
the Maccoll elimination mechanism and the proposed four-
membered transition state may be of concern sterically and
energetically. Furthermore, for the dilgnol models with γ−OH
groups, alternative routes may be available for the thermal
degradation of such compounds. The rationale for limiting the
current work to the Maccoll elimination and retro-ene
fragmentation is their proposal in the literature14−18,36 and
ability to account for the experimentally observed products
from phenethyl phenyl ether pyrolysis.
For comparison purposes, the zero-point-corrected energies

for the homolytic cleavage reactions are as shown in Table 1.
These homolytic cleavage reactions have been proposed to be
barrierless, and as such, the activation energies can be
approximated by the reaction energy.17,25 As previously
reported, the C−C bond dissociation energies are greater
than the β−O values. All of these energies are higher than the
reaction barriers for the concerted mechanisms, such that, in a

Figure 4. Reaction profiles for the Maccoll elimination and retro-ene
fragmentation mechanisms.

Table 1. Zero-Point-Corrected Bond Dissociation Energies
(kcal mol−1) for β−O and α−β Homolytic Cleavage for the
Lignin Models

bond cleavage reaction

reactant β−O α−β

G 68.81 75.19
H 70.83 74.34
S 68.32 79.35
PPE 69.34 76.59

Table 2. Gibbs Free Energy of Activation (kcal mol−1) and Rate Constants (s−1) for the Mechanisms and Lignin Models

Maccoll elimination G H S PPE

forward ΔG600 67.72 63.68 64.5 62.01
k 2.04 × 10−4 2.09 × 10−3 1.31 × 10−3 5.48 × 10−3

reverse ΔG600 104.9 91.06 92.12 79.85
k 1.01 × 10−13 2.94 × 10−10 1.59 × 10−10 1.88 × 10−7

retro-ene fragmentation G(1) G(2) H S PPE

reaction 1 forward ΔG600 66.21 55.86 58.36 57.18 58.49
k 4.87 × 10−4 1.90 × 10−1 4.49 × 10−2 8.87 × 10−2 4.17 × 10−2

reverse ΔG600 74.75 73.08 69.66 58.9 60.24
k 3.55 × 10−6 9.30 × 10−6 6.67 × 10−5 3.29 × 10−2 1.52 × 10−2

reaction 2 forward ΔG600 58.28 55.74 55.07 62.23 55.07
k 4.71 × 10−2 2.03 × 10−1 2.99 × 10−1 4.83 × 10−3 2.99 × 10−1

reverse ΔG600 86.91 74.69 71.16 88.12 71.16
k 3.21 × 10−9 3.68 × 10−6 2.81 × 10−5 1.60 × 10−9 2.81 × 10−5
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regime favorable to the unimolecular reactions, the concerted
mechanisms would be dominant.
Because the retro-ene fragmentation proceeds through an

intermediate, the barriers for the retro-ene and the Maccoll
reaction are not directly comparable. As such, kinetic
simulations were performed at experimental conditions14 to
understand pathway selectivity. The Gibbs free energy of
activation and rate constants used in the kinetics simulation are
given in Table 2, and the graphical results from the kinetics
simulations are as shown in Figure 5. G(1) and G(2) represent
the two distinct pathways for retro-ene fragmentation of the
guaiacyl model (G) that are in competition. The G(1) pathway
has a negligible contribution to the conversion of G via retro-
ene fragmentation but is given as a separate graph to show
substituent influence. It can be seen that, for all investigated

model compounds, the retro-ene pathway dominates over the
Maccoll elimination. The lower barriers for the first transition
of the retro-ene pathway found for PPE, H, and G(2)
correspond to rapid conversion in comparison to G(1) and
S. As pointed out previously, methoxy substitution at the
reactive carbon center destabilizes the transition state for the
latter models, but this is counteracted by the stabilizing effect of
the ortho-methoxy substituent not associated with the reactive
center. This is reflected in the faster conversion rate of S than
G(1), while G(2) reacts faster than H and PPE. In fact,
conversion of G through the G(1) retro-ene pathway becomes
so slow that the Maccoll reaction is competitive, exhibiting a
retro-ene/Maccoll selectivity at steady state of 2.4. However,
because the retro-ene product is almost exclusively formed
through the G(2) pathway, Figure 5 shows that concerted

Figure 5. Concentration of reactant, intermediate, and products as a function of time, at 873 K.
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product formation of substituted β−O−4 model compounds
proceeds largely (selectivity of 22 at steady state for H) to
almost exclusively (S and G) via the retro-ene fragmentation.
The Maccoll reaction has a higher contribution to PPE
conversion with a calculated selectivity of 7.6 at steady-state
conditions.
The steady-state approximation for a series of reactions that

proceed via an intermediate is often useful because it results in
an overall rate constant. The approximation involves setting the
rate of change of the intermediate equal to zero, which can be
rationalized if the barrier from intermediate to product is small.
Because this is not the case here, the steady-state approximation
was not applied a priori. Figure 5 shows that [with the
exception of G(1)] the phenolic product from the retro-ene
mechanism is formed somewhat more slowly than the styrene
or styrene analogue. This is mirrored in the concentration of
the intermediate that is initially non-zero, proceeds through a
maximum, and tends to zero at steady-state conditions. The
Supporting Information contains the kinetic simulation results
of the retro-ene fragmentation of G(1), G(2), S, H, and PPE,
which are compared to product formation when the steady-
state approximation is applied. For G(1), the steady-state
approximation is applicable through the entire reaction time.
For H and G(2), the steady-state concentration follows the
phenolic product concentration of the full simulation, yielding
identical product distribution steady-state conditions. This is
similar for PPE with a slight underestimation of product
concentration at steady-state conditions when the steady-state
approximation is invoked. In contrast, the steady-state
approximation for S fails even at steady-state conditions. It
can be seen in Figure 5 that, for S, the intermediate accumulates
up to a high concentration before the second step of the retro-
ene mechanism takes place. This is consistent with the fact that,
for S, the second free energy barrier is higher than the first
(Table 2).
The current work represents the first computational

examination of the proposed concerted pyrolysis mechanism
for fully substituted lignin models. In general, the results are in
agreement with previous literature reporting analogous
reactions of phenethyl phenyl ether.17,18 Activation energies
of the substituted models are somewhat higher than PPE. The
activation energy barriers for both of the mechanisms under
consideration are lower than the bond dissociation energies
associated with homolytic cleavage, but the latter is only the
initial step in a chain reaction, such that other factors may be
involved in the process.
On the basis of the kinetic analyses, the mechanisms that

occur through unsubstituted aromatic positions proceed more
rapidly, and in general, the retro-ene fragmentation reaction is
dominant.
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