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Investigation into the Pyrolysis Bond Dissociation Enthalpies (BDEs)
of a Model Lignin Oligomer Using Density Functional Theory (DFT)
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ABSTRACT: Pyrolysis is a promising technology for converting | ruesse usverstie

lignocellulosic biomass into chemicals, materials, and fuels. Under- S

standing the fundamental reactions and mechanisms during the fast . z

pyrolysis of lignocellulosic biomass is essential for improving the - B S “; e ~
efficiency of this technology. Investigations of lignin fast pyrolysis e w\/, ) Freemsble Unfaversble |

reactions and mechanisms have thus far lagged relative to cellulose
and hemicellulose and have largely been focused on lignin model
dimers and monomers. These studies provide valuable information
about the reaction tendencies of individual linkages; however, the
complex and varying nature of lignin interunit linkages does not
allow direct extrapolation to larger lignin structures. In this study, we
computationally investigate homolytic bond scission reactions of a
larger, synthesizable model lignin oligomer, containing three major
lignin linkages, using density functional theory. The bond dissociation enthalpies of the model oligomer showed the trend for the
four lowest BDEs C,—O (f-5) < C,—Cj (f-5) < C,—O (a-O-4) < C4—O (B-O-4). Our results show that the general trends
identified in smaller dimer molecules are maintained while the magnitude of the BDEs is increased in the model oligomer. This work
is an important first step in developing a library of reaction information for various lignin substructures.
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B INTRODUCTION

Fast pyrolysis of biomass is a thermochemical process that
occurs at low gas residence times (<2 s), high heating rates

findings on cellulose investigations that go back to the 1970s to
propose activated cellulose as the first intermediate and
levoglucosan as a major product.'®'® Historically, cellulose,
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(200—12 000 °C s7!), and moderate temperatures (400—600
°C) in the absence of oxygen.'™ It produces three major
products in descending order by yield: solid biochar, light
gases, e.g., carbon monoxide, carbon dioxide, hydrogen, and
C,—C, hydrocarbons, and bio- 0il.° Fast pyrolysis has become
an attractive technique for converting lignocellulosic biomass
because of the promise of bio-oil, which can be upgraded to
fuel, chemicals, and products. Throughout the past three
decades, there has been a notable increase in attempts to
mechanistically understand the transformation of cellulose,
hemicellulose, and lignin, the three main constituents of
lignocellulosic biomass.”~'* These efforts are producing the
first detailed reaction mechanisms of biomass fast pyrolysis
that could be incorporated into reactor models for engineering
optimization and scalability investigations.”'*~"” While these
mechanisms are far from perfect, they are nonetheless
extremely valuable and provide a starting point for further
improvements. The mechanism development studies take
different approaches, but all rely on years of both experimental
and computational studies on isolated cellulose, hemicellulose,
and lignin, as well as model compounds thereof to collate data,
propose, and evaluate mechanisms. For example, the cellulose
branch of the Ranzi biomass pyrolysis mechanism, one of the
leading biomass pyrolysis mechanisms currently, relies on
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hemicellulose, and their model compounds have been the
subject of more pyrolysis investigations, in part, because they
are structurally less complex than lignin.'”*" However, as fast
pyrolysis mechanisms are improved, it is imperative to
investigate oligomeric lignin model compounds with different
interunit linkages to provide improved mechanistic insights.
Lignin is one of the most abundant biopolymers in the world
and constitutes up to 35 wt % of lignocellulosic biomass.”' >
Lignin provides strength, rigidity, and hydrophobicity to the
secondary cell wall of plants.”* Lignin synthesis is complex and
consists of three steps: (1) biosynthesis of monomers, (2)
transport, and (3) polymerization.”> The monolignols are
synthesized in the cytosol and then transported to the
secondary cell wall.”®*” There, lignin is synthesized via the
radical polymerization of three major hydroxycinnamyl alcohol
subunits (p-coumaryl, coniferyl, and sinapyl alcohol) by
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peroxidase and laccase, which results in lignin being an
amorphous, racemic polymer with an aromatic nature.”® The
complexity and lack of a well-defined structure presents
challenges when investigating lignin fast pyrolysis, as discussed
in the next sections.

Several researchers have investigated model lignin sub-
structures that are representative of what can be found in
native lignin.'”**~*® These model compounds range from the
monomeric bases of major pyrolysis products, such as guaiacol
and syringol, to model dimers and trimers that contain various
critical interunit linkages (f-O-4, @-O-4, -5, and others) and
give rise to the complexity of the lignin structure. Bond
dissociation enthalpies (BDEs) and major pyrolysis pathways
for these model compounds have been developed through
computational and experimental investigation with the hope of
better understanding the pyrolysis nature of native lignin.

Until recently, most computational mechanistic studies on
lignin model compounds have been limited to monomers,
dimers, and trimers, with most focusing on the $-O-4 linkage,
which accounts for approximately 60% of all lignin linkages."”
The kinetics and mechanisms of dimers and trimers, such as
phenethyl phenyl ether (PPE),**™** offer valuable insights but,
because they contain limited interunit linkages, they are not
directly applicable to native lignin. Therefore, it is imperative
to investigate larger oligomeric substructures that include
multiple interunit linkages and are more representative of
lignin fractions that are observed during thermal degradation.

The recent advances in computational chemistry and
continued improvements in access to and power of high-
performance computing infrastructures provide an opportunity
to investigate the thermal degradation of model lignin
oligomers to gain further mechanistic insight into the pathways
involved in native lignin pyrolysis and their associated
energetics.”” Density functional theory (DFT) has been used
extensively for simulating the pyrolysis of lignin model
compounds due to its increased computational efficiency and
comparable accuracy to other ab initio methods, such as
Hartree—Fock methods.”” Additionally, DFT explicitly ad-
dresses electron correlation, which otherwise would require
more expensive post-Hartree—Fock methods. DFT calcula-
tions can identify the location of essential points on the
potential energy surface (reactants, products, transition states)
that allow for the determination of activation energetics and
kinetics associated with specific reactions. Previous computa-
tional investigations of model lignin monomers, dimers, and
trimers have identified trends between the relative strengths of
several homolytic cleavage reactions, with the $-O bond having
the lowest BDE. Additionally, DFT calculations have provided
insight into the temperature dependence on the dominant
reaction type during lignin pyrolysis, free radical, or
concerted.'”*" DFT is already beginning to be used in this
matter, with at least two studies that we are aware of explorin;
the lignin substructures up to decamers in some cases.””*>*
Larger oligomeric substructures of lignin allow for simulta-
neous investigation of the degradation behavior of multiple
interunit linkages as well as identification of any potential
effects caused by adjacent linkages. The authors of the current
work believe that identifying reactivity trends over a variety of
linkages can be leveraged to better understand the pyrolysis
behavior of native lignin. The development of a mechanistic
understanding of lignin’s deconstruction during pyrolysis will
bring us closer to developing a full mechanistic reaction
scheme for whole biomass pyrolysis. The authors believe that a
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promising way of developing a reaction mechanism that can
account for the varying structure of lignin is to systematically
investigate a variety of lignin substructures computationally
and experimentally, identify reactivity trends, collate findings
into a library of lignin reaction information, and postulate
reaction rules, hierarchy, and mechanisms that can be applied
to different lignin structures. This work is a modest first step
toward developing the library of reaction information by
computationally investigating the BDEs of free-radical bond
scissions using DFT for a chosen model lignin tetramer that
contains three important interunit linkages (8-O-4, a-O-4, and
f-5) found in native lignin.

B MATERIALS AND METHODS

Model Lignin Oligomer. The chosen lignin oligomer, erythro-
guaiacylglycerol-a-dehydrodiconiferyl-f-coniferyl-bis-ether, is made
up of coniferyl units, contain f$-O-4, a-O-4, and f-5 linkages, and
has been previously synthesized in appreciable yields.***> The model
oligomer’s structure is shown in Figure 1. The model oligomer was

OH

Figure 1. Skeletal structure of the model lignin oligomers. Relevant
interunit linkages are highlighted by colors: -O-4 (blue), a-O-4
(red), and f-S (green). (*) indicates chiral centers.

selected to correspond with the experimental literature of
synthesizable lignin model compounds. Computational investigation
of this oligomer will be compared to the future experimental pyrolysis
behavior of the synthesized oligomer. To the best of the authors’
knowledge, this work will be the first computational investigation into
a model lignin oligomer with three different interunit linkage types,
which captures three prevalent linkages found in native lignin.

The model compound has several noteworthy characteristics. First,
there are four chiral centers in this compound, which produce 16
possible stereoisomers that must be appropriately treated in the
following sections. In the Results and Discussion section, the
investigated stereoisomers are presented using a naming nomencla-
ture introduced in Figure 1. Each chiral center is labeled by its carbon
position (@, f, @', and '), and each position is represented by its
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Figure 2. List of homolytic reactions investigated for the model lignin oligomer.

absolute configuration (R or S), depending on the spatial arrangement
of atoms around the respective chiral center. The stereocenter
labeling of R and § is used to differentiate between enantiomers of a
chiral compound. The substituents of a chiral center are given priority
by their atomic numbers. If the relative priority of the substituents
follows a clockwise direction, the chiral center is labeled as R
configuration. Likewise, if the relative direction is counterclockwise,
the chiral center is in the S configuration. An example of the naming
nomenclature of our model compound is as follows: if both C-a and
C-f’ are S configurations, while the other two are R, the resulting
designation would be SRRS. The other notable characteristic is the
presence of a noncyclic a-aryl ether linkage. This type of linkage has
been identified in synthetic lignin oligomers; however, there is no
experimental data to support the existence of this linkage in native
lignin.*® Even so, this combination of prevalent interunit linkages can
provide valuable information on the behavior of this lignin
substructure and will allow for the investigation into the effect of
adjacent linkages on the bond dissociation enthalpies of specific
linkages.

Computational Details. The computational work in this study
was done using Spartan "18 (Wavefunction, Inc., Irvine, CA, 2018),
GaussView 6, and Gaussian 16 (Gaussian, Inc., Wallingford, CT,
2016). The density functional theory (DFT) calculations were
performed on the Infrastructure for Scientific Applications and
Advanced Computing (ISAAC) high-performance computing re-
source at the University of Tennessee and using the resources of the
Alabama Supercomputer Authority. The computational setup was
divided into two phases that are discussed in the following sections:
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conformational analysis and determination of bond dissociation
enthalpies (BDEs).

Conformational Analysis. Due to the radical polymerization of
monomers at the f# position during lignin synthesis, lignin oligomers
have multiple chiral centers.”® The stereochemistry of lignin has the
potential to play a role in reactivity and product formation.*
Therefore, we must investigate each possible stereoisomer of the
chosen oligomer. Fortunately, it has been reported that the enthalpies
calculated via DFT for enantiomers are within “chemical accuracy”, so
we only need to consider one set of enantiomeric pairs."***” Four
chiral centers lead to 16 possible stereoisomers consisting of eight
enantiomeric pairs. We performed a Monte Carlo conformational
analysis of eight stereoisomers in Spartan ’18 to identify the lowest
energy conformer to use in our DFT calculations. The search
identified the 500 lowest energy conformers using the molecular
mechanics force field MMFF94*® and was further filtered down to the
10 lowest energy conformers using a semiempirical PM6 optimization
method.*” The 10 remaining conformers were exported to Gaussian
16 and optimized using the M06-2X hybrid functional and the 6-
31+G(d) basis set to identify the lowest energy conformer.”*™>* A
geometry optimization and frequency analysis were performed on the
lowest energy conformation for each stereoisomer at the M06-2X/6-
311++G(d,p) level of theory.’* The dispersion interactions were
described using the GD3 empirical dispersion correction.”®

After completion of the conformation analysis and optimization,
the structure of each stereoisomer was investigated to identify any
potential dimeric interactions, such as parallel or T-shaped
conformations between the aromatic rings, indicative of x
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interactions. This analysis was accomplished via determination of the
interatomic distances between aromatic rings and the calculation of
the ring angles relative to each other. Each aromatic ring was labeled
as A—D (Figure 1). The interatomic distances were calculated as the
distances between the centroid of the respective ring, and the angles
were calculated as the angle between the planes of the respective
rings.

Determination of Bond Scission Energetics. The model
oligomer’s energetics and dissociation products were determined via
geometry optimization and frequency analysis at both 298.15 and
773.15 K at the MO06-2X/6-311++G(d,p) level of theory. A
temperature of 773.15 K is a well-documented and widely used
temperature for biomass fast pyrolysis. Simulations at the elevated
temperature ensure that the calculated energetics are relevant for the
operating conditions of fast pyrolysis. The structure of the radical
products was generated from the lowest energy conformer for each
stereoisomer. This allows for the preservation of structural
components while more accurately modeling the strength of the
cleaved bonds.** The products of the -O-4 and @-O-4 scissions
consist of two separate, singlet radical species. These species are
optimized and analyzed separately. However, for the $-S ring-opening
scissions, the resulting product is a single molecule with two unpaired
electrons. Special care was taken to eliminate rebonding during the
geometry optimization. The molecules were optimized as triplets and
given an initial interatomic distance of 2.5 A, which has previously
been successful for calculating ring-opening reactions.’® Figure 2
shows the homolytic reactions investigated in this work.

Bond dissociation enthalpies (BDEs) were calculated for the
homolytic cleavage of major bonds by calculating the difference
between the sum of electronic and thermal enthalpies for the products
and the reactants, shown in eq 1

PHCE

BDE = Z (60 - Hcon—)products -

H., = Eyp + kT

corr

H

corr)reactants

orr 18 the thermal correction
to enthalpy, E,, is the total internal energy, and kg is the Boltzmann
constant.”” Bond dissociation enthalpies (BDEs) were determined
from calculations at 298.15 and 773.15 K and are referred to as AH,gg
and AH,;, respectively.

(1)
where ¢ is the total electronic energy, H,

B RESULTS AND DISCUSSION

Conformational Analysis. The electronic energies of the
model tetramer, accounting for thermal correction to enthalpy,
for each stereoisomer’s 10 lowest energy conformers were
calculated at 298.15 K using the M06-2X/6-31+g(d) level of
theory. Different configurations had a range of enthalpies of
3.79—16.28 kcal mol™!, depending on the stereoisomer. The
resulting lowest energy conformers were then optimized using
MO06-2X/6-311++G(d,p) to determine the initial tetramer for
each stereoisomer, shown in Table 1. The range of enthalpies
between stereoisomers was 5.30 kcal mol™". This range falls

Table 1. Relative Enthalpy Difference of the Optimized
Structure for Each Stereoisomer of the Model Tetramer at
the M06-2X/6-311++G(d,p) Level of Theory at 298.15 K

configuration relative enthalpy difference (kcal mol™)

RRRR 1.26
RRRS 3.88
RRSR 4.07
RRSS 0.66
RSRR 3.48
RSRS 4.30
RSSR 0

RSSS 5.30
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outside of the range of +1.00 kcal mol™! of chemical accuracy,
so several of the stereoisomers are appreciably different.””
RSSR and RRSS were the least stable isomers with
indistinguishable differences in their enthalpies, while RSSS
and RSRS were the most stable stereoisomers and indis-
tinguishable from each other. This range of enthalpies is
enough to conclude that stereochemistry can appreciably affect
the energetics of a system. With additional investigation, it may
provide some insight into the range of possible structures in a
native oligomer.

The interatomic distances between aromatic rings were
calculated from the centroids of the respective rings, labeled in
Figure 3, and the measured ring angles were calculated as the

OH

OH

Figure 3. Visualization of interatomic distances and ring angle
calculations.

angles formed between the planes of the respective rings. The
calculated distances and angles are shown in Tables 2 and 3,
respectively. Equilibrium distances for specific conformations

Table 2. Interatomic Distances between Aromatic Rings of
Different Stereoisomers of the Model Tetramer

interatomic distances (A)

A-B A-C A-D B-C B-D C-D
RRRR 6.51 6.30 10.92 4.79 6.38 5.50
RRRS 6.66 6.29 11.57 4.18 6.33 5.89
RRSR 6.72 6.30 11.50 3.89 5.40 5.90
RRSS 6.55 6.04 10.77 S.16 6.23 5.27
RSRR 7.16 6.26 9.83 5.00 5.26 5.01
RSRS 6.67 6.34 10.99 4.16 5.38 5.39
RSSR 6.41 5.63 10.77 4.01 6.43 5.19
RSSS 6.68 5.33 10.54 4.05 7.21 5.30
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Table 3. Ring Angles between the Aromatic Rings of
Different Stereoisomers of the Model Tetramer

ring angle (deg)

A-B A-C A-D B-C B-D C-D
RRRR 61.77 59.42 89.66 25.29 49.36 74.0S
RRRS 60.67 49.99 76.91 16.88 54.95 71.82
RRSR 55.61 53.86 80.57 3.09 45.78 48.80
RRSS 57.37 68.58 36.23 30.94 59.14 85.71
RSRR 63.10 33.63 82.49 64.00 31.67 85.88
RSRS 36.64 48.45 80.29 12.07 74.86 77.12
RSSR 54.15 78.80 14.16 30.41 64.77 85.22
RSSS 68.01 88.00 7.19 20.78 61.86 82.20

have been previously calculated by Tsuzuki et al.>® Parallel
configurations of aromatic rings had an equilibrium intera-
tomic distance of approximately 3.80—4.00 A. Additionally, the
planes of the aromatic rings do not intersect in a parallel
configuration. The other major configuration type is T-shaped
or edge-to-face with equilibrium distances of 5.00—5.20 A and
perpendicular ring angles.”®

As evidenced by the values in Tables 2 and 3, the most likely
candidates for parallel or T-shaped configurations are the B—C
rings, which correspond to the aromatic rings at the end of the
P-0-4 and a-O-4 linkages. As the interatomic distances
between B—C approach the previously mentioned equilibrium
distances, we would expect an increased 7/x interaction, which
could give rise to increased stability of a specific stereoisomer.
For example, the RRSR stereoisomer has a B—C interatomic
distance of 3.89 A and an almost parallel angle (3.09°),
suggesting a potential parallel configuration, which could
explain the increase in stability of the RRSR compared to the
least stable isomers of RSSR and RRSS. The optimized
geometry of each stereoisomer is shown in Figure 4, and three-
dimensional Cartesian coordinates of these stereoisomers are
shown in the Supporting Information.

Bond Dissociation Enthalpies (BDEs). The bond
dissociation enthalpies were initially calculated for each
relevant bond in the three interunit linkages found in the
tetramer. The nomenclature for the reactions discussed in this
section is based on the a and f positions of the relevant chiral
carbons. The homolytic reactions investigated are shown in
Figure 2. Upon convergence, the optimized geometries were
subjected to a vibrational frequency analysis at 298.15 and
773.15 K to calculate the BDEs for room temperature and a
relevant pyrolysis temperature. The BDEs for both temper-
atures can be seen in Tables 4 and 5, respectively.

Upon comparison of the BDE calculations, several trends
were identified. The magnitude of AH,y values is slightly
different from that of AH;,;, which is to be expected. However,
the overall trends present at 298.15 K remain at a pyrolysis
reaction temperature of 773.15 K. Overall, the carbon—oxygen
bonds for a specific linkage are shown to be easier to break
than the carbon—carbon bonds. The $-O and the a-O bonds
in the ether linkages had AH,,; with a range of 74.67—86.78
and 61.88—76.10 kcal mol™!, respectively. Both the trend and
overall magnitudes of these BDEs were expected and agreed
with previous BDE investigations.””” The aromatic carbon—
oxygen bonds in the ether linkages, e.g, O-4 bond in a $-O-4
linkage, are the exception as they are harder to break than their
nonaromatic counterparts (111.16—121.37 kcal mol™"), which
also agrees with the findings from Huang et al.*' The same
general trend of C—O having a lower BDE than that of C—C
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can be seen in the C,—O and C,—Cj bonds for the -S ring-
opening scission reactions, which are significantly easier to
break than the aromatic C—O and C—C bonds. The C,—O
bond had a 46.25—55.75 kcal mol™' range, and the C,—Cy
bond ranged from 57.76 to 71.49 kcal mol™', while the
aromatic bonds had a much higher BDE of 86.06—118.13 kcal
mol™". The lower BDE of the nonaromatic bonds can be
attributed to the delocalization of electrons along the aromatic
ring. Additionally, homolytic cleavage involving an aromatic
ring would result in a radical on the carbon ring, which would
disrupt the aromaticity. This trend was also reported by
another BDE investigation of dimeric phenylcoumaran
substructures.’’ The observed trend for the four lowest BDE
scissions at both 298.15 and 773.15 K is C,—O (f-5) < C,—Cy
(B-S) < C,—0O (a-0-4) < C4—0 (p-O-4). While the trends
were consistent, the magnitude of BDEs for individual bonds
in the model tetramer was larger than their respective bonds in
smaller, dimeric compounds. The BDEs for the $-O bond of
substituted $-O-4 dimers were calculated in the range of 68—
71 keal mol™", which is noticeably lower than the BDEs for the
model tetramer.”’ The BDE for the a-O bond of the a-O-4
linkage is similarly larger than that for the corresponding bond
(42.4 kcal mol™") in the @-O-4 dimer studied by Huang and
He.”” The BDEs for the -5 ring-opening reactions are closer
to their dimer counterparts; however, they are still slightly
larger than the BDEs calculated for smaller molecules."’

Inspection of the spin density plots of the resulting radicals
visualizes the delocalization of the unpaired electron around
the molecule. The aromatic C-containing bonds exhibit a
concentration of the spin density around the radical, whereas
the products resulting from nonaromatic C—O bonds have a
degree of delocalization of spin density around the neighboring
aromatic ring. These observations agree with the trend of
BDEs calculated as delocalization is expected to lower the BDE
compared to a confined spin density. Spin density plots are
reported in the Supporting Information.

It was observed that the least stable stereoisomer, RSSR,
from the conformational analysis was regularly on the lower
end of the range of BDEs for each reaction. However, this
trend did not always hold for the other indistinguishable lower-
stability stereoisomer, RRSS. This discrepancy can be partially
attributed to an inherent error of 1.30 kcal mol™" associated
with M06-2X calculations.”® Additionally, it can be assumed
that the stability trends for each conformation of the initial
oligomer are not directly transferred to the resulting BDEs for
individual reactions for a respective stereoisomer. The adjacent
configuration may interact differently on the resulting radical
fragments.

This work represents an initial step toward investigating
larger, more representative substructures of native lignin.
Moving forward, further investigation into this model
compound and other oligomers will provide valuable
information and bring the community closer to gaining a
mechanistic understanding of the deconstruction pathways of
native lignin. The valuable mechanistic information gained
from these larger structures will improve our knowledge of
lignin pyrolysis closer to that of cellulose and hemicellulose.

Bl CONCLUSIONS

The mechanistic understanding of lignin pyrolysis pathways is
underdeveloped compared to both cellulose and hemicellulose.
To narrow the gap, model lignin compounds have been
studied to understand the pyrolysis of simpler lignin structures.

https://doi.org/10.1021/acs.energyfuels.1c03238
Energy Fuels 2022, 36, 1565—1573


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c03238/suppl_file/ef1c03238_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c03238/suppl_file/ef1c03238_si_001.pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c03238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

‘L

[
Fe
fet
<
[
bad

&

€
&

RRRS

s

1

33

-

<

(¥
¢

&
o®

RRSR

RRSS

RSRR
j(l
AR
RYIFEY
;i‘f/?;" 5 RSRS
9 &ax) o
, 9%
oo
9
RSSR
RSSS

Figure 4. Optimized geometries for each stereoisomer of the model tetramer at M06-2X/6-311++G(d,p).

In this work, the thermal behavior of a model lignin oligomer
was investigated via density functional theory to determine the
energetics associated with homolytic bond cleavage during
biomass fast pyrolysis. The chiral complexity of the oligomer
required the consideration of multiple stereoisomers, which
were found to have a range of enthalpy of 5.30 kcal mol™". The
BDEs (AH,g3 and AH,;;) followed the same trend in terms of
the relative bond strength, as seen in smaller model lignin
molecules. The overall trend observed for the major bond
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scission was C,—O (f#-5) < C,—Cj (f-5) < C,—O (a-0-4) <
C4—O (p-O-4). The nonaromatic C—O bonds were shown to
be the easiest to break in all three interunit linkages, which
agrees with the previous literature. The homolytic cleavages
involving aromatic rings exhibited much higher BDEs due to
the stability resulting from electron delocalization and
disruption of aromaticity in the resulting products, which
was confirmed when visualizing the spin density. This work
provides an important first step in developing a library of
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Table 4. Bond Dissociation Enthalpies, AH,qs (kcal mol™"), for Each Stereoisomer Conformation at 298.15 K

Family Bond RRRR RRRS RRSR RRSS RSRR RSRS RSSR RSSS

04 a-O 66.88 71.05 7294 68.10 7636 7021 6218 7248
O-4 11318 117.72 119.58 11273 119.06 116.29 110.64 117.50
1-a 104.88 101.62 100.26 10520 106.45 101.00 102.96 111.47
a-B 90.71 9400 93.13 9290 93.17 9376 9136 97.37
B-O 78.14 8433 8140 7777 79.07 7772 7470 86.74

Fo-4 B-y 88.65 8958 8783 9147 9196 8626 87.00 88.36
y-O 100.03 103.22 9645 97.48 9691 96.06 9639 96.88
O-4 11480 120.44 118.92 116.47 117.47 11273 111.60 121.67
a-Ph 113.46 116.03 111.89 109.36 11824 113.41 108.71 116.14
B-5 100.00 99.18 9629 95.05 9752 9882 93.81 101.22

B-5 a-O 51.68 51.77 4620 45.00 5441 47.64 4572 53.60

a-B 66.66 6417 6477 6534 6755 69.96 69.11  56.97
O-4 85.18 89.01 9324 88464 93.16 9453 91.79 93.93

Table 5. Bond Dissociation Enthalpies, AH,,; (kcal mol™"), for Each Stereoisomer Conformation at 773.15 K

Family Bond RRRR RRRS RRSR RRSS RSRR RSRS RSSR RSSS
04 a-O 66.68 70.89 72.80 67.96 76.10 69.92 61.88 72.27
O-4 112.83  117.48 11931 11245 11866 11589 11042 117.00

1-a 10450 101.23 99.87 10483 106.18 100.49 102.68 110.97

a-B 90.86 94.23 93.32 93.27 985 93.96 90.70 97.49

6-0-4 B-O 78.12 84.42 81.34 77.81 78.97 77.67 74.67 86.78
B-v 89.01 89.72 88.02 91.81 92.23 86.37 87.27 88.48

y-O 101.10 104.44  97.46 98.50 98.06 97.08 97.43 97.87
O-4 11422 12013 11857 11622 116.99 11220 111.16 121.37
a-Ph 113.27 11589 111.64 10921 11813 113.15 108.46 115.88

B-5 101.26 100.44  97.47 96.33 98.83 100.12  95.00 102.38

B-5 a-O 52.79 52.96 47.25 46.25 55.75 48.70 47.01 54.70
a-B 68.48 65.56 66.43 66.95 69.18 71.49 70.65 57.76

O-4 86.06 90.01 94.00 89.69 94.04 95.40 92.70 94.83

reaction information for various lignin substructures that can
be developed into generalized reaction rules for native lignin

pyrolysis.
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