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ABSTRACT: The abundance, carbon content, and functionalized nature of lignin make it a promising candidate for targeted
valorization to fuels and polymer composites. While lignin modeling by the application of computational chemistry is an active area
of research, electronic structure methods have been limited mainly to structures in the dimeric or trimeric range. In this study, we
have modeled a lignin structure composed of 10 β-O-4′ linked guaiacyl (G) units, such that this work represents, to the best of our
knowledge, the largest structure that has been examined to date using quantum mechanical calculations. As such, this work can
provide information on a model, the size of which is more representative of the lignin polymer than has been previously reported.
We have calculated bond dissociation enthalpy (BDE) for the homolytic cleavage reaction between each G unit in our model lignin
oligomer, which occurs as one of the initial reactions during lignin pyrolysis. The objective of the current work was to determine how
or if reactivity within the oligomer changes as a function of bond cleaving position within the chain. The methods used were classical
molecular mechanics for conformational sampling and quantum mechanically based density functional theory (DFT) calculations.
We have developed a novel and robust method for conformational sampling, which maps the conformational energy landscape
efficiently and provides multiple low-energy structures that are then used to determine the BDE values by DFT. Our results for BDE
calculations of lignin exhibit significant position dependence along the oligomer chain. To the best of our knowledge, we have
reported for the first time the calculated standard thermodynamic properties including enthalpy of formation, heat capacity, entropy,
and Gibbs free energy. Despite using a simplified model lignin oligomer structure, our calculated values for standard thermodynamic
properties have a remarkable agreement with the experimental values.

■ INTRODUCTION

Among the three polymers that form plant cell walls (i.e.,
cellulose, lignin, and hemicellulose), lignin is the second most
abundant natural polymer. Lignin provides reinforcement to the
cell walls, contributes to water interactions, and serves as a
physical barrier to pathogens.1 As a biopolymer, it accounts for
30% of the organic carbon content in the biosphere.2 The
biosynthesis of lignin can be divided into three processes,
biosynthesis of lignin monomers followed by their trans-
portation and polymerization.3 Lignin monomers are produced
in the cytoplasm of plant cell, transported to the apoplast, and
finally polymerized by peroxidase (POD) and laccase (LAC)
enzymes in the secondary cell wall.4,5 Depending on the plant
species, lignin constitutes 12−28% of the total lignocellulosic
biomass, where the other two components are cellulose (30−
40%) and hemicellulose (24−38%).6 Despite the fact that
current knowledge of lignin structure is far from complete,
according to the current understanding, lignin is a hydrophobic
polymer composed of phenyl propanoid units, resulting from the
oxidative polymerization of the para-hydroxy coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol.7 The proportion of each
of these cinnamyl alcohols incorporated into the polymer varies
widely with species. In addition to the canonical cinnamyl
alcohols, recent work has found that other phenolics function as
lignin monomers that can serve as nucleation sites or occur
within the polymer itself.8−12 The first step in lignin polymer-
ization is an enzymatic dehydrogenation resulting in phenoxy

radicals, in which there is considerable delocalization of the
unpaired electrons. As the coupling process proceeds, there are
numerous reactive sites resulting in diverse linkage types, which
is shown in Table 1. Among these, the most common is the β-O-
4′, which is the subject of our study.13

Fast pyrolysis is the process of thermal degradation at elevated
temperatures in the absence of oxygen for short reactor
residence time. The subsequent condensation of these pyrolysis
vapors yields a complex liquid mixture of organic compounds,
commonly referred to as bio-oil.16−18 Pyrolysis-based tech-
nologies are promising for converting lignocellulosic biomass
into biochemicals, biomaterials, and biofuels.19−23 However, to
control and optimize these processes in an efficient way to
ensure higher product yield and selectivity, a better under-
standing of basic lignin structure as the input and associated
thermodynamic and kinetic parameters is important.24−26 The
chemical mechanisms associated with these processes of lignin
have been studied both experimentally and computation-
ally.27−32 Due to the irregular structure and recalcitrant nature
of lignin, lignin pyrolysis reactions are not straightforward.33−35
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Therefore, such studies are conducted with model compounds
with specifically chosen interunit linkages. It has also been
reported that the initial step in lignin pyrolysis36 is a homolytic
bond cleavage. This reaction has been the subject of extensive
quantum-based theoretical studies.37−42 However, due to the
computational intensity, such work has mainly been limited to
dimers and trimers. Both concerted and homolytic cleavage
mechanisms have been proposed to occur in the initial steps of
lignin pyrolysis. The activation energy of the Maccoll
elimination reaction is found to be somewhat lower than the
bond dissociation energy of homolytic cleavage.38 It has also
been found that the homolytic reaction is dominant at higher
temperatures.43 Neither of these papers shows that the
homolytic cleavage reaction does not occur. As such, and so
that comparisons can be made with the extensive literature on
homolytic cleavage of dimers, this work was focused on the
homolysis reaction. While there are considerable computational
results for bond dissociation enthalpy (BDE) of the β-O-4′
linkage using smaller lignin structures, larger oligomers, more
representative of the polymer itself, have not been addressed.
The lignin model used in this study is a simplified structure

representing a relatively low-molecular-weight oligomer with a
single interunit linkage. Models of this type, composed
exclusively of β-O-4′ linkages, have been prepared syntheti-
cally44,45 and been the subject of NMR46 and thermal analyses47

and as such have precedent in the experimental literature. The
current paper applies computational methods to such structures.
The natural lignin polymer is much more complex with varying
interunit linkages; however, one of the key objectives of this
work is concerned with isolating the effect of the position within
the oligomer on bond dissociation enthalpies. If differing
interunit linkages had been used, it would have been impossible
to systematically separate the effects of position and bond type.
Furthermore, while there have been extensive studies on bond
dissociation of lignin dimers, to the best of our knowledge, this is

the first time that a lignin model of this size has been examined
using electronic structure methods. As such, this work can
provide information on a model, the size of which is more
representative of the lignin polymer than has been previously
reported.
Contemporary computational methods have been applied to

evaluate the reaction enthalpies, electronic structure, and
optimized geometries associated with a guaiacyl 10-mer
oligolignol connected through β-O-4′ linakges, which occurs
as one of the initial reactions during lignin pyrolysis. Given the
possible flexibility of such an oligomer, classical molecular
mechanics (MM) has been used for performing conformational
sampling in this study. Though the literature on conformational
sampling for lignin is not as extensive as for proteins, there are
considerable amounts of molecular dynamics (MD) research
works done on lignin.48−52 Though the reliability of molecular
mechanics (MM) energies depends on the parameterization of
the respective force field, rarely force fields have been specifically
parameterized for lignin.53,54 We have developed a novel and
robust method for lignin oligomer conformational sampling,
which maps the conformational energy landscape efficiently and
provides multiple low-energy structures using a stochastic
Monte Carlo (MC) algorithm. Furthermore, we have
constructed a lignin conformer library, which is a product of
the conformational sampling method, which could be very
useful for further computational studies and cross validation
with experiments. Subsequently, density functional theory
(DFT) and statistical thermodynamics calculations have been
used for the determination of BDE for the lowest-energy
conformers identified in the previous step. Finally, the
thermochemical properties by way of enthalpy, entropy, free
energy, and constant pressure heat capacity values were
estimated using conventional statistical thermodynamics
formulas. Predicted values for BDE and the thermodynamic
properties were found to be in reasonable agreement with the
available experimental and literature values for lignin structures
of diverse origins.

■ COMPUTATIONAL METHODOLOGY

Reaction Pathway Schemes. The structure under
consideration in the current work, as shown in Figure 1a, is a
10-mer of G units linked through β-O-4′ bonds. While this is a
highly idealized structure, in order to address the objective
concerned with determining whether BDE changes as a function
of position within the oligomer, the inclusion of a more realistic
linkage pattern would have confounded the problem by
introducing the additional variable of linkage type and position
within the oligomer. It should be noted, however, that such
structures are not without precedent and have been produced
synthetically.44−46 The initial structure was developed using the
Lignin Builder algorithm55 which randomly assigns stereo-
chemistry to chiral centers. This approximation is necessitated
by the presence of 18 chiral centers, which translates into
262,144 possible stereoisomers, an examination of which would
be an obviously intractable problem. The reactions that were
examined for this structure are shown in Table 2, representing
sequential homolytic cleavage of each β-O-4′ bond to determine
if and how reactivity varies with position. While, as indicated,
there is considerable literature related to the application of
electronic structure methods to various dimeric and trimeric
lignin models, to the best of our knowledge such calculations
have not been attempted for larger oligomers, and until the

Table 1. Diverse Linkage Types Found in Lignin and Their
Relative Amount14,15
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current study, it was unknown if BDE differs between the
individual G units in a larger structure.
Conformational Analysis. Conformational sampling using

molecular mechanics (MM) calculations is a very common
approach that is performed prior to quantum chemical
calculations, especially for macromolecular systems, such as
(bio)polymers. Therefore, in this study,MMhas been used as an
essential step to refine the input structures for DFT calculations.
The results of any classical molecular modeling calculations,
including conformational sampling, depend largely on the
choice of the force field. Different force fields have specific

priorities, e.g., a large coverage of elements (UFF),56 emphasis
on the quality of structure prediction (AMBER,57

CHARMM58), and emphasis on high accuracy in predicting
various molecular properties with a fairly broad coverage
(COMPASS),59 which has been used in this work. COMPASS
is based on the PCFF, which is one of the first force fields
developed for polymers. To improve the nonbonded interaction
terms, PCFF had been reparameterized and as a result,
COMPASS has been developed by employing a hybrid approach
consisting of both ab initio and empirical methods. The
functional forms used in COMPASS are given by

Figure 1. (a) Initial reactant structure; (b−j) two radical products obtained along each of the nine reaction schemes for studying β-O-4′BDE. Products
1 and 2 are radical fragments with the radical center on the oxygen and secondary carbon atoms, respectively, after β-O-4′ bond cleavage.
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where the valence terms represent the internal coordinates of
bond (b), angle (θ), torsion angle (ϕ), and out-of-plane angle
(χ). The Lennard-Jones parameters are denoted by εij and rijo,
while qi denotes the partial charge and k denotes a constant
particular to an element. The cross-coupling terms combine two
or three internal coordinates, which are important for predicting
vibrational frequencies and structural variations associated with
conformational changes.
Given the large number of rotatable bonds, or dihedral angles

capable of torsion, in the model being used, a stochastic
conformational search was performed by the application of the
Boltzmann jump method, which uses the Metropolis Monte
Carlo (MC) criterion to accept or reject a jump in structural

change due to torsional displacement.60 To determine the value
for the variables in the energy expression used for total energy
calculation in COMPASS, we performed a rigorous sensitivity
analysis which includes, temperature, torsional angle window,
and the number of perturbations per jump as themajor variables.
Our chosen value for the torsion angle window and the number
of perturbations per jump were 10° and 50 perturbations per
jump, respectively. Our study indicates that the required value
for temperature is a function of structure size. The COMPASS
force field was used for all calculations in this study. All of the
bonds in the structure capable of torsion were rotated
stochastically in the allowed torsion angle window of 10° and
the energy was calculated for each interval. Electrostatic and van

Table 2. Reaction Schemes for Studying Position Dependence of β-O-4′ BDE in a Model Lignin Oligomera

aThe reaction pathways and oligomer sequences follow the notation introduced in Figure 1.
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der Waals (vdW) summation methods were atom-based and
performed with cubic spline truncation, a cutoff distance of 12.5
Å, a spline width of 1 Å, and a buffer width of 0.5 Å. In our
semiautomated sampling method, the lowest-energy structure
from each conformational search step was selected as the input
structure for the next step in an iterative manner. The process is
repeated until no statistically significant change in end-to-end
distance is found between the initial and final structures. The
number of conformational search steps has been found to vary as
a function of structure size, increasing proportionally with
structure size. Geometry optimization using classical MM was
performed for each structure during this conformation sampling.
Among the major parameters used for this sampling method,

sampling temperature associated with the Metropolis MC
selection criterion60 has been found to play an important role. In
this study, the temperature effect on sampling has been studied
for a wide range starting from 273 to 50,000 K. It has been found
that an optimum temperature is needed for all structures as
sampling is performed, where the requirement of optimum
temperatures selection depends on the structure size. The
optimum sampling temperatures are not physical. The high
temperatures are used to include more energy in the system to
overcome conformational sampling time scales. That is, these
high temperatures were needed to provide the energy to change
the dihedral angles with a relatively high probability for the
Metropolis MC selection criterion. This dependency has been
shown in Table 3.

It should be noted that this sampling method has used the
COMPASS force field, which has been carefully parameterized
for synthetic phenolic polymers with and without cross-
linking.61 These phenolic polymers closely resemble the
structure of naturally occurring lignin. The structures obtained
using our developed sampling method and the COMPASS force
field are then used as an input to higher-level quantum chemical
calculations and statistical thermodynamics. Given the reason-
able parameterization for synthetic phenolic polymers, we found
the COMPASS force field to be acceptable for application to
lignin oligomers as the geometry inputs to the electronic
structure calculations converged successfully with minimal self-
consistent field (SCF) cycles and geometry steps. We are not
guaranteed to have found the global minimum for the lignin 10-
mer or fragments, rather a novel conformational sampling
method was developed to improve our input structure to the
DFT calculation providing a local energy minimum. Together,
the conformational sampling, DFT calculations, and application
statistical thermodynamics comprise our composite method
presented herein, which has been validated against the

computational and experimental thermochemical properties
from the literature in the Results and Discussion section.

Electronic Structure Calculations. For the DFT calcu-
lations in this study, all electrons were included for each atom
without the use of pseudopotentials, and the BLYP functional,
DNP numerical basis set, and 4.4 Å global orbital cutoff energy
were employed. A numerical basis set of double-zeta quality plus
polarization functions (DNP) was chosen because it provides
more computationally feasible and similarly accurate calcu-
lations for macromolecules than its numerical equivalent
Gaussian basis set, 6-31G**. All electronic energies were carried
out using quantum chemical calculations with the density
functional theory in the Dmol3 package.62,63 The generalized
gradient approximation (GGA) with Becke−Lee−Yang−Parr
(BLYP) was selected as the exchange−correlation functional.64

We had implemented the B3LYP (Becke, 3-parameter, Lee−
Yang−Parr) hybrid exchange−correlation functional, which is
more commonly used in the literature,65 but the B3LYP
functional was not practical beyond a 4-mer given computa-
tional resource constraints. To describe the London dispersion
force interaction appropriately, the Tkatchenko−Scheffler (TS)
method was used for DFT-D correction.66 For all structures
including products and reactants, only the lowest-energy
conformer was used for geometry optimization at the BLYP-
DNP level, where the convergence criteria were set as 2 × 10−5

Hartrees (Ha) for total energy, 0.004 Ha/Å for the maximum
force of every atom, and 0.005 Å for maximum displacement.
The self-consistent-field (SCF) tolerance was set to be 1 × 10−5

Ha. Compounds that are smaller in size and inorganic in nature
having similar reactive features to this work have been
extensively studied with success previously in our group using
comparable hybrid methodologies.67−72 The accuracy of the
BLYP/DNP level of theory has been documented for the
reaction energetics and thermochemistry of similar organic and
biopolymers.73−76

Statistical Thermodynamics. Vibrational frequency cal-
culations of these optimized structures were performed to
determine the thermochemical parameters: enthalpy (H),
entropy (S), free energy (G), and heat capacity at constant
pressure (Cp). These values reported in this work are based on
the standard statistical thermodynamic calculations using the
standard molecular partition functions of polyatomic gas
molecules.77 It is important to mention that the thermochemical
properties are calculated using quantum chemical calculations
and statistical thermodynamics. Statistical thermodynamics
requires the calculation of a molecular partition function,
which has electronic, rotational, vibrational, and translational
contributions. Different conformations of the lignin fragments
will affect these contributions and thus result in different
molecular partition functions as a result of conformation. These
variations in conformation would manifest through a change in
the molecular properties, e.g., bond angle strain, which may
change the electron density around β-O-4′ linkages or different
moments of inertia if the fragments deviated from the spherical
shape. The enthalpy correction, H, using the ideal gas
approximation is given by eq 2

H T E T E T E T RT( ) ( ) ( ) ( )vib rot trans= + + + (2)

where the subscripts represent vibrational, rotational, and
translational contributions, respectively, and R is the ideal gas
constant. The contributions are given by

Table 3. Dependence of Required Temperature on the
Structure Size for the Developed Conformational Sampling
Method Based on the Metropolis Monte Carlo (MC)
Selection Criterion60a

structure
size

nonphysical optimum temperature (K) for conformational
sampling method based on metropolis Monte Carlo (MC)

selection criterion

1−4-mer 5000
5−7-mer 25 000
8−10-mer 50 000

aTemperature values reported in units of kelvin, but the sampling
temperatures are not physical.
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where k and h are the Boltzmann and Planck’s constants,
respectively, and νi is the individual vibrational frequency.
Similarly, heat capacity at constant pressure (Cp) calculations

are based on the ideal gas approximation and is given by eq 3
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where ω denotes the molecular weight, Ix is the moment of
inertia about axis x, and σ is the rotational symmetry number.
Bond Dissociation Enthalpies. Bond dissociation en-

thalpies were calculated as the difference of the sum of the
standard enthalpies of formation of the product fragments and
the standard enthalpy of formation of the reactant, as shown in
eq 5

H H

H

BDE298 (reactant) f,298 (product 1) f,298 (product 2)

f,298 (reactant)

= [Δ ° + Δ ° ]

− Δ ° (5)

where ΔH°f,298 is the standard enthalpy of formation of the
radical species products 1 and 2 and the 10-mer lignin molecule
as the reactant. These standard enthalpy of formation values are
calculated using a hybrid methodology based on quantum
chemical calculations, statistical thermodynamics, and exper-
imental atomization energies as performed in previous work
from our group.67

The basis for these standard enthalpy of formation values was
calculated using eqs 2, 2.1.2.1−2.4.2.4 to account for the
enthalpy correction, then this correction was added to the
electronic energy (Eel) and zero point energies (ZPE) using eq 6

H E H TZPE ( )298 el= + + (6)

The standard enthalpy of formation of a given species (CxHyOz)
was then calculated from its atomization energy using eq 7

H x H y H H z H

H

(C H O ) (C) ( ) (O)

(C H O )

x y z

x y z

f,298 f,298 f,298 f,298

a,298

Δ ° = [ Δ ° + Δ ° + Δ ° ]

− Δ ° (7)

where the enthalpies of formation of atomic C, H, and O are the
experimental values obtained from the NIST-JANAF thermo-
chemical tables (ΔH°f,298(C) = 172.001 kcal mol−1,ΔH°f,298(H)
= 52.32 kcal mol−1, and ΔH°f,298(O) = 59.803 kcal mol−1) and
ΔH°a,298(CxHyOz) is the atomization enthalpy defined as the
enthalpy change upon decomposition of a molecule into its
component atoms, which can be evaluated as eq 7.1.7.1

H xH yH zH

H

(C H O ) (C) (H) (O)

(C H O )

x y z

x y z

a,298 298 298 298

298

Δ ° = [ + + ]

− (7.1)

where H298(C), H298(H), and H298(O) are the enthalpies of
atomic C, H, and O at 298 K, respectively, andH298(CxHyOz) is
the enthalpy of CxHyOz at the same temperature. These
enthalpies can be calculated as previously mentioned in eqs 2,
2.1.2.1−2.4.2.4, 6. These quantities are obtained from quantum
chemical calculations and statistical thermodynamics.
The enthalpy of reaction at the elevated temperature, or BDE

at temperatureT, is then calculated using the calculated BDE298K
and the temperature-dependent heat capacity values following
eq 8

C T TBDE BDE ( ) dT

T

298K
298K

P,Rxn∫= + Δ
(8)

where ΔCp,Rxn(T) is the temperature-dependent polynomial
defined as the difference between the sum of temperature-
dependent standard heat capacities of the products and the
temperature-dependent standard heat capacity of the reactant.

■ RESULTS AND DISCUSSION
Conformational Analysis. The conformational analysis of

the model lignin structures of this study suggests two key
findings: (i) the rearrangement does not depend on the starting
conformation, as the same folding with energy minimization was
observed for the all starting compounds, radical or closed shell,
and the starting conformation (helical) is not conserved in the
rearranged 10-mer reactant and product fragments; (ii) no
regioselectivity was observed in the case of radical containing
fragments, oxygen or carbon radical, indicating that the main
driving force is the decrease of the external surface area of the
macromolecule and increase in the number of intramolecular
interactions, including but not limited to hydrogen bonding and
π−π bond interaction between unsaturated benzene rings,
irrespective of the β-O-4′ bond position being cleaved. Here, the
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Figure 2. continued
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lack of regioselectivity refers to no reaction selectivity trend
observed between the β-O-4′ bond cleavage position and the
stereochemistry of the cleaved product fragments.
We have considered end-to-end distancemeasurement, which

is a characteristic length for a polymer. In polymers such as
lignin, end-to-end distance is measured between the two end
points in the polymer chain. By performing conformational
sampling, the initial model oligomer structure, which was
unfolded (initial end-to-end distance 42 Å), has been
significantly folded (25 Å). This folding of structures occurs as
a result of total energy reduction in systems by structural change.
Folding of structures, in other words, results in a reduction in
energy of the structures and increased with the increase in chain
length, which can be clearly seen in Figure 2. The end-to-end
distance values of these folded structures have been reported in
Table 4.
Conformational Landscape. As the output of this conforma-

tional sampling method, a large library of lignin conformers has
been generated, which can be used as a database of lignin model
structures, ranging from monomer to 10-mer with different
dihedral angles and different MM energies. It should be noted
that only a systematic grid scan could ensure the identification of
the global minima, which has not been used in this work. For

example, in the 10-mer reactant molecule, a total of 57 dihedral
angles were stochastically sampled to map the conformation
landscape of the oligomers in this study and only these 57
dihedral angles were varied to select the different conformers. In
principle, it would be more accurate if all dihedral angles could
be varied systematically and all of the lowest-energy
conformations on the conformational landscape could be

Figure 2. Optimized structures for all products and the reactant at the BLYP/DNP level of theory. The two products of the homolysis of the β-O-4′
bond are phenoxy radical and C free radical, which are denoted by product 1 and 2, respectively. Reaction products for the nine reaction pathways are
shown.

Table 4. End-to-End Distance Obtained in the Lowest-
Energy Structure for Each Species after Conformational
Sampling

reaction
pathway

product 1
structures

end-to-end
distance (Å)

product 2
structures

end-to-end
distance (Å)

1 1-mer 8.7 9-mer 11.1
2 2-mer 11.6 8-mer 19.7
3 3-mer 17.8 7-mer 12.1
4 4-mer 9.0 6-mer 20.8
5 5-mer 21.4 5-mer 12.5
6 6-mer 15.1 4-mer 8.9
7 7-mer 9.5 3-mer 12.5
8 8-mer 10.8 2-mer 12.4
9 9-mer 16.4 1-mer 5.1
reactant 10-mer 25.7
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studied with DFT for BDE analysis. However, extensive
calculations on a number of these 10-mer structures may
prove interesting for statistical analysis, but it is beyond the
scope of this study.
Bond Dissociation Enthalpies. As previously mentioned,

determining whether or not reaction enthalpy varies with the
position of the β-O-4′ bond along the model lignin oligomer
chain was the major objective of this work. Table 5 shows the

value of reaction enthalpy of each pathway followed in this study.
The elementary reaction step for β-O-4′ bond cleavage studied
is intended to be the same for all of the nine pathways, and each
cleavage originates from the same lowest-energy 10-mer
conformation. The lack of conservation of the starting
conformation after cleavage could be explained by considering
the need to stabilize the exposed radical center, oxygen or
carbon, after homolytic bond cleavage. As conformational
change initiates after bond cleavage, the unsaturated phenolic
rings rearrange to maximize π−π stacking and hydrogen
bonding and the interaction of the generated radical center
with electron-rich functionalities is maximized.
In the Conformation Analysis section, it was highlighted that

an output of our conformational sampling method is a large
library of lignin conformers. The BDE value for this process can
also be estimated from the helical structure before energy
minimization, similar to lignin 10-mer dissolved in a suitable
solvent such as tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO), and dimethylformamide (DMF), where the lignin
aromatic system is exposed and it is nearly free to interact with
other solvent molecules therebymaximizing the solvent-exposed
surface area. Although beyond the scope of this study, it is likely
that ring flipping (torsion) happens faster than lignin macro-
molecule folding in the solvent phase; however, in the gas-phase
for our study, both conformational motions appear competitive,
particularly at elevated temperatures under pyrolysis. The
unfolded starting structure (open, helical) could also serve as
an estimation of the limit of the BDE, which minimizes the role
of intramolecular interactions. Details regarding the unfolded
starting structure for the model 10-mer oligomer of lignin are
available in the Supporting Information.
Factors Contributing to the Stability of Radicals. For the

study of the homolytic C−H bond cleavage, it has been shown
that alkyl radicals tend to have a BDE value of 93.6−105.6 kcal
mol−1, whereas arylic radicals have been reported to have BDE
values in the order of 110.4−136.8 kcal mol−1.78−80 In our study,
product 1 species are phenoxy radicals, while product 2 species

are secondary carbon free-radical structures having both alkyl
and arylic functionalities. Product 2 free-radical species exhibit
medium stability being secondary free radical in nature. On the
other hand, product 1 structures are phenoxy radicals, which are
stabilized by resonance throughout the conjugated system of
connected π orbitals with delocalized electrons in the nearby
aromatic ring functionality. Since BDE values reflect the stability
of these radical products from β-O-4′ bond cleavage, our
calculations indicate that at the reference temperature 298.15 K,
the radical species formed in pathway 2 are the most stable
radicals, while the least stable radical species have been observed
in pathway 7. For pathway 7, analysis indicates that higher
nonbonded energy contributions for the phenoxy radical
product structure are the primary reason for the outlier
behavior. This is a consequence of the observed variation of
the BDE value with β-O-4 bond cleaving position, which reveals
different reaction pathways with different degrees of local and
nonlocal radical stabilization effects.
Our study reveals distinct thermodynamic differences in the

homolytic cleavage reaction at different points in the oligomer.
For all nine reaction pathways that have been studied here,
enthalpies of the β-O-4′ bond cleavage reaction showed
distinguishable position dependence. Not all, but for some
reactions, the reaction enthalpies showed temperature depend-
ence as well. Between these two effects, the position effect is
more dominant than the temperature effect for the range of
temperatures relevant to pyrolysis presented here. Reaction
enthalpies calculated over the entire temperature range
considered in this study have been listed in the Supporting
Information. Figure 3 shows the position dependence of our
calculated BDE at the primary pyrolysis temperature range of
lignin (300−400 °C).

Table 6 lists some of the recent BDE studies for the β-O-4′
linkage using model lignin structures. It is notable that DFT is
the preferred method and theMinnesota functional M06-2X has
been widely used. Among the basis sets, 6-31++G(2df,p) is one
of the largest basis set that has been used to study the model
lignin dimer. In our study, we used BLYP functional for
affordable computational cost of the large 10-mer structure of
lignin; however, our primary results of BDE values at nine
different cleavage positions in model oligomer are well within
the range of BDE values predicted using the other DFT method

Table 5. Bond Dissociation Enthalpy Values for Each
Reaction Pathway Studied to Examine the Position
Dependence of Homolytic β-O-4′ Bond Cleavage in a Model
10-mer Oligomer of Lignin

reaction
pathway

calculated BDEs values for
25−1000 K (kcal mol−1)

BDE value at 298 K
(kcal mol−1)

1 63.9−64.9 64.4
2 46.8−62.6 50.1
3 64.6−66.0 65.4
4 54.4−52.8 54.4
5 59.4−67.6 62.1
6 61.9−64.8 63.0
7 67.9−77.2 69.6
8 56.4−59.0 57.5
9 57.0−67.1 59.3

Figure 3. Bond dissociation enthalpy values for β-O-4′ cleavage
reaction in model lignin oligomer at different positions under the
primary pyrolysis temperature range.
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in the literature. Our study reveals that the BLYP functional and
basis set of double-zeta quality plus polarization functions can be
used to successfully predict BDE values for β-O-4′ bond
cleavage studies in significantly larger oligomers while ensuring
comparable accuracy to the higher levels of theory used for
smaller dimer structures.
For reaction 1, the enthalpy of reaction varied from 63.9 to

64.9 kcal mol−1 over the temperature range 25−1000 K. In terms
of the product sizes, reaction 9 is similar, but the reaction
enthalpy varied from 57.0 to 67.0 kcal mol−1 over the complete
temperature range. This clearly shows that reaction 9 yields
different reaction enthalpies at different temperatures, which
was not observed for reaction pathway 1. Similar temperature
dependence (about 10 kcal mol−1 reaction enthalpy variation as
the temperature is varied) has been found for reaction 7. In
reaction 7, the reaction enthalpy varied from 67.9 to 77.2 kcal

mol−1. Reaction 5 showed a similar temperature dependence
(about 8.2 kcal mol−1) with 59.4 kcal mol−1 at 25 K and 67.6 kcal
mol−1 at 1000 K. The largest temperature dependence has been
found in reaction 2with a reaction enthalpy variation of 15.8 kcal
mol−1 for the overall temperature range with 46.8 kcal mol−1 at
25 K and 62.6 kcal mol−1 at 1000 K. Reactions 1, 3, 4, 6, and 8 do
not exhibit such temperature dependence. For the overall
temperature range, reaction enthalpy variations were found to be
1.1, 1.4, 1.7, 3.0, 2.6 kcal mol−1 for reaction pathways 1, 3, 4, 6,
and 8, respectively. An increasing trend of endothermicity with
increasing temperature has been observed in the reactions that
showed notable temperature dependence (2, 5, 7, and 9), which
are shown in Figure 3. However, the reactions showing no such
significant dependence also yield a slightly increasing trend of
endothermicity, with the only exception being reaction 4, where

Table 6. Bond Dissociation Enthalpy (BDE) Values for β-O-4′ Cleavage Reaction from the Literature
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endothermicity slightly decreased by 1.7 kcal mol−1 over the full
temperature range.
Our results reveal a strong position dependence in BDE for β-

O-4′ bond cleavage along the 10-mer lignin model oligomer
structure. The observed position dependence of BDE value
along the entire length of themodel oligomermay depend highly
on conformational sampling, which is probable due to the large
number of dihedral angles capable of rotation in the system
under consideration. It should be noted that our stochastic
method for seeking the lowest-energy conformer cannot
guarantee the identification of the global minimum on the
conformer landscape for the oligomers of various sizes in this
study. For the purposes of this work, the local minima identified
through conformational searching were used as input structures
for quantum calculations. In principle, we could sample for a
large amount of time to get a more or less continuous
distribution of structures from which the lowest-energy
conformer could be selected with more certainty, this was
however is beyond the scope of this paper. Instead, we have
developed a composite QM/MM method where we have
introduced cutoff criteria so that all structures could be treated
with the same methodology, ensuring the highest chance of
reproducibility. Due to the extremely high computational cost,
higher levels of theory through the use of functionals that
account for electron exchange and correlation more completely
and larger basis sets have not been used in this study. However,
this study indicates that the BLYP/DNP level of theory may
instead be quite reasonable to study reaction enthalpy of bond
cleavage reactions in larger lignin model structures. The results
of BDE for β-O-4′ bond cleavage reaction of the closest model
structure that matches with the dimer of our study has been
reported as 69.2 kcal mol−1 that used the M06-2X/6-31G(d)
level of theory.81 Due to the use of different functionals and type
of basis sets, as well as the type of model structures, it is not a fair
comparison to our results; however, it is noteworthy to highlight
that this BDE value is within the range of BDE values predicted
in our study.
While themajority of the presented BDE values are within one

standard deviation, it should be noted that the bond dissociation
enthalpies generally differ by >1 kcal mol−1, which has been
defined as “chemical accuracy”.82 Structures with energies that
differ by greater than chemical accuracy are considered to be
thermodynamically distinct. Also, it should be emphasized that
we determined a range of BDE values. Before this study, only

single values of BDE have been reported as the previous models
were all dimers. Since we have gone beyond dimers, we found a
range of BDE values. Furthermore, the β-O-4′ homolytic
cleavage reactions have been proposed to be barrierless, and as
such, the activation energies can be approximated by the
reaction energy.43,83 Thus, even a 1 kcal mol−1 difference in EA

will lead to factor difference in rate coefficients due to
exponential dependence of the Arrhenius equation on EA. This
propagation of the BDE range would affect kinetic (or reactor)
modeling efforts of fast pyrolysis significantly where the purpose
of the modeling efforts is aimed to control product selectivity
and yield.

Standard Thermodynamic Properties. Standard thermo-
dynamic quantities are crucial parameters for chemical
engineering applications including reactor modeling and kinetic
modeling. For instance, reaction enthalpy over a temperature
range requires Cp values across that temperature range. During
lignin pyrolysis, it is essential to know reaction enthalpy for a
range of temperatures since this process occurs not at a single
temperature, but over a range, particularly for larger reactors
where temperature gradients are unavoidable. Fast pyrolysis
technology offers certain advantages for converting lignin into
valorized products such as bio-oil; however, the lack of a reactor
or kinetic model that can reliably predict bio-oil molecular
composition from a complex lignin feedstock is a challenge to be
overcome and still an active area of research investigations.84

In addition to the calculation of reaction enthalpies, we have
predicted the standard thermodynamic quantities, enthalpy of
formation, heat capacity at constant pressure (Cp), entropy (S),
and Gibbs free energy (G) for all radical and closed shell species
in this study. Figure 4a shows the logarithmic relationship with
temperature for heat capacity values for product 2 structures of
varying size (secondary carbon free-radical species). Figure 4b
shows the trend of variation of entropy values with temperature
for the same structures. The range of Cp value variation was
found to be 10.3−115.9 cal mol−1 K−1 for a monomer of product
2 structure over the temperature range of 25−1000 K. For the 9-
mer, this range was found to be 39.3−1042.2 cal mol−1 K−1. For
the entropy variation, the monomer structure of product 2
showed a range of 55.3−216.6 cal mol−1 K−1 over the
temperature range of 25−1000 K. The range of entropy
variation was 91.3−1457.0 cal mol−1 K−1 for the same
temperature range. All of the other thermodynamic quantities

Figure 4. (a) Selected constant pressure heat capacity and (b) entropy values as a function of temperature for nine structures of product 2 (secondary
carbon free-radical species). The tabulated properties at elevated temperatures for all species in this study are available in the Supporting Information.
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for product 1 structures (phenoxy free-radical species) are
reported in the Supporting Information.
Table 7a reports the constant pressure heat capacity of all

species at three selected temperatures. Table 7b lists the
experimental values for the constant pressure heat capacity with
lignin samples extracted from rape straw by cuproammonium
and sulfuric methods and the very good agreement of these
experimental values with our calculated values. The conditional
structural units were C10H11.9O6.5 for cuproammonium lignin
and C10H11.5O3.9 for sulfuric lignin. These experimental heat
capacity values were obtained using an adiabatic calorimeter for
a relatively lower temperature range (5−370 K). In addition to
showing strong agreement with these experimental values, our
calculations provide heat capacity values over a higher-
temperature range up to 1000 K.
Table 8 reports the values of enthalpy of formation calculated

for all species analyzed in this study using eq 7 employing
atomization enthalpies. With the increase in the number of
monomers of which the products are composed, the values of
enthalpy of formation decrease from −431.8 to −6783.8 kJ
mol−1 for product 1 (phenoxy free-radical species). For product
2 (secondary carbon free-radical species), this range has been
found to vary from −589.4 to −6920.0 kJ mol−1. While the
experimental enthalpy of formation for the monomer used in
this study is −712.9 kJ mol−1, enthalpy of formation per

monomer obtained from our calculation for all species, ranging
from 1-mer to 10-mer, can be seen in Table 8, with the
percentage deviation given in the last column. Our calculated
enthalpy of formation per monomer obtained from the 10-mer
structure only differs from the experimental value by 6.9%,
which is an excellent agreement given that we have chosen such a
model lignin oligomer.
As mentioned earlier, the variation of standard entropy for all

species of product 2 (secondary carbon free-radical species) as a
function of temperature and structure size has been shown in
Figure 4b. Table 9 reports the values of standard entropy for all
species including the 10-mer reactant molecule and all species of
product 1 (phenoxy free-radical species) analyzed in this study.
Similar to our calculated values of standard enthalpy of
formation per monomer reported in Table 8, the calculated
values of standard entropy per monomer are reported in Table 9.
With the experimental value for standard entropy per monomer
of 239.8 J mol−1 K−1, the percentage deviation of our calculated
values from this experimental value has been listed in Table 9.
Our calculated value for standard entropy per monomer
obtained from the 10-mer structure only differs from the
experimental value by 2.2%, which is a remarkable agreement.
This agreement with the experimental values underlines the
accuracy of our developed novel composite methodology, which
uses classical molecular mechanics, Monte Carlo (MC)

Table 7. (a) Heat Capacity for All Species in This Study for Selected Temperatures in Units of cal mol−1 K−1 and J g−1 K−1 and (b)
Comparison of Average Predicted Heat Capacity Values to Experimental Values for Cuproammonium, Sulfuric, and Dioxane
Lignin, respectivelya

(a)

Cp (cal mol−1 K−1) Cp (J g
−1 K−1)

molar mass temperature (K) temperature (K)

structure (reaction, product number: name) (g mol−1) 298 350 450 298 350 450

R1, P1: 1-mer 179 48.1 55.0 67.1 1.13 1.29 1.57
R2, P1: 2-mer 375 99.2 114.1 140.2 1.11 1.27 1.56
R3, P1: 3-mer 571 144.6 167.1 206.7 1.06 1.22 1.51
R4, P1: 4-mer 767 192.2 222.9 276.6 1.05 1.22 1.51
R5, P1: 5-mer 963 249.4 288.0 355.4 1.08 1.25 1.54
R6, P1: 6-mer 1159 292.9 339.4 420.5 1.06 1.23 1.52
R7, P1: 7-mer 1355 344.5 399.8 496.1 1.06 1.23 1.53
R8, P1: 8-mer 1551 387.8 450.4 559.6 1.05 1.21 1.51
R9, P1: 9-mer 1747 442.4 513.5 637.3 1.06 1.23 1.53
R9, P2: 1-mer 197 53.4 61.3 74.9 1.13 1.30 1.59
R8, P2: 2-mer 393 100.9 116.6 144.0 1.07 1.24 1.53
R7, P2: 3-mer 589 149.9 173.8 215.3 1.07 1.23 1.53
R6, P2: 4-mer 785 196.7 228.5 283.9 1.05 1.22 1.51
R5, P2: 5-mer 981 247.5 286.9 355.8 1.06 1.22 1.52
R4, P2: 6-mer 1177 292.2 339.8 422.7 1.04 1.21 1.50
R3, P2: 7-mer 1373 343.0 398.7 495.8 1.05 1.22 1.51
R2, P2: 8-mer 1569 401.8 466.2 578.1 1.07 1.24 1.54
R1, P2: 9-mer 1765 445.9 517.1 641.2 1.06 1.23 1.52
reactant: 10-mer 1944 485.5 563.9 700.9 1.05 1.21 1.51

(b)

Cp (J g
−1 K−1)

temperature (K) 298 350 450

cuproammonium lignin* 1.24 1.42 NA
sulfuric lignin* 1.28 1.47 NA
dioxane lignin** NA 1.21 1.95
model lignin (this study) 1.05 1.21 1.51

a* and ** denote refs 85 and 86, respectively.
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simulations, quantum chemistry, and statistical thermodynamics
to predict the useful properties for engineers modeling lignin
pyrolysis to produce bio-oil and related products.

■ CONCLUSIONS
Bond dissociation enthalpies (BDE) of a β-O-4′ linkage, which
occurs as one of the initial reactions during lignin pyrolysis in a
lignin model oligomer comprised of 10 guaiacyl (G) units, have

been calculated over a wide range of temperature from 25 to
1000 K using density functional theory (DFT) calculations at
the BLYP/DNP level of theory. As such, this work can provide
information on a model, the size of which is more representative
of the lignin polymer than has been previously reported. Prior to
DFT calculations, a novel conformational sampling method was
developed and performed using the COMPASS force field to
identify lowest-energy structures for all products and the 10-mer

Table 8. Calculated Enthalpy of Formation Using Atomization Enthalpies for All Species and Deviation With the Experimental
Enthalpy of Formation per Monomer85

per monomer

per monomer deviation

structure (reaction, product number: name) number of monomers ΔH°f (kcal mol−1) ΔH°f (kJ mol−1) ΔH°f (kJ mol−1) exp-calc (kJ mol−1) % deviation

R1, P1: 1-mer 1 −103.2 −431.7 −431.7 −281.2 39.4
R2, P1: 2-mer 2 −264.8 −1107.8 −553.9 −159.0 22.3
R3, P1: 3-mer 3 −470.8 −1969.7 −656.6 −56.3 7.9
R4, P1: 4-mer 4 −669.9 −2802.8 −700.7 −12.2 1.7
R5, P1: 5-mer 5 −853.3 −3570.2 −714.0 1.1 −0.2
R6, P1: 6-mer 6 −1039.1 −4347.8 −724.6 11.7 −1.6
R7, P1: 7-mer 7 −1251.6 −5236.7 −748.1 35.2 −4.9
R8, P1: 8-mer 8 −1423.5 −5956.0 −744.5 31.6 −4.4
R9, P1: 9-mer 9 −1621.4 −6783.8 −753.8 40.9 −5.7
R9, P2: 1-mer 1 −140.9 −589.4 −589.4 −123.5 17.3
R8, P2: 2-mer 2 −340.5 −1424.7 −712.3 −0.6 0.1
R7, P2: 3-mer 3 −500.3 −2093.4 −697.8 −15.1 2.1
R6, P2: 4-mer 4 −719.4 −3009.8 −752.5 39.6 −5.5
R5, P2: 5-mer 5 −906.1 −3791.1 −758.2 45.3 −6.4
R4, P2: 6-mer 6 −1097.2 −4590.9 −765.1 52.2 −7.3
R3, P2: 7-mer 7 −1285.4 −5377.9 −768.3 55.4 −7.8
R2, P2: 8-mer 8 −1506.6 −6303.6 −788.0 75.1 −10.5
R1, P2: 9-mer 9 −1653.9 −6920.0 −768.9 56.0 −7.9
reactant: 10-mer 10 −1821.5 −7621.1 −762.1 49.2 −6.9

per monomer exp ΔH°f −712.9 kJ mol−1

Table 9. Calculated Standard Entropy Values for All Species andDeviation with the Experimental Value for Standard Entropy per
Monomer85

per monomer

per monomer deviation

structure (reaction, product number:
name)

number of
monomers S° (cal mol−1 K−1) S° (J mol−1 K−1) S° (J mol−1 K−1) exp-calc (J mol−1 K−1)

%
deviation

R1, P1: 1-mer 1 114.5 479.2 479.2 −239.4 −99.8
R2, P1: 2-mer 2 164.5 688.3 344.1 −104.3 −43.5
R3, P1: 3-mer 3 217.4 909.7 303.2 −63.4 −26.5
R4, P1: 4-mer 4 262.5 1098.4 274.6 −34.8 −14.5
R5, P1: 5-mer 5 334.9 1401.1 280.2 −40.4 −16.9
R6, P1: 6-mer 6 361.2 1511.1 251.9 −12.1 −5.0
R7, P1: 7-mer 7 419.3 1754.4 250.6 −10.8 −4.5
R8, P1: 8-mer 8 454.0 1899.4 237.4 2.4 1.0
R9, P1: 9-mer 9 507.1 2121.6 235.7 4.1 1.7
R9, P2: 1-mer 1 113.5 474.8 474.8 −235.0 −98.0
R8, P2: 2-mer 2 168.1 703.2 351.6 −111.8 −46.6
R7, P2: 3-mer 3 214.6 898.1 299.4 −59.6 −24.8
R6, P2: 4-mer 4 264.3 1106.0 276.5 −36.7 −15.3
R5, P2: 5-mer 5 314.3 1315.1 263.0 −23.2 −9.7
R4, P2: 6-mer 6 355.0 1485.4 247.6 −7.8 −3.2
R3, P2: 7-mer 7 383.3 1603.8 229.1 10.7 4.5
R2, P2: 8-mer 8 468.7 1961.2 245.1 −5.3 −2.2
R1, P2: 9-mer 9 538.2 2251.6 250.2 −10.4 −4.3
reactant: 10-mer 10 560.8 2346.4 234.6 5.2 2.2

per monomer exp S° 239.8 J mol−1 K−1
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reactant. This analysis required the development of a method for
sampling of the large lignin oligomer, where the creation of a
conformer library of lignin was a useful output of our mapping of
the conformation landscape. Standard thermodynamic quanti-
ties, including enthalpy of formation, constant pressure heat
capacity, entropy, andGibbs free energy, have been predicted for
all of the structures over the wide temperature range.
Calculations of the BDE values of the model oligomer show a

marked difference in reaction enthalpies depending on the
position along the oligomer. The wide range of temperature
examined in this study for studying BDE reveals that BDE of the
lignin model compound depends on the reaction temperature,
but the conformation of the reactant and the radical fragment
products will affect this temperature dependency greatly. The
agreement of our calculated values for the standard thermody-
namic properties with the available experimental values and the
overall range of BDE variation with β-O-4′ bond cleaving
position in our model oligomer reveal that the BLYP/DNP level
of theory performs remarkably well for predicting lignin
degradation under pyrolysis reactions. Since we have gone
beyond the dimers, we found a range of BDE values.
Furthermore, the β-O-4′ homolytic cleavage reactions have
been proposed to be barrierless, and as such, the activation
energies can be approximated by the reaction energy. Thus, even
a 1 kcal mol−1 difference in EA will lead to factors difference in
rate coefficients due to exponential dependence of the Arrhenius
equation on EA. This propagation of BDE range would affect
kinetic (or reactor) modeling efforts of fast pyrolysis
significantly where the purpose of the modeling efforts is
aimed to control product selectivity and yield. Our systematic
study on BDE of this large model oligomer is of practical
significance, particularly to a broad readership including those
interested in constructing detailed kinetic models and under-
standing the fundamental chemistry behind complex reacting
systems involving fast pyrolysis of biomass to fuels.
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